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ABSTRACT

Age-related bone loss is associated with a changbone remodelling characterised by
decreased bone formation relative to bone resarptiois well described that age-related
bone loss is accelerated as a consequence of mitAnaeficiency, a process which can be
replicated in rodent studies. While vitamin D hase shown to play important roles for
adequate bone mineralisation and the preventiomstéoporosis, the exact mechanisms
remain controversial. It is clear that vitamin Dniscessary for the stimulation of intestinal
calcium and phosphate absorption, maintenance kiuoa homeostasis and supply of
calcium and phosphate for bone mineralisation. Hamevitamin D has also been shown to
directly act on bone cells to promote mineralisatés well as regulate bone resorption. The
question of the essential nature of theivo role for the direct actions of vitamin D on bone
has proven to be difficult to resolve. The only jmhed mouse model which addresses the
direct actions of vitamin D in osteoblasts is theteoblast-specific vitamin D receptor
transgenic mouse, or OSVDR mouse. Using this temsgnouse model, it has been reported
that the enhanced vitamin D activity in osteoblgstsmotes bone formation and mediates
reduction in bone resorption most likely throughdueed RANKL signalling of
osteoclastogenesis. The reported overall bone pyy@moof the OSVDR was increased
vertebral trabecular bone as well as increasedcabtione volume leading to increased bone
strength. In contrast to the findings in OSVDR miggobal VDR knockout mice can
mineralise osteoid in the presence of high levéldietary calcium and phosphate, therefore
many have concluded that the role for direct vitami activity in bone cells is redundant.
This view however, does not take into account #et that vitamin D activity in bone cells
may play a permissive role to optimise bone heljtmodulating mineralisation and bone
resorption.

Thus, the studies conducted in this thesis arediimdurther address the role of osteoblastic

VDR in bone remodelling and bone architecture. Bipadly, these studies aimed to further



establish the phenotype of the OSVDR mouse modding 3D micro-CT analyses as well
as establish the role of vitamin D activity in aditasts during vitamin D deficiency and
dietary calcium depletion. The effects of thesesutipgical interventions on OSVDR mice
are described in terms of bone structure, cellatdivities, biochemical parameters, and gene
expression profiles of bone and other organs ira@iw calcium and phosphate homeostasis.
The overall hypothesis is that VDR activity in n@usteoblast lineage is important to
regulate processes of bone remodelling and maintenaf an optimal skeletal structure.

The data presented within these chapters showéth#hgahenotype of increased bone mineral
volume is present in more regions of bone, whichs wet previously recognised.
Furthermore, during vitamin D deficiency, while lgoless occurs in wild-type mice, OSVDR
mice maintain both cortical and trabecular boneund, indicating that bone loss due to
vitamin D deficiency is due, at least in part, éaluced vitamin D activity in osteoblasts. In
contrast to vitamin D deficiency, the effects ofvlgalcium stress in OSVDR mice results in
bone loss comparable to wild-type mice, which kel to be due to a disruption of bone
remodelling, since we observed lowered osteoblasteoclast and osteocytes activities.
Intriguingly, low calcium fed OSVDR mice demons&ad marked increase in serum
fibroblast growth factor 23 (FGF23) levels, resuti in suppressed renal 1,25-
dihydroxyvitamin D (1,25D) synthesis, and reducexpression of intestinal calcium
absorption genes. Thus, the inappropriately lovbD;nediated intestinal calcium absorption
in OSVDR mice, fed low calcium, may further contib to the reduction in bone
mineralisation and bone volume. These data sudbastin addition to the reported direct
action of vitamin D activity in osteoblasts to réage bone turnover, VDR-mediated activity
in osteoblast also plays a role in the endocried{@ack mechanism of renal 1,25D synthesis,
which may contribute to the maintenance of bonesnainand the resulting bone phenotype.

In summary, the findings from this thesis implicttte essential role of vitamin D and VDR

in osteoblasts either directly or indirectly immaoin bone homeostasis, including osteoclast



activity, osteoblast differentiation, osteocytenaty, bone FGF23 production and renal feed-

back signalling.
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11 INTRODUCTION

The maintenance of an adequate vitamin D statwsgiwout life is essential to prevent the
bone mineralising defect causing rickets in chiddesnd osteomalacia in adults, as well as
osteoporosis and for fracture prevention in the®yd(Bischoff-Ferrari, et al., 2005; Chapuy,
et al., 1992; Tang, et al., 2007). While the mostely accepted actions of the active vitamin
D hormone, &,25-dihydroxyvitamin D3 (1,25D) via the vitamin [@aeptor (VDR) in the
maintenance of healthy bone are their abilitiestbmulate intestinal calcium and phosphate
absorption, there is now substantial evidence dicate that during metabolism of healthy,
mineralised bones, 1,25D and VDR also play diretes in regulating the activity of bone
cells (Anderson, et al., 2007; Atkins, et al., 20G&rdiner, et al., 2000; Matsumoto, et al.,
1991; Owen, et al., 1991; Rickard, et al., 19951 aiel, et al., 2006; van Driel, et al., 2004;
van Leeuwen, et al., 2001). The fact that the ostdacic bone phenotype observed in the
vitamin D receptor knockout (VDRKO) mouse can bevented by feeding a “rescue” diet
containing high levels of calcium and phosphorusehked some to conclude that VDR-
mediated activity in bone is redundant (Amling,aét 1999; Erben, et al., 2002; Li, et al.,
1998). However, it has been shown that while ostdacim was prevented in the young
VDRKO mice, the rescue diet did not entirely cotre bone microstructure and there were
continuing bone volume deficiencies and growth dafein adult VDRKO animals (Panda, et
al., 2004). Furthermore, the over-expression cdasfst-specific VDR in a transgenic mouse
(OSVDR) exhibits a high bone mass phenotype dukotb increased bone formation and
reduced bone resorption. While the molecular meshanfor the role of VDR in osteoblasts
are not entirely clear, it appears that the die@tivity of vitamin D in osteoblasts plays a role
in regulating bone remodelling. Thus, the main hlgpsis of this thesis is that the direct
activities of vitamin D in cells of the osteoblalsheage mediate bone formation and
resorption for maintenance of a healthy skeletalicitire. With the exception of the

osteoblast-specific VDR transgenic (OSVDR) mouberd is little data which describe the

10



bone cell-specific actions of vitamin D in amnvivo setting (Baldock, et al., 2006; Gardiner, et
al., 2000). Thus, using the OSVDR transgenic mauedel, this thesis aims to address the
mechanisms by which vitamin D, acting via the VDR dells of the osteoblast lineage,
regulates bone remodelling and bone architecturesponse to physiological challenges such
as vitamin D depletion and low dietary calcium.gbéishing a direct role for vitamin D in the
bone is important to clarify the significance ofintaining an adequate circulating vitamin D

status for the prevention of bone loss.

1.2 BONE BIOLOGY

1.2.1 Function and composition of bone

Bone is a specialised and mineralised form of cotive tissue. The main functions of bones
are to serve as structural support, sites of muthehment for movement, protection of vital

organs and the bone marrow, as well as functioasg reservoir of calcium and phosphate
for the maintenance of serum calcium and phosphateeostasis. The majority (65%) of

bone is made up of matrix, in which type 1 collagecwounts for approximately 90%, and

(35%) hydroxyapatite mineral [G#PO4s(OH),]. Crystals of hydroxyapatite are formed on

collagen fibres which make up the bone matrixis lthis association of hydroxyapatite with

collagen fibres which is responsible for the hassnef bone, reviewed by (Downey and

Siegel, 2006) and (Rey, et al., 2009).

There are two histological types of bones that lsandentified by the pattern of collagen

fibres and bone mineral, namely lamellar and wolene. Lamellar or mature bone has a
regular alignment of collagen, allowing the highéshsity of collagen per unit volume to be

assembled with mineral and thus provide optimalebstrength. Lamellar bone can be
arranged in parallel alignment if deposited alondlaa surface (e.g. trabecular bone) or
concentric if deposited on a surface surroundifdpad vessel (e.g. osteon in cortical bone).
Woven bone or immature bone is characterised legular bundles of collagen fibres which

are not as tightly packed rendering it mechanicatak. Woven bone is formed during rapid
11



bone formation or development, fracture healing andome bone diseases. Woven bone
however is progressively replaced by lamellar bdoeng the bone remodelling process

(Buckwalter, et al., 1996).

1.2.2 Skeletogenesis

There are two distinct types of skeletogenesis mfeh intra-membranous ossification and
endochondrial ossification, giving rise to flat lesn(e.g. calvaria and scapula) and long bones
(e.g. tibia and femora) respectively. The main alghce between intra-membranous and
endochondrial ossification is the involvement of ttartilaginous model in the latter. In intra-
membranous ossification the bone is developed &@ondensation of mesenchymal tissue to
form an ossification centre. Mesenchymal cells edéhtiate directly into osteoblasts to
synthesise osteoid and then undergoes calcificéfibmhanov, et al., 2007). In endochondrial
ossification, the primary ossification centre istime middle of the long bone and produces
chondrocytes, which then undergoes hypertrophy #rel cartilage matrix undergoes
calcification. The chondrocytes are then invadedbsnitive mesenchymal cells and blood
vessels to differentiate into osteoblasts and boagow cells, recently reviewed by Marino

(2011) and Karsenty, et al. (2009).

1.2.3 Structure of bone
The overall bone structure, in particular of lomanbes, is made up of cortical and trabecular
bone, which can consist of either woven or lamddlame, and although both are made up of

the same cells and matrix elements, they are stalbt and functionally different.

1.2.3.1 Cortical (compact) bone
Cortical bone forms approximately 80% of the matskeleton and surrounds the marrow
cavity and the trabecular plates. In long bonegjaad bone makes up the thick cortical wall

of the diaphysis region, which becomes thinner modeases in diameter as they form the
12



metaphysis region (Cowin, 1990). Structurally, &40 of the cortical bone volume is
calcified and therefore of a very low porosity, athultimately results in cortical bone having
a significant resistance to torsional and bendorgds (compressive strength) (Currey, 2003;
Winwood, et al.,, 2006). The cortical bone thus ptes the mechanical and protective
functions of bone. Detailed analysis of the cottimane properties showed cylindrical units of
mineralised matrix called osteons or Haversianesyst In the centre of each osteon is the
Haversian canal, containing blood vessels, nermesl@ose connective tissues (Buckwalter,
et al., 1996). Surrounding each canal is concetanmellae bone with osteocytes arranged in
parallel with the lamellae bone structure. These iaterconnected by osteocyte processes,
which are important for nutrient and waste exchabg®veen the osteocytes and the blood

vessels (Klein-Nulend, et al., 2003).

1.2.3.2 Trabecular (cancellous/spongy) bone

Trabecular bone consists of thin, irregularly sliap&ates called trabeculae, arranged in a
latticework network. Unlike the structure of codidone, trabecular bone is highly porous
(50-90%), thus providing greater resilience andckhabsorption, such as in the metaphyseal
and epiphyseal region of long bones (Kuhn, eti&l90). Trabecular bone has a much greater
surface area to volume ratio and thus more celisdithe trabecular bone surface and within
the bones are able to be directly influenced byatiacent bone marrow cells, which may
account for the high metabolic rate of trabeculanéand the faster response to hormonal
regulators as well as mechanical loading and umgadf bone (Marwan, et al., 2009).
Trabecular bone, like cortical bone, contain osyeex: within the mineralised bone. Since
trabecular structure are considerably thinner thartical bone (Lozupone, 1985), each
osteocyte is capable of exchanging nutrients wéhriny blood vessels and thus no central

canal is necessary such is found within osteormsiofan bone.

13



1.2.3.3 Surfaces of bone

The outer surface of bone or periosteum, is avhstularised membrane-like layer consisting
of an outer fibrous layer of collagen fibres anbrdblasts, and an inner cambium layer
composed of osteoprogenitor cells with the capatmtyproliferate and differentiate into
osteoblasts (Allen, et al., 2004; Orwoll, 2003).eTimternal surfaces of bone cortex, or
endosteum, is composed of osteoprogenitor cellsaarey small amount of connective tissue
(Gong, 1978). The periosteum and endosteum pravideurce of osteoprogenitor cells for

repair and growth of bone (Arai, et al., 2009; Oiw2003).

1.2.4 Cellular composition and activity in bone

Bone is a dynamic and metabolically active tissoet&@ining a variety of specialised cells
which either line the bone surfaces or are embeddtdn the bone mineral. Three of the
most characterised bone cell types which contriiatddone remodelling are osteoblasts,

osteoclasts and osteocytes.

1.2.4.1 The Osteoblast
Osteoblasts are specialised bone-forming cells ¢hat produce bone matrix proteins and

mediate bone mineralisation, as well as reguldterdtone cell activities.

1.2.4.1.1 Osteoblast origin and differentiation

Osteoblast precursor cells originate from plurippteesenchymal stem cells which, given
the right regulatory signals, undergo proliferatemmd differentiation into osteoblasts rather
than adipocytes, myocytes or chondrocytes (Aub@981 Jensen, et al., 2010). For instance,
osteoblast differentiation requires the presencehef transcription factor RUNX2 (runt-
related transcription factor 2 or also known as BBfcore-binding factor Al)) (Ducy, et al.,

1997). Runx2-knockout mice have complete failuresteoblast maturation, which resulted
14



in a cartilaginous skeleton and completely lackroheralised bone tissue (Komori, et al.,
1997; Otto, et al., 1997). As the osteoblasts meatthrey express high levels of alkaline
phosphatase and osteocalcin, which are marketsoftg mineralisation (Barragan-Adjemian,
et al., 2006; Liu, et al., 1997). Towards the eridthe matrix secreting period, through
unknown mechanism, approximately 15% of the matsteoblasts become entombed in the
new bone matrix and mineral, and further differateti into osteocytes. The remaining
osteoblasts either reside on the bone surfacaniag Icells or undergo apoptosis (Jilka, et al.,

1998).

1.2.4.1.2 Osteoblast structure

When osteoblasts mature, they form junctions waljla@ent osteoblasts cells and conform to a
cuboidal shape. Each osteoblast contains largetitjganof rough endoplasmic reticula
(RER), mitochondria and Golgi apparatus (Holtrap/9), reflecting their capacity for protein
synthesis. Other microscopic components found withéteoblasts include microtubules,

microfilaments, lysosomes, glycogen, and lipidsl{idp, 1975).

1.2.4.1.3 Osteoblast function

Osteoblasts do not operate in isolation and aredon clusters of cells forming a monolayer
lining the surface of bone. Osteoblasts attachh&oltone surface with adhesion molecules
including integrins (Doty, 1981; Jekir and Donah2@()9). Active osteoblasts synthesise and
secrete collagenous and non-collagenous bone nyawieins, including high levels of the
type 1 collagen, alkaline phosphase and osteogaldiich are responsible for bone matrix
formation as well as initiation for bone mineratisa (Harada and Rodan, 2003).

Central to osteoblastic function is the regulatioh osteoclastogenesis (Asagiri and
Takayanagi, 2007; Boyle, et al., 2003). Osteoblestssecrete cytokines that are essential to
the regulation of osteoclast formation and difféieion, including macrophage colony-

stimulating factor (M-CSF), receptor activator afctear factor (NF)eB ligand (RANKL)
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and Osteoprotegerin (OPG). M-CSF is required fduaing the commitment of monocytes to
the osteoclast lineage (Wiktor-Jedrzejczak, et E90). Similarly RANKL promotes the
differentiation and activity of osteoclasts via RRNeceptor expressed on monocytes (Kong,
et al., 1999). OPG is the decoy receptor for RANKieventing RANK-RANKL interaction,
moderating osteoclastogenesis (Simonet, et al.7)199oreover, osteoblasts can produce a
range of growth factors, including the insulin-liggowth factors (IGFs), platelet-derived
growth factors (PDGFs), basic fibroblast growthtéac(bFGF) and transforming growth
factorfy (TGH3). Although the precise mechanisms for these fadtobone homeostasis are
to be established, osteoblasts are also found pieess receptors for these factors and thus
could play a roles in regulating osteoblast activit an autocrine or paracrine manner
(Canalis, 2009). Furthermore, a range of endoareeptors are found to be expressed on
osteoblasts, including receptors for parathyroidvame (PTH), growth hormone, insulin and
progesterone, as well as receptors for nucleasidteormone, including estrogens, androgens

and vitamin D receptor (Harada and Rodan, 2003tiMaat al., 2006).
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Figure 1.1: A schematic diagram of the osteoblastogenesis. Osteoblasts originate from
pluripotent mesenchymal stem cells (MSC). With signalling from factors including Wnt10b

and BMPs, cells differentiate to osteo/chondro-progenitor cells rather than adipocytes,
expressing key genes such as Runx2. Osteoprogenitor cells continue to differentiate tc
preosteoblasts expressing genes such as Alp and Collal. The active matrix producing ar
mineralising osteoblast then acquire the expression of genes such as Opn and Ocn. Adapt

from Andrea and colleges (Andrea, et al., 2012.), Frontiers in Bioscience, E4:2302-2321.
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1.2.4.2 The osteoclast
Mature osteoclasts are giant, multinucleated moee-resorbing cells that can secrete a

wide range of enzymes and factors able to dissblrdone minerals and matrix proteins.

1.2.4.2.1 Osteoclast origin and differentiation

Osteoclasts are derived from mononuclear hematbpgeecursor cells which can also give
rise to macrophages and dendritic cells (Suda,l.etl892). Osteoclast differentiation is
dependent on two important cytokines, M-CSF and RANM-CSF is essential to engage
the cells in the monocyte lineage to become osasbgrecursors and ensure their survival
and proliferation, as well as the expression ofRANK receptor (Wiktor-Jedrzejczak, et al.,
1990). RANKL acting on the RANK receptor is essaintfor further progression of
osteoclastic differentiation and fusion of monomaclosteoclasts to form the multinucleated
osteoclast (Kong, et al.,, 1999; Suda, et al., L9B#NK signalling activates downstream
signalling molecules, including TNF receptor-asaten factor 6 (TRAF6), nuclear factor
(NF)«B ,c-Fos and nuclear factor of activated T cell{fMEATc1), which are all required
for proper osteoclastogenesis (Zhao, et al., 20@7ontrast, osteoclast differentiation is
inhibited by the osteoprotegerin (OPG) protein,Ni-Treceptor family member (Simonet, et
al., 1997). OPG binds to RANKL preventing the bimgliof RANKL to its receptor RANK
which is required for osteoclastogenesis (Hofbagiea)., 2004). Notably, recent evidence has
implicated the important role of the transcriptitactor NFATcl as a key regulator for
osteoclastogenesis. NFATcl in cooperation with moth@nscription factors regulates
osteoclast adhesion, migration, acidification aedrddation of inorganic and organic bone
matrix genes, includin@3 integrin, cathepsin K, tartrate resistance abiosphatase (TRAP)

and calcitonin receptor (Takayanagi, 2007; Zhaa).e010) .
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1.2.4.2.2 Osteoclast structure

Osteoclast can be up to 100um in diameter and icoapato 20 nuclei. It is usually found in
contact with the calcified bone surface. It is paigsto find up to five osteoclasts in the same
resorptive site. Osteoclasts nuclei shape andcaizerary within the same cells, reflecting the
asynchronous fusion of mononuclear precursors (bjmlt1975). Osteoclasts contain many
Golgi complexes around each nucleus, mitochondnd, extensive transport vesicles loaded
with lysosomal enzymes, such as TRAP and cathepsirreflecting the capacity of
osteoclasts to dissolve the bone mineral and mptateins (Halleen, et al., 1999). The most
prominent features of the osteoclasts are the flddmgs of the plasma membrane (ruffled
border) in the area facing the bone matrix andsgiexific membrane surrounding the zone of
attachment (sealing zone) (Holtrop, 1975). At tealiag zone, attachment of the osteoclast to
the matrix is performed via integrin receptors, ebhibind specifically to the Arginine-
Glycine-Aspartate (termed RGD) sequences foundatrimproteins (Helfrich, et al., 1996).
The ruffled border membrane is formed by fusionindfacellular acidic vesicles with the
region of cell membrane facing the bone, where ititeacellular vesicle membrane is
transferred to the cell membrane and forms theefitige projections of the ruffled border
(Halleen, et al., 1999). The characteristics of théfled border resemble that of late
endosomal membranes, providing optimal pH for lgeesl enzyme activity and bone

resorption (Vaananen, et al., 1990).

1.2.4.2.3 Osteoclast function

The main function of osteoclasts is to degradentineeralised bone matrix, which involves

the dissolution of hydroxylapatite crystals andtpobytic cleavage of the collagen matrix.

Dissolution of mineral occurs by acidification viargeted secretion of HCI and protons
through the ruffled border into the resorption l&yspace between the ruffled border and
bone matrix) (Vaananen, et al., 1990). After disBoh of mineral, proteolytic enzymes are

produce to degrade the organic bone matrix, inolyidnatrix metalloproteinases (MMPS)
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(Tezuka, et al., 1994), cathepsin K (Drake, etE96) and TRAP, which is a widely used
osteoclast marker that can generate highly desteuctactive oxygen species able to destroy
collagen (Halleen, et al., 1999). The degradatimdpcts are removed from the resorption
lacuna through a transcytotic vesicular pathwaycWioan either internalise, or transport the
products across the cell and release to the eMurlrespace (Salo, et al., 1997). After the
osteoclasts complete a resorptive cycle, they gudeell apoptosis or become inactive

osteoclasts (Vaananen and Laitala-Leinonen, 2008).
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Figure 1.2: A schematic diagram of the process of osteoclastogenesis. Osteoclasts originate
from mononuclear hematopoietic precursor cells. Osteoclast differentiation and fusion of
mononuclear osteoclasts to form the multinucleated active osteoclast is dependent on th
cytokines, M-CSF and RANKL. Signalling molecules, including TNF receptor-associated
factor 6 (TRAF6), nuclear factor (NKB ,c-Fos and nuclear factor of activated T cells cl
(NFATc1) are all key factors for osteoclastogenesis. Adapted from Henriksen and colleges

(Henriksen, et al., 2011), Endocrine Reviews, 32:31-63.
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1.2.4.3 The Osteocyte
Osteocytes represent approximately 90-95% of wetlsn the adult bone and have numerous
functions, including mechanosensation, bone matimeralisation and hormone producing

cell involved in feedback mechanism of phosphatedwstasis.

1.2.4.3.1 Osteocyte origin and maturation

Osteocytes originate from mesenchymal stem celloutih osteoblast differentiation.
Although the exact signalling and molecular meckias) of how and why an osteoblast
becomes an osteocyte (osteocytogenesis) is nournydérstood, there exist a number of
theories explaining this process. It was suggestatl osteocytogenesis is a passive process
where the osteoblast becomes trapped when its bmiglosteoblasts place osteoid on top of
the embedding cell (Franz-Odendaal, et al., 200Bjhers however have shown
osteocytogenesis to be an active invasive proagsring cleavage of collagen matrix and
regulation of mineralisation by the newly formedtiemxytes (Barragan-Adjemian, et al.,
2006; Holmbeck, et al., 2005). By unknown mechasissome designated osteoblasts form
dendritic projections and become osteiod osteocytesently reviewed by (Dallas and
Bonewald, 2010). These dendritic projections extmwiard the mineralising front and into
the vascular space and bone matrix, while keepingontact with cells that were already
embedded and cells on the bone surface. Thesadstteocytes have been shown to express
metalloproteinase (MT1-MMP) that can cleave coltagébrin, fibronectin and other matrix
molecules (Holmbeck, et al., 2005). Embedding adtesteocytes also express high levels of
E11/gp38 protein (or E11), also called podoplai@ohilze, et al., 1999; Wetterwald, et al.,
1996). E11 is an early osteiod osteocyte markensedsential for dendritic formation, where
knock-down using siRNA in osteocyte-like MLO-Y4 Isekignificantly reduced the number
and length of dendritic processes and reduced nsgptw fluid flow shear stress (Zhang, et

al., 2006). These osteoid osteocytes have also Ibenvn to initiate and regulate
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mineralisation surrounding their dendritic projeas as the cells are extending and

transitioning into a mature osteocyte phenotyper@mn-Adjemian, et al., 2006).

1.2.4.3.2 Osteocyte structure

Osteocytes reside within fluid-filled cavities @l lacunae and possess long dendrite-like
projections passing through the bone in tunnel$ aitdiameter of 100 to 300 nm called

canaliculi. These dendrite-like processes intenaith other adjacent osteocytes within

mineralised bone and also interact with cells oa bHone surface and marrow. These
connecting networks are extremely important foreosyte responses to mechanical load,
cellular communication as well as nutrition and t@asxchange within the mineralised matrix

(as reviewed in Bonewald, 2011).

1.2.4.3.3 Osteocyte function

Mechanical loading is essential for bone health settliced loading can lead to bone loss,
whereas increased mechanical loading can maintagven increase bone volume (Burr, et
al., 2002; Robling, et al., 2002). Osteocytes hbgen well recognised as the mechanical
transducer cells (Bonewald, 2006; Santos, et 8092 Targeted deletion of osteocytes Iin
mice results in bone loss and these mice are aesisb unloading-induced bone loss,
implicating the important role of the osteocyte nmrechano-transduction to regulate bone
resorption (Tatsumi, et al., 2007). However, thecme mechanisms by which osteocytes
sense the mechanical forces applied to the bondransform these mechanical stimuli into
biochemical signals, remains to be establishedddhge exists to indicate that osteocytes
may sense the loading forces via the fluid shemasstthat occurs along their dendritic
processes and/or the cell body (Weinbaum, et 8841 Westbroek, et al., 2000). It has also
been proposed that cilia may play a role in osteayechanosensation (Xiao, et al., 2006;
Xiao and Quarles, 2010). Nevertheless upon senfisgmechanical strains, osteocytes

rapidly upregulate a variety of genes such as Gjphate dehydrogenase, a marker of cell
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metabolism (Skerry, et al., 1989), c-Fos, TB&nd IGF-1 (Raab-Cullen, et al., 1994; Santos,
et al., 2009) for cellular growth and developmekdditionally, osteocyte-specific markers,
such as E11 (Zhang, et al., 2006) and dentin matoxein 1 (DMP1) (Gluhak-Heinrich, et
al., 2003), as well anabolic signals such as naxicle (NO), prostaglandins, and other small
molecules such as ATP are also up-regulated dumiechanical loading (Bakker, et al., 2002;
Santos, et al., 2009). Another anabolic pathwagsteocytes that is involved in the response
to mechanical loading is the canonical VBatAtenin pathway and the Wnt co-receptor,
LRP5. Mice with mutation of the Wnt co-receptor, RRdo not respond to mechanical load
and have low bone mass (Sawakami, et al., 2006).

Osteocytes have also been shown to possess erelaodrparacrine activities by producing a
range of factors important for bone matrix minesation and mineral homeostasis. One of
these factors is sclerostin, which is a productttd SOST gene. Sclerostin, produced
predominantly by mature osteocytes, is an inhibifoosteoblast activity and bone formation
(Kusu, et al., 2003; Poole, et al., 2005). Sclenosthibits the Wnt signalling pathway to
reduce bone formation (Li, et al., 2005; Ott, 20@®)ST mutation in humans (Balemans, et
al., 2002) and mouse deletion of tB®ST gene lead to high bone mass (Li, et al., 2008).
Mechanical loading has been shown to decreaseostileexpression (Robling, et al., 2008),
whereas unloading resulted in increased sclerdstiels (Lin, et al., 2009; Robling, et al.,
2008). Osteocytes are also important for the reiguleof blood phosphate homeostasis and
bone mineralisation through their production of DMFeng, et al., 2006; Yang, et al., 2005),
matrix extracellular phosphoglycoprotein (MEPE) (&m, et al., 2003; Nampei, et al., 2004),
phosphate regulating gene with homologies to enalageses on the X chromosome (PHEX)
(Thompson, et al., 2002) and fibroblast growthda@3 (FGF23) (Liu, et al., 2006; Shimada,
et al., 2004). Mutation of DMP1 (or PHEX) results hypophosphatemic rickets, which is
associated with increase circulating FGF23 leveh(f; et al., 2006; Liu, et al., 2006). DMP1
has been shown to have a nuclear localization segu@arayanan, et al., 2003), suggesting

possible transcriptional role of DMP1. Furthermamecombinant DMP1 is able to initiate
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hydroxyapatite nucleation (He, et al., 2003), sstigg DMP1 could function to regulate
mineralisation of osteoid. MEPE, a member of thBLENG protein family, can be cleaved
by cathepsin B to release a carboxy-terminal MERIptide (ASARM peptide) and the
phosphorylated ASARM peptide have been shown tiinmineralizationin vivo andin
vitro (Rowe, et al., 2004; Boskey, et al., 2010), intiiiga another mechanism in which
osteocytes are able to regulate mineralisation.Z3G#€ts at the kidney both as a phosphaturic
hormone (Shimada, et al., 2004) and regulator efsynthesis of 1,25D (Liu, et al., 2006;
Shimada, et al., 2004). Excess FGF23 causes hypppatemia via inhibition of renal
sodium phosphate co-transporter 2 (NaPi2a and NMaRil suppresses 1,25D via inhibition
of 25-hydroxyvitamin D-#&-hydroxylase (CYP27B1l) and stimulation of 24-hydrase
(CYP24) (Liu and Quarles, 2007; Shimada, et al052@s is described in Section 1.3.2.2 in
more detail below. In contrast, FGF23 deficiencgi(t al., 2003; Liu, et al., 2006; Shimada,
et al., 2004) or mutations increasing FGF23 dedralgLarsson, et al., 2005) results in
hyperphosphatemia, increased serum 1,25D levetscan lead to soft tissue calcification.
These findings indicate that osteocytes producef&etprs which either act locally or act as
endocrine regulators, targeting other tissue sushtle kidney, to regulate mineral

homeostasis, possibly as a feed-back mechanism.
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Figure 1.3: A schematic diagram showing osteocyte differentiation and the molecules

involved. Approximately 15% of osteoblasts are entrapped in the bone matrix, produced by
osteoblasts, and differentiate to osteoid osteocytes before becoming a mineralising and matul
osteocyte. Key genes such as PHEX, MEPE, DMP1, are expressed during osteocytt
differentiation and sclerostin (Sost) and FGF23 are expressed primarly in mature osteocytes

Adapted from Bonewald (Bonewald, 2011), JBMR, 26:229-238.
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1.2.5 Bone modelling and remodelling

Bone modelling (during growth) and bone remodell{dgring homeostasis and repair) are
required for the development and maintenance déthtehealth by optimising bone strength
and minimising bone mass, serving the requirementldad tolerance and lightness for

mobility.

1.2.5.1 Bone modelling

Bone modelling occurs mainly during growth and ieggithe processes of bone formation
and bone resorption, and while globally coordinatexhe formation and resorption can occur
independently at distinct anatomical locations. Fmtance, bone formation occurs during
growth without prior bone resorption on the outeiperiosteal surface of bone (Parfitt AM,

2000), as well as on the inner or endosteal swsfatdone (endocortical, intracortical and
trabecular) (Parfitt AM, 2000). In addition, boneodelling by bone resorption without

subsequent bone formation can occur on the peailosteface, particularly at metaphyseal

regions of long bones, shaping the flask-like gfitluch, 2001).

1.2.5.2 Boneremodelling

Bone remodelling, often referred to as bone turnowecurs predominantly on the endosteal
surface and much less on the periosteal surfapiériEet. al., 1965). Bone remodelling does
not change the size or shape of the bone but monsthle for the removal and repair of
damaged bone to maintain integrity of the adulietkh@ and mineral homeostasis. Unlike
bone modelling, bone remodelling by bone formateomd bone resorption is a tightly
coordinated/coupled process which requires synadednactivities of multiple cellular
participants to occur at the same anatomical lonafThere are 3 major sequential phases of
cellular activities at the remodelling site: actiga, resorption and formation.

The activation phase of bone remodelling involves detection of an atitig remodelling

signal to activate osteoclastogenesis, such astdmechanical strain on the bone and
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endocrine signal, such as PTH. Studies have denadpedtmechanical strain or damage on the
skeleton results in osteocyte apoptosis and redineetocal TGH levels produced by the
osteocytes, whose function is to inhibit osteodgshesis and thus allowing osteoclast
differentiation to occur (Bonewald, 2006; Heino,akt 2002). Moreover, PTH is secreted in
response to low serum calcium levels and bindsTid Receptors on osteoblasts, activating a
protein kinase signalling cascade and a wave ostr@ptional responses that modulate the
secretion of a range of factors, including thosgumed for the recruitment of osteoclast
precursor cells and osteoclast differentiation activation (Swarthout, et al., 2002; Zajac, et
al., 1992).

Theresorption phase of bone remodelling involves the osteoclastic bas®rption as well as
osteoblastic and osteocytic activity in terms ansilling the recruitment and promotion of
osteoclastic proliferation and differentiation. fesponse to signals generated either by
osteocytes or a direct endocrine activation signgh as PTH, osteoblasts produce M-CSF
and RANKL (Li, et al.,, 2007; Ma, et al., 2001) toomote the recruitment, proliferation,
survival and differentiation of osteoclasts. Ostasts also produce matrix osteoclastogenic
cytokines, such as chemokine monocyte chemoatiactarotein-1 (MCP-1),
metalloproteinases (MMPs) which promote the dedradaf the bone matrix and expose the
RGD adhesion site necessary to facilitate ostetsclagsachment (Partridge, et al., 1987,
Yang, et al., 2004).

The formation phase of bone remodelling involves paracrine signallmgchanisms to allow
the transition from bone resorption to bone foromatvithin the remodelling space. Recently
the role of sub-class of an ephrin transmembracepter and its ligand (EphB4/ephrin-B2) to
activate bone formation and inhibit bone resorpsonultaneously at the formation phase of
bone remodelling (Zhao, et al., 2006). EphB4 remef® expressed by osteoblasts, whereas
osteoclast expresses the ligand ephrin-B2. Bindirgphrin-B2 ligand to the EphB4 receptor
in osteoblast enhances osteoblastic differentiatod whereas signalling through ephrin-B2

into osteoclast suppresses osteoclastic diffetgmicdby inhibiting the osteoclastogenic c-
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Fos/NFATcl cascade (Zhao, et al., 2006). In additosteoclasts have been shown to secrete
the soluble molecule sphingosine 1-phosphate (Sdri®) induce osteoblasts precursor
recruitment as well as promote mature osteoblasisval (Pederson, et al., 2008). Recently
osteocytes have also been found to regulate baneafmn during this critical phase of bone
remodelling. Mechanical strain and PTH signallinig, PTH receptors on osteocytes (Fermor
and Skerry, 1995) reduces sclerostin expressiampvig inhibition of Wnt signalling,
allowing Wnt-directed bone formation to occur (Rogl| et al.,, 2008). When an equal
guantity of resorbed bone has been replaced, thedelling cycle concludes with no net gain

or loss of bone mineral.
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Figure 1.4: A schematic diagram showing the bone remodelling process, which consists of 3
phases: Phase 1: initiation/activation of bone remodeling at a specific site. Phase 2: bon
resorption and Phase 3: osteoblast differentiation and formation and mineralisation of osteoid
In normal bone remodelling, there is no net change in bone mass after each remodelling cycle
However, abnormal bone remodelling such as in osteoporosis, causes reduced bone mass a
strength. Abbreviation: BRC: bone-remodeling compartment. Adapted from Feng and

McDonald (Feng and McDonald, 2011), Annual Reviews of Pathology Mechanisms of

Disease, 6:121-45
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1.3 VITAMIN D METABOLISM

Vitamin D can be obtained either from the diet ajonity via UVB-irradiation of the skin,
which initiates the conversion of 7-dehydrocholesten the skin to vitamin B Vitamin Dz

in the circulation is bound to vitamin D-bindingopein (DBP) (Haddad, 1995) and is
transported to the liver where vitaming 3 hydroxylated to form 25-hydroxyvitaminzD
(25D), via the 25-hydroxylase activity, which caccor by the CYP27A1 (Masumoto, et al.,
1988), CYP2R1 and CYP3A4 enzymes with varying edficies (Shinkyo, et al., 2004).
While 25D is the non-active form of vitamin m abe]i because of its high stability, its
circulating levels is used to assess the vitamstddus of an individual (Holick, et al., 2007).
25D undergoes a second hydroxylation in kidney todpce 1,25 dihydroxyvitamin P
(1,25D), the active circulating metabolite of vitanD (Boyle, et al., 1972; Holick, et al.,
1972). While the synthesis of 25D by the liver amstitutive, the synthesis and catabolism of
1,25D in the kidney is tightly regulated by two aghrome P450 enzymes, 25-
hydroxyvitamin D-le-hydroxylase (CYP27B1) and 25-hydroxyvitamin D-2/dloxylase

(CYP24).

1.3.1 Renal vitamin D hydroxylases

The CYP27B1 enzyme is responsible for the bioatttmaof 25D to 1,25D, which occurs
predominantly in the kidneys (Jones, et al., 198N the other hand, CYP24 catabolises both
25D and 1,25D to 24,25-dihydroxyvitaming {24,25D) and 1,24,25 trihydroxyvitaminsD
respectively (Holick, et al., 1973; Holick, et @972) . It is the relative activities of these two
enzymes in the kidneys that are largely responddsl¢he regulation of circulating levels of
1,25D (Omdahl, et al.,, 2001; Prosser and Jones#4)20@activating mutations in the
CYB27B1 gene results in vitamin D-dependent rickets (VDD#gpe 1, indicating the
importance of the CYB27B1 enzyme in producing tbheva 1,25D (Kitanaka, et al., 1998).
Notably the activity of CYP27B1 has also been rggmbin a variety of other tissues including

the skin, intestine, brain, testis and bone, howé@al regulation of CYB27B1 activities in
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these tissues appear to be different from thathe Kidney (Anderson and Atkins, 2008;

Anderson, et al., 2005; Bikle, 2004; Kato, et 2998).

The enzyme CYP24 is ubiquitously expressed, esihemavitamin D target tissues (Jones, et
al., 1998; St-Arnaud, 1999). The renal CYP24 catdythe inactivation of 1,25D, as well as
clearance of excess 25D from the circulation. Extraal CYP24 activities catabolise cellular

levels of 1,25D (Makin, et al., 1989; Prosser aode$, 2004; St-Arnaud, 1999) and do not
influence the circulating 1,25D or 25D levels. Sasdhave shown that CYP24-knockout
mutant mice are unable to clear 1,25D from the ddt@am after both chronic and acute
treatments with 25D and 1,25D (St-Arnaud, 1999ARtaud, et al., 2000), demonstrating the

important role for CYP24 in the catabolism of viiar® metabolites.

1.3.2 Regulation of renal vitamin D hydroxylases

1.3.2.1 Calcium, Phosphate, PTH and 1,25D

The expression of renal vitamin D hydroxylaseseutated through a series of negative and
positive feedback mechanisms. Low levels of dieteajcium and phosphate stimulates
parathyroid hormone (PTH) secretion from the paratid gland, which potently up-regulates
the transcription of renal CYB27B1 enzyme and doegulates the mRNA levels and
activity of the renal CYP24 enzyme (Brenza, et B898; Murayama, et al., 1999). Elevated
1,25D in turn suppresses PTH transcription and yzton (Kim, et al., 2007). 1,25D also
negatively regulates the CYB27B1 gene expressioan®& and DelLuca, 2000; Bouillon, et
al., 2005) while potently stimulates CYP24 expressvia the two vitamin D responsive
elements (VDRE) in the CYP24 promoter (Dhawan).e805; as reviewed in Christakos, et
al., 2006). The marked induction of CYP24 by 1,2&83ults in suppression of 1,25D to

protect against hypercalcemia and hyperphosphatemia
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13.22FGF23

Recent studies have shown that fibroblast growttofa23 (FGF23), which is a phosphaturic
hormone that promotes renal phosphate excretiais@sa inhibitor of vitamin D metabolism
(Liu, et al., 2006; Shimada, et al., 2004; Shimadagl., 2001). FGF23 reduces 1,25D levels
by inhibition of CYP27B1 and stimulation CYP24 egpsion (Liu, et al., 2006; Shimada, et
al., 2004). Studies have shown that excess 1,250dicactly stimulate FGF23 expression in
osteocytes, possibly via a putative VDRE in the E&Fpromoter (Liu, et al., 2006).
Administration of 1,25D to mice results in increaseum levels of FGF23 prior to elevation
in serum phosphate, suggesting that 1,25D indu€&B2B expression is independent of
changes in serum phosphate (Liu, et al., 20063. feed-back loop, FGF23 in turn suppresses
renal 1,25D synthesis, which in turn decreases BGEpression in bone (Shimada, et al.,
2004). Conversely, during FGF23 deficiency and iGFE3 knockout mice elevated
production of 1,25D and hyperphosphatemia occuenéBPages, et al., 2005; Sitara, et al.,
2006). In FGF23-knockout mice this results in stofsue calcifications, severe growth
retardation, abnormalities of bone mineralisatio @ shortened lifespan (Shimada, et al.,
2004; Sitara, et al., 2004). Thus, the primary fioms of FGF23 are to enhance phosphate
excretion and suppress 1,25D production, which hese evolved to protect from vitamin D

toxicity.
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Figure 1.5: Photosynthesis of vitamin D and the metabolism of vitamin D to 25(@Hyd
1,25(0OH}D3. In response to low serum calcium and phosphate, PTH is produced and
stimulates 1@Hase (CYP27B1) expression in the kidney to incrda88(OH)D3 synthesis,
promoting calcium and phosphate mobilization from the bone. 1,250QH)so induces
calcium and phosphate absorption in the intestine. Adapted from McCullough and colleges

(Mc Cullough, et al., 2009), Annual Reviews of Nutrition, 29:111-132.
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Figure 1.6: A schematic diagram of FGF23 signalling and vitamin D metabolism. Osteocytes
secrete FGF23 plus other osteocyte-related proteins. FGF23 binds to an FGF receptor:Kloth
complex in the kidneys and inhibits sodium-dependent phosphate uptakeo-#idae
activity. FGF23 have also been suggested to promote PTH release via the expression of FG
receptor:Klotho complex in the parathyroid gland. A rise in 1,25¢DHEevel or phosphate

level in turn stimulates FGF23 production. Adapted from Liu and Quarles (Liu and Quarles,

2007) JASN, 18:1637-1647.
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1.4 VITAMIN D RECEPTOR

Majority of vitamin D’s actions are mediated thrduginding to the nuclear hormone vitamin
D receptor (VDR), which when ligand-bound, hetenmetises with the retinoid-X receptor
(RXR) whereby it binds to DNA response elements RH) on the promoter of target genes.
Together with the co-regulatory complex the VDR-RXRtero-dimer recruits, results in
either the positive or negative transcriptionalulagon of the gene in question (MacDonald,
et al.,, 2001; Mangelsdorf and Evans, 1995). The VDtquitously expressed, with
significant expression in the kidneys, bone, paaild glands, small intestine, skin and the
immune system (Demay, 2006). Activation of liganthding of the VDR and activity
regulates a wide range of tissue-specific responseg)ing from homeostatic control of
mineral metabolism to local actions that contra tjrowth, differentiation, and functional
activity of numerous cell types, including thosetloé immune system, skin, the pancreas and

bone (Bouillon, et al., 2008; Haussler, et al.,&00

1.4.1 Structure of VDR

The human VDR gene has been localised to chromod@at3-14 (Baker, et al., 1988). The
4.6kb human VDR transcript contains a 1281 nudiieotipen reading frame that codes for the
full length VDR protein of 427 amino acids (Baket,al., 1988). The human VDR coding
sequence is highly homologous to the avian, amahjbmouse and rat sequences, which
range in molecular weight between 48-55kDa (Bakeral., 1988). The full length VDR
protein shows significant homology to other nucllearmone receptor superfamily, including
receptors for glucocoticoids, oestrogen, androgeagesterone, thyroid hormone, retinoic
acid, retinoic X and more than 150 orphan recefdtdengelsdorf, et al., 1995; Ribeiro, et al.,
1995). In general, all members of the nuclear haeneceptor superfamily possesses five
functional domains: a short N-terminal domain, ngn®B domain, whose also contain an
activation-factor (AF-1), a DNA binding domain (DBDa hinge region and the C-terminal

ligand binding domain (LBD), and an activation-fact(AF-2) domain (Kumar and
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Thompson, 1999). Tha&/B domain of the VDR is 21 amino acids long, with known ftions
similar to that of most other nuclear hormone rémey) including the regulation of DNA
binding, nuclear localisation and gene transcript{&reedman and Towers, 1991). The
function of the AF-1 domain is unclear, although#s been suggested to be involved in
regulation of the ligand-dependent function of &fe2 region (Sone, et al., 1991). TB&A
binding domain (DBD) of the VDR includes amino acids 22-114 aras bbeen shown to
contain many positively charged amino acids toliftate the electrostatic interactions with
the negatively charged phosphate backbone of th& Bdlix (Freedman and Towers, 1991).
The DBD contains two highly conserved zinc-finged® binding motifs (Freedman, 1992).
In between the zinc-fingers there are five basidnamacids residues that have been
implicated in the nuclear localisation of the VDRs(eh, et al., 1998). Phosphorylation of a
serine residue 51 within the DBD by protein kin&sbas been shown to affect DNA binding
of the VDR protein (Haussler, et al., 1998). Thiedai region confers flexibility to the VDR
protein and changes in conformation upon ligandraibn, which is a hallmark characteristic
of the nuclear receptor family (Haussler, et 898). The C-terminal ligand binding domain
(LBD), contains 121-helices and B-sheets both in the human (Rochel and Moras, 2806)
rat (Vanhooke, et al., 2004) form of the recepidre LBD is the most complex and important
region of the VDR structure, containing both thlgahd binding pocket and ligand-dependent
trans-activation function (AF-2). The LBD posseskage interaction surfaces for multiple
partners, including the hetero-dimeric RXR partreey,well as co-repressors, co-activators
and bridging factors involved in the VDR transaopal machinery (Jurutka, et al., 2000;
Rochel, et al., 2007). The ligand binding pockethaf VDR binds to the A ring containing the
la-hydroxyl group of the 1,25D molecule with high iaffy and nearly 1000 times less
affinity to 25D and 24,25D (Brumbaugh and Haussléi73; Rochel, et al., 2007).

In response to ligand binding, LBD undergoes a @onétional change (Rochel, et al., 2007).
In particular, helix 12, containing the ligand-dedent AF-2, folds over top of the globular

LBD and caps the ligand binding cavity, which ullitely creates a large hydrophobic cleft
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(Feng, et al., 1998). The hydrophobic cleft serassa docking surface for many nuclear
receptor co-activators by interacting with a compatary hydrophobic domain in the co-
activator containing the consensus LXXLL motif (ldgeet al., 1997). Phosphorylation at
serine residue 208 by casein kinase Il in the LBB been shown to enhance transcriptional

activation of VDR (Jurutka, et al., 1996).

1.4.2 Mechanism of actions

The conventional nuclear receptor superfamily maofdactions involve 1,25D enters the cell
by transversing of the plasma membrane in a fram Bind binds strongly to the VDR inside
the nucleus (K=2x10*®M) (Haussler, et al., 1998). The liganded-VDR isrtiphosphorylated
and its surface conformation is reconfigured, dllsws the interaction of the VDR with its
hetero-dimer partner, retinoid X receptor (RXR) (dsler, et al., 2008). The VDR/RXR
hetero-dimer binds specifically to DNA enhancer usewe termed vitamin D-responsive
element (VDRE), which is present within the promotegion of vitamin D target genes
(Haussler, et al., 2008; Jurutka, et al., 2001)e MDRE consensus seguencentain a
tandem repeating oligonucleotide of six base peagstaining a 3-nucleotide spacer: 5'-
(A/G)G(G/T)TCA-NNN-(A/G)G(G/T)TCA-3’, where RXR bigs to the 5 half site and the
VDR occupies the 3’ half site (Haussler, et al.Q20 The liganded VDR/RXR hetero-dimer
complex can either positively or negatively modelgene transcription, which is dependent
upon the cell- and promoter-specific activitiesiriteract with nuclear co-regulatory protein

complexes.

1.4.2.1 Positive gene regulation

The ligand-induced conformational change of VDReasks the bounded co-repressors and
allows co-activators to bind to VDR (Glass and Ribslel, 2000; McKenna and O'Malley,
2002). These co-activators include members of #@(SRC family (Gill, et al., 1998) and

CBP/p300 (Castillo, et al., 1999) that either havecan recruit histone acetyl transferase
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activities to open up the chromatin structure, wailt@y transcription to occur. These co-
activators are also essential for the formatiothefinitial transcriptional complex with RNA
polymerase Il (Jenster, et al., 1997). The opetedncatin template is then able to recruit the
DRIP/TRAP co-activator complex which serves as diater between the VDR/RXR and the
RNA polymerase Il complex to induce target gen@dcaiption (Rachez, et al., 2000). In
addition to DRIP and SRCs, several other protamslved in VDR-mediated transcription
have been described. One example is NCoA62/skiaatieag protein (SKIP) which directly
interacts with VDR and regulates VDR transcriptiomativity (Baudino, et al.,, 1998).
Furthermore, ATP-dependent chromatin remodellingy@lex, such as SWI/SNF has also
recently been shown to be involved in VDR-regulgteditive gene transcription (Villagra, et

al., 2006).

1.4.2.2 Negative gene regulation

The process of transcriptional repression by VDR lbeen recognised as a more complicated
and much less understood process. During transmigitrepression, such as that of the PTH
gene, binding of the VDR-RXR complex to a negatlleRE recruits co-repressors of the
family of histone deacetylases, which prevent clatbomexposure, and consequently, the
binding of TATA binding protein required to init@tthe transcription of the target gene by
RNA-polymerase Il (Haussler, et al., 2008; Jurutkf,al., 2001). Recent studies have
suggested a bifunctional role for the VDR co-mothilaNCoA62/SKIP to promote
transcriptional activation as well as repressionaicell-specific manner, depending on the
expression of co-activator CBP/p300 and the coessors NCoR/SMRT (Leong, et al.,
2004). It was shown that the CBP/p300 and NCoR/SMRT interact directly with the same
region on the NCoA62/SKIP molecule and thus thatret expression levels the co-activator
or co-repressor will dictate whether NCoA62/SKIPthates or represses VDR/RXR-

dependent transcription (Leong, et al., 2004).
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1.4.2.3 Non-genomic effects of VDR

In addition to the genomic actions of VDR, it hdsoabeen shown to mediate biological
responses via non-genomic actions or rapid resgonBkis activity of VDR includes
activation of rapid and transient changes in trambrane transport of ions such as calcium
and chloride, as well as intracellular signallirgthways, such as cAMP, phospholipase C,
phosphatidylinositol-3 kinase, protein kinase C &4PK (Haussler, et al., 2011; Ordonez-
Moran et al., 2009). In contrast to the genomigoeses, which generally take hours, the
rapid responses are generated within 1-2 minuté5#5 minutes. Interestingly, the structure
of the 1,25D required to mediate the genomic effettVDR differs to the one involved in
the genomic actions. VDR binds specifically to a&-8ans shape of 1,25D to mediate
genomic responses (Rochel et al., 2000), whilesai6-shape is responsible for the rapid
responses (Zanello et al., 2004). The mechanisntowf VDR of only one ligand binding
pocket can bind ligands of different shapes to atediwo different biological responses are

still under investigation.

1.4.3 VDR polymorphisms

In humans, multiple polymorphisms (allelic varignt$é the VDR gene have been identified
with substantial differences between race and etroups (Fang, et al., 2005; Uitterlinden,
et al., 2004). These polymorphisms are distribtitedughout the complete VDR gene region
and have been associated with changes to bone ahmhensity (Eisman, 1999; Wood and
Fleet, 1998), hyperparathyroidism (Gomez Alonsaalgt1998), susceptibility to infections,
autoimmune diseases and cancer (Kostner, et @9; 2dtterlinden, et al., 2004). Among the
VDR polymorphisms (greater than 60), there are rsg¢\¥enctional VDR polymorphisms and
have been thoroughly studied. Three of these palgmems are ‘cluster’ polymorphisms in
the intron separating exon 8 and 9, which weretifled by restriction enzym&sml, Apal
and Tagl (Fleet, et al.,, 1995; Schmidt, et al., 1997). Ehd&smi-Apal-Tagl VDR

polymorphisms have been linked not only to bonecifipeparameters (Fang, et al., 2006;
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Fleet, et al., 1995; Wood and Fleet, 1998), bub &dsgreater occurrence of parathyroidism
(Schmidt, et al., 1997) and prostate cancer (Taydbral., 1996). An additional allelic
variation in the human VDR gene can be found in3t&rR, approximately 1 kb upstream
of the poly-A tail in the form of a microsatellipoly-A repeat with variable lengths (Ingles, et
al., 1997). Given that this variable poly-A repea&guence occurs in the 3'UTR of the
messenger RNA, it may therefore able to affecteeitmessage stability or translatability,
although the exact function is unclear. Interesyingnicrosatellite poly-A repeat
polymorphisms has been reported to be tightly khteetheBsml-Apal-Tagl cluster in certain
ethnic populations, but not in others (Ingles, let 997), possibly leading to differences in
bone density association studies of VDR polymonmoiis(Cooper and Umbach, 1996;
Garnero, et al., 1995). Moreover, a polymorphisnthe VDR promoter is located on the
recognition site for the intestinal specific tramgton factor homeodomain protein Cdx-2,
resulting defective binding of Cdx-2 (Arai, et #001), decreased intestinal VDR expression
levels and reduction in 1,25D-mediated calcium ghtsan (Fang, et al., 2003). While the
majority of VDR polymorphisms do not affect structualteration in the VDR protein, the
Fokl single nucleotide polymorphism located at the dlation start site results in a VDR
protein shortened by three amino acids (Arai, gt1&97; Gross, et al., 1998; Harris, et al.,
1997). Epidemiological studies suggest an associdtetween the shorter form bkl VDR
polymorphism protein and increased bone minerakitienn humans (Ames, et al., 1999;
Ferrari, et al.,, 1998; Harris, et al., 1997), altho the functional mechanism of this

association remains unclear and controversial (&etsal., 1998; Uitterlinden, et al., 2004).

1.5 BIOLOGICAL ACTIONS OF 1,25D-VDR AND BONE HOMEQOS TASIS

Vitamin D is essential for the maintenance of althgaskeleton. Vitamin D deficiency in
animals and humans can result in reduced bone afiregtion, such as that occurs in the bone
diseases of rickets and osteomalacia. Ablatiomefgenes for VDR or CYP27B1 results in a

similar reduction in bone mineralisation, which Maé discussed in detail in the next section.
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The most widely studied action of vitamin D on bdm@meostasis is with respect to the
ability of vitamin D to maintain serum calcium apbosphate at physiological levels, which
is vital for normal cellular processes and for skall integrity. However, vitamin D has also
been shown to affect many aspects of bone celbgyoldirectly regulating each of the major

bone cell types resulting in changes in the bonedelling process.

1.5.1 1,25D-VDR actions on calcium homeostasis

1.5.1.1 Intestine

Arguably the most pronounced effect of 1,25D igdgulate serum calcium levels via the
stimulation of the absorption of dietary calciuntlwe small intestine. Studies in mice lacking
either the VDR (Li, et al., 1997; Yoshizawa, et 41997) or CYB27B1 (Dardenne, et al.,
2001; Panda, et al., 2001) showed marked hypocaleaas the result of calcium mal-
absorption, indicating that both 1,25D and VDR @guired for optimal calcium absorption.
1,25D acting via VDR in intestinal enterocytes io€si a number of specific genes required
for calcium entry across the brush border membrameqcellular calcium diffusion, and
extrusion of calcium across the plasma membrane. cifosolic calcium-binding protein,
calbindin-D9k, is thought to act as an intracellutalcium ferry and translocate calcium
across the enterocyte (Christakos, et al., 1992h0 is able to up-regulate the expression of
calbindin-D9k through the VDRE in the proximal protar of the gene (Darwish and
DelLuca, 1996). VDR knockout mutant mice exhibitG®breduction in intestinal calbindin-
D9k mRNA and impaired intestinal calcium absorpt{€n et al., 1997). Moreover, recently
it has been confirmed that 1,25D is able to indinee expression of the epithelial calcium
channels TRPV6 (also known as CaT1 or ECaC2) arflVBRCaT2 or ECaC1) (Song, et al.,
2003; Van Cromphaut, et al., 2001) and facilitasdciom entry across the brush border
membrane. In VDR knockout mice, TRPV6 mRNA was fbuao be even more markedly
decreased in the intestine than calbindin-D9k mRMan Cromphaut, et al., 2001). Calcium

extrusion at the basolateral membrane of the ingt an active process, requiring a calcium
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ATPase. Previous studies have shown that the imégtlasma membrane calcium pump
(PMCA) mRNA is also stimulated by 1,25D (Wassernmatral., 1992), although no classical
VDRE have been yet been identified for the promofethis gene (Wasserman and Fullmer,

1995).

1.5.1.2 Kidney

While perhaps the most important effect of 1,25Ehm kidney is the negative feedback on its
own production through the suppression of CYP27&ividy and the stimulation of CYP24
activity, 1,25D can also increase renal reabsanptiocalcium in the distal tubules. Similar to
studies in the intestine, the brush border membiadeium channel protein, TRVP5 was
found to be induced by 1,25D via multiple VDRE itleed in the promoter of this gene
(Hoenderop, et al., 2001). 1,25D also enhancegxpeession of the renal calcium transport
protein, calbindin D-28k and extrusion of calciunrass the plasma membrane via a PMCA
transporter (Sooy, et al., 2000), as well as PTpedded calcium transport in the distal

tubule (Friedman and Gesek, 1993).

1.5.1.3 Parathyroid gland

Vitamin D is a potent modulator of parathyroid ftion. It is well established that PTH gene
promoter contains a negative VDRE, which allows tloe direct repression of PTH gene
transcription by the 1,25D-VDR complex (Liu, et 41996). In addition to direct repression of
the PTH gene, the 1, -25D VDR complex regulate#$ Ipatrathyroid cell growth (Szabo, et
al., 1989) and responses of the parathyroid glarektracellular calcium. 1,25D modulation
of the parathyroid gland in response to calciunoines the direct 1,25D-VDR induction of
calcium sensing receptor (CaSR) gene transcrigssown, et al., 1996) mediated by two
VDREs located in the CaSR promoter (Canaff and KMe2002). Notably, the rescue diet

containing high levels of calcium and phosphoragtb VDR and CYB27B1 knockout mice
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corrects the high serum PTH levels (Panda, eR@04), suggesting that neither the VDR or

1,25D is essential but are working cooperativelthwalcium in controlling PTH synthesis.

1.5.2 1,25D-VDR direct actions on bone cells

1.5.2.1 Osteoblast

1,25D acting via the VDR regulates a wide array osteoblastic gene transcription
responsible for proliferation, differentiation anaineralisation (Atkins, et al., 2003;
Matsumoto, et al., 1991; Rickard, et al., 1995jr5tet al., 1996). Human primary osteoblasts
respond to exogenous 1,25D by decreasing the fatelloproliferation, and increasing the
expression of vitamin D-responsive genes, includistgocalcin (Ocn), alkaline phosphatase
(ALP), collagen type 1 (Coll) and osteopontin (ORAlkins, et al., 2003; Beresford, et al.,
1986). Consistent with the central role of vitarBinn maintaining osteoblastic function, the
generation of colony forming units from culturechieanarrow-derived osteoblasts from VDR
and CYB27B1 knockout mice were impaired comparedvild-type cells (Panda, et al.,
2004), suggesting that 1,25D and VDR is importéortosteoblast formation and activity. In
addition to responding to exogenous 1,25D, ostastblaxpress CYP27B1, synthesise
detectable levels of 1,25D (Anderson, et al., 20@&yard, et al., 1981) which was shown to
inhibit cell proliferation and stimulate osteoblakfferentiation in model of primary human
bone cells and the human bone cell line, HOS (Asateret al., 2010; Atkins, et al., 2007).
Another prominent action of 1,25D-VDR on osteoldastto regulate the expression of the
TNF-ligand family member, RANKL, a classical VDRB#taining promoter (Kitazawa, et
al., 1999). As discussed earlier in chapter 1.2eatdast produced RANKL binds to its
receptor, RANK, expressed by differentiation andvisaal osteoclast precursors, which
promotes osteoclastic development, (Kearns, e2@08). 1,25D has been shown to stimulate
osteoclastogenesis by increasing RANKL productisnwall as decreasing the expression of
the RANKL decoy receptor, OPG by osteoblasts (Haayet al., 1998). 1,25D preferentially

up-regulates RANKL expression in immature primawynan osteoblasts, as defined by their
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expression of the immature osteoblastic marker, GIRAtkins, et al., 2003). Similarly, the
ability of mouse primary osteoblasts to express RRNh response to 1,25D decreases with
their osteogenic maturation (Thomas, et al., 200i)contrast, osteoblasts isolated from
transgenic mice which over-express VDR specificallynature osteoblasts and osteocytes
have reduced ability to support osteoclastogenesie-culture experiment, which was due to
a decreased RANKL:OPG ratio (Baldock, et al., 2008hile the current view is that 1,25D
maintains normocalcaemia by stimulating bone rdsmrnd increasing the extent and rate
of osteoblast-mediated osteoclastogenesis, theskndis implicate that 1,25D can also
directly regulate osteoblastic function and minsedlon, suggesting that 1,25D may be

important for both the initiation and continuatiohbone remodelling.

1.5.2.2 Osteoclast

Although the role of 1,25D-VDR on osteoclast forimatis best described from the indirect
effects via the osteoblasts, 1,25D has been shovdiréctly effect osteoclast precursors by
increasing the expression of the osteoclast admesmecule,aVp3 integrin, both in avian
osteoclast precursor cells (Mimura, et al., 1997 m the human myelomonocytic cell line,
HL-60 (Andersson and Johansson, 1996). In HL-6[3,c&)25D also increases the expression
of the RANK and osteoclast maturation (Kido, et 2003). A direct positive effect of 1,25D
on RANKL-induced osteoclast formation from the mewsteoclast precursor cell line, RAW
264.7 have also been reported, where 1,25D ingdgasenumber of multinucleated TRAP-
positive osteoclasts (Vincent, et al., 2009), iating the direct effect of 1,25D on osteoclast
activity. Intriguingly, osteoclasts have also bestiown to express CYP27B1 and produce
detectable levels of 1,25D (Kogawa, et al., 200 Driel, et al., 2006). Recent data indicate
that the metabolism of 25D into 1,25D by human @dtest precursors results in the increased
MRNA expression encoding key regulators of ostetotgenesis, NFATc1, and c-Fos as well

as osteoclast marker genes, such as OSCAR, a glat@gof osteoclast differentiation, and
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TRAP (Kogawa, et al., 2010). Together these fingimgdicate that 1,25D is an important

regulator of osteoclastic formation and activity.

1.5.2.3 Osteocyte

Although osteocyter situ have been known to express VDR (Boivin, et al§7)9the direct
actions of 1,25D-VDR signalling in osteocytes rem#argely unknown. 1,25D has been
shown to act on mature osteoblast/osteocyte andases FGF23 mRNA and protein levels
via the putative VDRE in the FGF23 promoter (Kolek, al., 2005; Liu, et al., 2006).
Elevated FGF23 in turn suppresses renal 1,25D ptaofuand renal phosphate reabsorption
(Liu, et al., 2006; Shimada, et al., 2004) formanfged-back loop. Our laboratory have shown
that the osteocyte cell line, MLO-A5, express bMBR and CYP27B1 mRNA, which
increase with maturation of the osteocyte and isitipely correlated with the osteocytic
expression of Dmpl and Phex (unpublished data).eMar, the osteocyte-specific gene
SOST (which encodes for Sclerostin, a potent inhibitdr bone formation as discussed
previously) is directly regulated by 1,25D in hunmimary osteocyte-like cells by virtue of a
unique VDRE inSOST promoter (unpublished data). Furthermore, recaptblished data in

a rodent model indicate that osteocyte densityigieslas a function of decreased circulating
25D levels, which is associated reduced bone gstnianghe tibia, suggesting that low vitamin
D activity may contribute to the loss of osteocysesd bone integrity. Intriguingly, the
OSVDR transgenic mouse with increased sensitivityl,@5D-VDR signalling in mature
osteoblasts and osteocytes (as driven by the @dtBogromoter) are more sensitive to
mechanical loading, by markedly enhancing bone &bion, mineralising surface and bone
formation rate on the periosteal surface when coetpto wild-type controls (manuscript in
preparation). Collectively, these new findings tade that direct actions of 1,25D-VDR in
osteocytes regulate gene expression and key bansation events, such as mechanical

loading.
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1.6 CLINICAL SKELETAL EFFECTS OF VITAMIN D DEFICIEN CY

Vitamin D deficiency can lead to the bone minegdlan defects of rickets in children and
osteomalacia in adults as well as contribute tootinget of osteoporosis. However, the blood
level of 25D required to prevent either of thessedses is controversial, which is due partly
to the invasive nature of collecting histologicaidence from patients to demonstrate the
nature of the bone defect. Osteomalacia and ostesigare distinguished by unique changes
in microscopic bone architectures. Osteomalaciairscas a result of a mineralisation defect
(increased osteoid volume and a delay in minetaisalag time) (Bronner, 1976).
Osteoporosis is often associated with a decreasgdstinal calcium absorption and increase
in bone resorption leading to loss of trabeculaduced cortical bone and increased risk of
fracture (Gallagher, 1990).

It is well established that vitamin D and dietargloctum supplementation are effective
preventative strategies for reducing the risk atfures in the elderly (Chapuy, et al., 1992),
which has also been confirmed by a meta-analyseslioical trials when vitamin D
supplementation is 800 IU per day or greater (BiffeRerrari, et al., 2005; Tang, et al.,
2007). However, there has been confusion in thHd fiecause the level of 25D required to
optimise intestinal calcium absorption and maintglfasma calcium homeostasis is
considerably lower than that required to preveattiires (Dardenne, et al., 2004; Fraser, et
al., 1973).Clinical studies have demonstrated that 25D lebelow 20 nmol/L result in
hypocalcaemia, hypophosphateamia, secondary hyjgngeoidism and osteomalacia (Need,
et al., 2008). At these frankly low levels of 258ybstrate depletion resulting in reduced
renal synthesis of circulating 1,25D and intesticalicium malabsorption (Anderson, et al.,
2007; Need, 2007; Need, et al., 2008). With meanns€5D levels around 40 nmol/L, while
osteomalacia does not occur, the incidence of pstesis (Arnala, et al., 1997; Bell, et al.,
1999) hip fracture increase, particularly in thdeely (Lidor, et al., 1993; Morris, et al.,
1984). For reasons that are not entirely cleas Hone loss occurs without a change in

circulating neither 1,25D levels nor impairmentm@estinal calcium absorption (Lidor, et al.,
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1993; Meller, et al., 1985). Only when 25D levetseed 75 nmol/L, does the risk of hip and
non-vertebral fractures reduce (Bischoff-Ferrariale 2005). Given that the majority of the
general population have levels of 25D below 80 Wim@Mithal, et al., 2009), there is a
concern by some to recommend vitamin D supplementad achieve such 25D levels. The
difficulty in changing current recommendations afamnin D status is, in part, due to our
incomplete understanding of mechanisms by which ByBIs above 80nmol/L improve bone

volume and reduce fracture risk.

1.7 ANIMAL STUDIES FOR THE ACTIONS OF VITAMIN D ON BONE
HOMEOSTASIS

The majority of our understanding for the role damin D in bone health has been derived
from studies of dietary manipulations and from #realyses of disorders of rickets and
osteomalacia in human and animal models. The denedat of techniques for genetic
manipulation in mice have allowed in depth analysésthe molecular basis for the
phenotypes observed when vitamin D activity is imgghand highlight the essential role of
1,25D-VDR in maintaining bone mineral homeostagismajor question, which has been
proven difficult to answer, is the relative impaorta of vitamin D activity in regulating

mineral homeostasis and the direct actions of vitdbnon bone cells.

1.7.1 Vitamin D receptor knock-out (VDRKO) mice

There are two VDRKO strains with targeted deletibthe DNA binding domain of the VDR
gene in either exon 2 (encoding the first zinc-&nNg(Erben, et al., 2002; Yoshizawa, et al.,
1997) or exon 3 (second zinc-finger) (Li, et al99T). Both the VDRKO mice have no
detectable VDR protein and display all the featwkethe human disease: hereditary vitamin
D-resistance rickets (HVDRR) (Hughes, et al., 1988|loy, et al., 1999). VDRKO mice are
phenotypically normal at birth but in from the thiweek of life develop alopecia and growth

retardation, accompanied by hypocalcaemia, hypg@taiemia, and compensatory secondary
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hyperparathyroidism (Li, et al., 1997; Yoshizawa,ak, 1997). The expression of renal
CYP27B1 mRNA is markedly elevated and CYP24 mRNAvirtually absent in VDRKO
mice, resulting in high circulating 1,25D concetitras. Largely due to the hypocalcaemia
and hypophosphatemia, severe skeletal defects atddDRKO mice, including decreased
bone mineral density, thinned bone cortex, underenailized bone and widening of growth
plates consistent with osteomalacia (Li, et a@97, Yoshizawa, et al., 1997). However,
when VDRKO mice were fed a diet enriched in calcgiymosphorus and lactose, termed the
‘rescue diet’, serum calcium and phosphate levasewormal. This indicated that calcium
supply from the intestine is essential for devalgpa normal secondary hyperparathyroidism.
Under these conditions, VDRKO mice developed largebrmal bone structures with no
evidence of osteomalacia (Amling, et al., 1999; &t, al., 1998) skeleton. Moreover,
restoration of the VDR expression with the intestinescued VDRKO mice from
hypocalcemia, hypophosphatemia and osteomalacia éa Fleet, 2009). It has therefore
been generally concluded that the main effect @min D on bone homeostasis D within the
skeleton is via its action in the intestine to ni@im serum calcium levels and not due to any
direct effect of vitamin

However, the notion that the role of vitamin D ione mineralisation and homeostasis is
dispensable has been challenged studies condugt&@rxa and colleagues (Panda, et al.,
2004). In their studies, VDRKO mice were fed thecree diet until 17 weeks of age, 7 weeks
longer than had been previously reports. In thdseweek old VDRKO adult mice, bone
volume was marked reduced when compared to WT detieiencies in these VDRKO mice
(Panda, et al., 2004). These mice exhibited sicanifi reduction in osteoblast number, mineral
apposition rates, alkaline phosphatase activityteataecular bone volume compared to wild-
type mice(Panda, et al., 2004). In addition, bone sectitmsad for the osteoclastic markers,
RANKL and tartrate resistant acid phosphatase (TRwW®ere all reduced, demonstrated a
reduction in osteoclastic activity in the VDRKO mi¢Panda, et al., 2004). Taken together,

these findings indicate that bone volume deficieacn the older VDRKO mice was not due
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to the increase of osteoclastic activity but rathéailure of osteoblastic activity and suggest
that the 1,25D-VDR system may be important in ceflthe osteoblast lineage to promoter
bone mineralisation, particularly as mice age.

Consistent with thesi vivo findings,in vitro studies with osteoblasts derived from the bone
marrow of VDRKO mice demonstrated impaired minetion and reduced production of
mineralised colonies (Panda, et al., 2004). Fumloee, the number of bone marrow
osteogenic progenitors (colonies forming unitspatsarkedly declined in normocalcemic
aging VDRKO mice compared with WT mice (Panda, let2004). However, other studies
have shown contrasting findings with regards to VBdRvity osteoblastogenesis. Calvarial
osteoblasts isolated from VDRKO mice exhibited emea osteoblast differentiation with
increased in the number of osteoblast colony fogninits, alkaline phosphatase activity and
mineralised matrix formation (Sooy, et al., 200B)ese divergent data which may explained
in part by the site of origin for which the celleealerived, suggest that the actions of 1,25D
via VDR on osteoblasts, may be dependent upon sih@steoblast differentiation or the
conditions in which cells are treated, as indicdigdtudies investigating 1,25D treatment of

osteoblasts culture (Owen, et al., 1991, Steial.ef1996).

1.7.2 CYP27B1 knock-out (CYP27B1KO) and VDR doubl&nock-out mice

To address the question of whether the effectsrebdein VDRKO mice are due to the
absence of the receptor or the lack of 1,25D liga@egendent receptor action, CYP27B1KO
mice were generated (Dardenne, et al.,, 2001; Paedal., 2001). The phenotype of
CYP27B1KO mice is indistinguishable to that of VDRKmice, including hypocalcemia,

hypophosphatemia, hyperparathyroidism, growth detasn and osteomalacia. However
unlike the VDRKO mice, CYP27B1KO mice have undeibtt 1,25D levels and do not
exhibit alopecia, resembling the human disease sefugo vitamin D deficiency rickets

(PDDR) (Dardenne, et al., 2001; Panda, et al., ROAithough feeding the CYP27B1KO

animals the rescue diet restores normal mineralhiomeostasis and corrects the skeletal
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abnormalities, normal growth is observed only whba mice are treated with 1,25D,
suggesting that the VDR-dependent actions cong&itubone growth (Dardenne, et al., 2001,
Panda, et al., 2001).

Generation of the double knockout of both CYP27Bid avfDR mutant mice have
conclusively demonstrated that normalization ofisecalcium cannot entirely substitute for
a defective 1,25D-VDR system in skeletal homeostgsarticularly for the normal coupling
of bone remodelling (Panda, et al., 2004). Botlre@gtnesis and osteoclastogenesis were
impaired in 1,25D-VDR-defective mutants, which werevealed after correction of
hypocalcaemia and secondary hyperparathyroidisnh whe rescue diet. The ‘rescued’
phenotypes continue to exhibit reduced osteoblastimber, mineral apposition rates and
bone volume compared to wild-type mice, despitaeaiig normalcalcemia and normal PTH
levels (Panda, et al., 2004). Interestingly, desfiie high PTH levels in the VDR knockout
mice, osteoclast numbers were not able to be ibtwgreater levels than that observed in
normocalcemic wild-type mice whose PTH levels weoemal (Panda, et al., 2004). These
data indicated that bone turnover in the knockaumnals impaired and an intact 1,25-VDR
system is necessary for an appropriate osteoclestjgponse to increased PTH. Moreover,
neither the rescued diet nor 1,25D administrationlat correct either osteoclast size or

osteoblastic RANKL levels in the absence of the V{Panda, et al., 2004).

1.7.3 Mature osteoblast-specific vitamin D receptotransgenic (OSVDR) mice

A direct role for 1,25D-VDR activity in bone hasdmedemonstrated with the osteoblast-
specific VDR over-expression mouse model (OSVDR)this transgenic model, the human
osteocalcin promoter drives the expression of huNi2R transgene (hVDR) within mature
osteoblastic lineage and osteocytes (Gardineal.e2000). The OSVDR line#3 contained 10
inserted copies of the hVDR transgene, VDR pro&upression in the bones of these
transgenic mice is 4-fold greater compared to wyloe controls. While no changes to serum

biochemical measurements were observed, OSVDR exicibited a 25% increase periosteal
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bone formation, a 20% increase in cortical crossizeal area and a 15% increase in
trabecular bone volume, leading to an overall 16&tease in the force required to break the
mid-shaft of the OSVDR tibia (peak load) (Gardinet, al., 2000). Furthermore, it was
determined that the bone mineral of OSVDR mice @ioed a greater calcium concentration
as measured by quantitative backscattered eleatraging, without affecting the structural
properties of the mineral crystals (Misof, et 2003). Dynamic histomorphometric analyses
demonstrated that both an increase in osteoblastigity and a decrease in osteoclastic
numbers were responsible for the changes in theBP&¥/bone architecture as measured by
double-labelled fluorescence and TRAP-positive eespely (Baldock, et al., 2006; Gardiner,
et al., 2000). Interestingly, by increasing thessanty of mature osteoblasts and osteocytes
to 1,25D, the author observed an decreased irota $ynthesis of RANKL:OPG ratio in the
bone of the OSVDR mice, as well as reduced abibtyOSVDR’s osteoblasts to support
osteoclastogenesis im vitro co-culture experiments (Baldock, et al., 2006)!l€tively,
these data demonstrated an important interactiowele® the mature osteoblasts and
osteoclasts that is mediated by 1,25D-VDR activityriguingly, while the mechanisms are
unclear, when OSVDR mice were maintained on a loW@calcium diet, the OSVDR’s
anabolic bone phenotype was reduced and no chamgéther 1,25D or PTH were observed
(Baldock, et al.,, 2006). Furthermore, when OSVDRcenwere subjected to mechanical
loading using the tibial 4-point loading technigagapted for mice, a markedly enhanced
level of periosteal woven bone formation, mineedl@n surface and bone formation rate
occurred when compared to levels in wild-type mitkhese data suggest that the OSVDR
mice are more sensitive to mechanical loading drat tncreased sensitivity of mature
osteoblasts and osteocytes to 1,25D results in neelda bone-forming activity due to
mechanical strain (Anderson, et al., unpublishdd)da

Although it is clear that the OSVDR mice exhibit averall anabolic bone phenotype, there
remain a number of outstanding physiological qoestiregarding the role of vitamin D

activity in the mature osteoblasts and osteocykestly, can OSVDR animals be protected
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from bone loss due to vitamin D deficiency? Secpndhat are the mechanisms involved in
the bone loss observed in the OSVDR animals whéjested the low calcium stress? Is

there a role for osteoblastic/osteocytic VDR ircaah homeostasis?

1.8 AIMS AND HYPOTHESES

The general aim of this thesis is to investigate tble of VDR within osteoblasts and
osteocytes and the impact on bone homeostasishypathesis is that VDR in osteoblasts
and osteocytes play essential roles in the bonedeltmg process and the maintenance of an
optimal skeletal structure.

1.8.1 Specific aims

Accordingly, the OSVDR mouse model will be useadlress the following specific aims of
the project:

a) Establish the OSVDR'’s transgene bone-specifer-expression, as well as structural,
cellular and biochemical analyses of the OSVDR reqlsenotype

b) Determine the effect of vitamin D deficiency ine OSVDR’s bone structure, cellular
activities, biochemical parameters, and gene egfes

C) Characterise the structural, biochemical, catlldnd molecular mechanisms which
underpin the influence of low calcium stress inedigtining the OSVDR bone phenotype.
1.8.2 Significance of project

Currently, the role of vitamin D on bone healthti®ught to be primarily in regulating
calcium and phosphate homeostasis through itsrectim the intestine. Although roles for
direct activity of vitamin D have been proposedrthis littlein vivo evidence to demonstrate
this. Hence, the proposed studies are neededrbtydlze direct involvement of vitamin D in
the regulation of skeletal homeostasis. The stratteellular and molecular findings from
this project may confirm the recent view of a fumdmtal role for vitamin D and VDR to

directly regulate bone cell activities and bone enatisation.
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Chapter 2

54



2.1  MATERIALS
All chemicals and consumables used in the expetsnsere purchased from Sigma Aldrich

Chemical Company (Castle Hill, NSW, Australia), es8 otherwise stated.

2.2 ANIMALS

All animals used in the experiments were female FVBwild-type) and OSVDR mice
(OSV3 line) on the FVB/N background. All FVB/N wilgpe mice were bought from Animal
Resources Centre (Murdoch, Perth, Australia). Hogmoas OSVDR transgenic mice (line 3)
(Gardiner, et al., 2000) were kindly provided by Exdith Gardiner at the Garvan Institute
(Darlinghurst, NSW, Australia) and were subsequyelmtéd and maintained in the Institute of
Medical and Veterinary Science (IMVS) Animal Carachity. OSVDR hemizygous mice
were generated by breeding OSVDR homozygous mate mith FVB/N female mice. All
genotypes of OSVDR mice were confirmed by real-tiRER with primers spanning
specifically the human VDR transgene (see primedbleta2.3 below). All animal

experimentations were approved by the IMVS Animialié&s Committee.

2.3  HOUSING
All animals were housed at 24°C with a 12-hour thidark cycle and were exposed to
standard lighting. Animals involved in experimerdatwere caged with the same number of

animals/cage and with the same conditions (inclyitirys, boxes, etc).

2.4 DIET

All animals were fed a commercial chow diet contagn0.80% calcium, 0.71% phosphorus
and 20001U/Kg vitamin D from Specialty feeds (GEorrest, WA, Australia) and tap water
ad libitum after weaning (3 weeks of age), unless speciftadravise. Animals in the studies

involving changes to dietary vitamin D and calciware fed 8g/animal/day of a modified
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AIN-93-VX semi-synthetic diet from ICN Biochemica€leveland, Ohio, USA) in which the
levels of dietary calcium and vitamin D were maglfi for the different experimental

procedures as specified in method section of etacly s

2.5 SEMI-SYNTHETIC DIET

The semi synthetic diets were prepared in the kboy according to a standard formula
(Refer to Table 2.1). The components of the minemal (Table 2.2) were weighed, crushed
and thoroughly mixed in a plastic container. Cdarch, casein and cellulose were mixed for
30 minutes in a dough mixer. The remaining dry edignts were added slowly and the
mixture combined for a further 30 minutes. The edyents of the mineral mix were weighed
and crushed then manually mixed for 5 minutes leefmidding with the rest of the dry

ingredients. Subsequently, the corn oil was drizzieto the mixture during mixing and

combined for another 30 minutes. Finally distilledter was added to form a thick paste
which was poured into trays to a thickness of axipnately 3cm and allowed to partially

solidify before being cut into blocks and frozer2Q°C.
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Table 2.1 Components of the Semi-Synthetic Diet

Ingredient (g/Kg mix)
Casein 200

Corn Starch 650
Cellulose 50
DL-Methionine 3

Choline Bitartrate 2

Mineral Mix* 35
AIN-93-VX Vitamin Mix” 10
Calcium Carbonate (0.1%-1%) 25-250
Corn oil 50
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Table 2.2 Components of the Mineral Mix

Ingredient (g/Kg mix)

Sodium di-hydrogen phosphate @) 197

Potassium di-hydrogen phosphate 275
Potassium sulphate 52
Magnesium oxide 24
Manganous carbonate 3.5
Ferric citrate 6

Zinc carbonate 1.6
Cupric carbonate 0.3
Potassium iodate 0.01
Sodium selenite 0.01
Chromium potassium sulphate 0.55

Sucrose (finely powdered) 440.03




2.6 BLOOD BIOCHEMISTRY

2.6.1 Blood sample collection

Food was withdrawn from mice 16 hours prior to bledeing collected by cardiac puncture
while the animals were under isoflourane anaesathégpproximately 80@l of blood was
collected for each mouse and immediately placedice. Serum was collected by
centrifugation at 13,000 rpm for 10 minutes. Appnaately 40Qul of serum was collected for
each animal. A 5@ aliquot of serum from each sample collected wases separately for
parathyroid hormone analysis. All serum sampleseweszen at —8UC until required for

analysis.

2.6.2 Serum calcium and phosphate

Serum calcium and phosphate was measured accaalittte method of Moorehead and
Biggs (Moorehead and Biggs, 1974) on a clinicalngis&é'y analyser Cobas Bio 4000 series
(Roche, Indianapolis, Indiana, USA), using reagemignufactured by Trace Scientific

(Victoria, Australia).

2.6.3 Serum 1,25-dihydroxyvitamin @

Serum 1,25-dihydroxyvitamin $(1,25D) was measured by'&l radioimmunoassay (RIA)
(Immunodiagnostic Systems Ltd, Bolden, UK). Theagssas performed in accordance with
the manufacturer’s instruction. In brief: serum péea were delipidated and 1,25D extracted
from potential cross-reactants by incubation withighly specific, solid phase, monoclonal
anti-1,25D antibody. The purified 1,25D elute isubated with a highly specific sheep anti-
1,25D antibody. Separation of the antibody-bouaddr from the free tracer is achieved by a
short incubation with anti-sheep IgG cellulose. Theund radioactivity is inversely
proportional to the concentration of 1,25D. The imum detectable concentration of the

assay was 5pmol/L and at 118pmol/L, the inter-assafficient of variation was 5%.

61



2.6.4 Serum 25-hydroxyvitamin B

Serum 25-hydroxyvitamin P(25D) was measured by'&l radioimmunoassay (RIA) from
Immunodiagnostic Systems (Bolden, Tyne & Wear, UKj)is method involves the extraction
of 25D, followed by incubation with botff3-25D and a highly specific sheep anti-25D-
antibody. Separation of the antibody-bound tracemfthe free tracer is achieved during a
short incubation step with anti-sheep IgG celluloSbe bound radioactivity is inversely
proportional to the concentration of 25D. The minimdetectable concentration of the assay

was 3.0nmol/L and at 136nmol/L and the inter-assmfficient of variation was 5%.

2.6.5 Serum parathyroid hormone

Serum parathyroid hormone (PTH) was measured usingrat-specific, two-site
immunoradiometric assay (IRMA) from Immutopics Iif&an Clemente, California, USA).
Both intact PTH (1-84 amino acids) and N-terminalHP (1-34 amino acids) are
immunologically bound by an immobilised antibodydaan radiolabelled antibody, to form a
sandwich complex. The levels of the radioactivebyd complex are then measured in a
gamma counter, Crystal Il, Multidetector RIA Systdnom Packard Instruments Inc.
(Downers Grove, lllinois, USA). The minimum detdadtaconcentration of the assay was 1.0

pg/mL and at 50pg/mL, the inter-assay coefficiédntariation was 4%.

2.6.6 Serum Fibroblast Growth Factor 23

FGF23 was measured using a two-site enzyme-linkedunosorbent assay kit from Kainos
Laboratories (Bunkyo-ku, Tokyo, Japan) accordingnanufacturer’s instructions. In brief:
the assay uses two specific murine monoclonal adi#s bind to full-length FGF-23. One
antibody is immobilized onto the microtiter plateslivfor capture, the other antibody is
conjugated to HRP (horseradish peroxidase) labaltgithody to form a “sandwich” complex.

The sandwich complex immobilized on the well isubated with a substrate solution and
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then measured by a spectrophotometric microtitgtepieader from Bio-TeK (Burleigh, QLD,
Australia). The enzymatic activity of the complesulnd to the well is directly proportional to
the amount of FGF-23 in the sample. A standardecig\generated by plotting the absorbance
versus each concentration of FGF-23 standardscdheentration of FGF-23 in the sample is

determined from this curve.

2.7 BONE HISTOLOGY
All bones collected at time of death were droppeaight into tubes and immediately frozen

in dry-ice and stored at -80°C until required.

2.7.1 Fluorochrome labelling injections

Demeclocycline hydrochloride and calcein were usedhe two flurochrome agents to label
bone forming surfaces. Demeclocycline hydrochloridederle, NSW, Australia) was
prepared by adding 300 mg of demeclocycline hydosde to 10 mL of 0.9% saline for a
final concentration of 30mg/ml and then stirred fohours prior to centrifugation to spin
down any precipitants. A 10mg/kg injection of defoegcline hydrochloride was performed
intraperitoneally 6 days prior to killing mice. €aln was prepared by adding 0.1g of calcein
and 0.1g of sodium bicarbonate to 10 mL of 0.9%nealo achieve a final concentration of
10mg/ml, and then stirred for 1 hour to allow digson. Intraperitoneal injection of calcein

label was performed 2 days prior to killing micets dose of 10mg/kg.

2.7.2 Bone preparation for dynamic histomorphometry

Tibiae were de-fleshed before being placed in 16fmé&lin at 4°C for 2 hours. The proximal
end of the tibia was then sliced using a slow spesd from Beuhler Ltd. (Lake Bluff,
lllinois, USA) equipped with a diamond tipped bladathed in 70% ethanol (van Moppes,
Gloucester, UK) to expose the epiphyseal and mgtaath regions. Bone samples were

dehydrated in graded ethanol (70%, 90%, 2 x 10@¥0). hour each, then transferred into two
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changes of methylmethacrylate (MMA) and 10% wi/v lgsP plasticiser (Medim, Giessen,
Germany) each for 10-14 days. 4mL of the final edaligg mixture containing MMA, 10%
w/v plasticiser and 0.9% (w/v) K-Plast initiatorefpxydicarbonate — perkadox 16) (Medim,
Giessen, Germany) was poured into 25mL polypromylerbes and the cut bone surface
facing down. The tubes were tightly capped andsfieaned to a 37°C water bath for 24 hours
polymerization in the fume hood. The embedded sesplere cut from the tubes using a
band saw and fixed to aluminium block holders (Riad, Gladesville, NSW, Australia) with

araldite glue (Selleys, Padstow, NSW, Australia).

Following embedding, the samples were trimmed fmosg the sample area by removing and
discarding 10pm sections with a motorised microtofReichert-Jung, Holly, Michigan,
USA). To expose the maximal epiphyseal and metagaiywmea, the samples were trimmed to
the midline of the tibia. The exposed sample area then moistened with demineralised
water and three consecutive 5um sections were raitpéaced onto glass slides. Sections
were flattened onto the slides following immersiona 30:70 mixture of ethylene glycol
mono-ethyl ether (Merck, Kilsyth, Victoria, Austial and 70% ethanol (spreading solution)
heated to 65-70°C. Polyethylene plastic was dipped the spreading solution before
clamping to the slide with the catridge paper. Htdes were placed in the 37°C oven
overnight. Prior to staining, MMA was removed by hfhute immersions in 100% acetone.
Sections were then dehydrated in ethanol (2 x 10@¥éared in xylene (2 x 100%) and
mounted in Xxylene-based moutant Eukill (Kinder GmlbHd co., Freiburg, Germany).
Unstained sections were used to measure the gftei-ldistance of demeclocycline
hydrochloride and calcein flurochrome agents tawdate mineral apposition rate (MAR) and

bone formation rate (BFR).
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2.7.3 Tartrate resistant acid phosphatase (TRAP) aining of osteoclasts

Sections were immersed 3 times in histolene fomiffutes and rehydrated in graded ethanol
(100%x2, 95%, 90%, 75%, 50%) and demineralised mite 3 minutes each. Fixative
solution was prepared in a glass bottle by addbml2of citrate solution, 65mL of acetone,
8mL of 37% Formaldehyde. Slides were fixed by insmar in fixative solution for 30
seconds and rinsed thoroughly in pre-warmed demlised water. Diazotised Fast Garnet
GBC solution was prepared by adding 0.5mL of Femtn€t GBC base solution to 0.5mL of
sodium nitrite solution and inverted for 30 secontlise tartrate acid phosphatase solution
was prepared by adding 1mL of the diazotised fasget solution to a 100mL beaker with
45mL of prewarmed demineralised water, 0.5mL ofirlapl AS-BI phosphate solution, 2mL
of acetate solution and 1mL of tartrate solutiohe Tnixed solution was then transferred to
coplin jars. Fixed slides were immersed and incedbah the staining solution for 1 hour at
37°C in water bath protected from light. Slides evéren rinsed thoroughly in demineralised
water and counterstained in Hetamoxylin solution Zominutes and rinsed in alkaline tap
water for several minutes until the nuclei turnéekb Slides were then air dried. Images were
captured microscopically using an Olympus BH-2 wscope (Olympus, Bunkyo-ku, Tokyo,
Japan) interfaced with a Quantimet 520 Image Amal{g/stem (Cambridge Instruments,
Middlesex County, Massachusetts, UK). The TRAP tpasbsteoclasts were evaluated using

ImageJ software analysis.

2.8 BONE MICRO-COMPUTED TOMOGRAPHY

Tibiae and vertebrae were removed from the -80%ezer and were packed tightly into
plastic micro-CT tubes with soaked 70% ethanol gaaiad tissue paper prior to scanning.
Tibial and vertebral micro-architecture were anatl/ausing a high resolution micro-CT
system (Skyscan 1174, Kartuizersweg, Kontich, Belfgi to obtain multiple x-ray
transmission images at scanning resolution of 6/piXdl. Cross sectional images of the

bones were then reconstructed by a modified Felgkaome-beam algorithm, creating a
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complete 3-D representation of internal microsuitetwith ring artefact reduction set at level
12 and beam hardening set to 20%. For tibial tbtale mineral content, trabecular bone
volume (BV/TV), trabecular number and trabeculaickhess analysis, a 3mm proximal
metaphyseal region, measured from 1mm below theitgreplate, was selected. For tibial
cortical bone volume, cortical width, periostealrface perimeter and endosteal surface
perimeter, a 3mm diaphysis region, measured fromm 4r@low the growth plate was selected.
These regions have been selected as standard ingepabcedure for our laboratory for
cortical and trabecular bone analyses. Importamiyy,have excluded all trabecular bone for
diaphyseal cortical bone analysis and that all leg@pal bone was excluded for metaphyseal
trabecular bone analysis For vertebral total bomeeral content, trabecular bone volume,
thickness and number, the complete lumbar sping Wlak selected. Global threshold method
was used in the cortical bone analysis, while adaghreshold with the radius of 7, constant
of 10 and pre-smoothing of 1 were used in the tala@ bone analysis. These thresholding
methods were performed as standard recommendatownsortical and trabecular bone
analyses as described in Skyscan manuals 200& Tehgth was measured using digital

callipers.

2.9 TISSUE MESSENGER RNA ANALYSES

All tissues collected at time of death were dropgedight into tubes and immediately frozen
in dry-ice and stored at -80°C until required. Kminey and liver, 1Imm portions were excised
approximately at the same position for each anirRal. intestine, the first 5cm proximal
section and for bone (femur), the complete tissas used. All tissues were homogenised in
1mL of Trizol in a 2mL sterile eppendorf tube. FRmft tissues, a micro-pestle was used to
homogenise the samples. For bones, IKA T10 bagctret homogeniser (IKA, Staufen,

Baden-Wurttemberg, Germany) was used.
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2.9.1 Extraction of total RNA

Total RNA was isolated from whole tissues using Thizol extraction reagent (Invitrogen,
Australia). The lysate in each tube was mixed eilision with 200uL of Chloroform for 15
seconds and incubated at room temperature for 8tegnThe aqueous phase, containing the
RNA was removed after centrifuging the mixture 8(0D0 rpm at 4°C for 15 minutes and
mixed in a new tube with 500uL of isopropanol tegipitate the RNA. The samples were left
at room temperature for 10 minutes before centirfgigagain at 13,000rpm at 4°C for 15
minutes. The supernatant was removed and the RNét peashed with 1mL of 75% ethanol.
The RNA pellet was air-dried at room temperaturel dmally dissolved in 100L of

diethylpyrocarbonate (DEPC)-treated water.

2.9.2 Quantification of messenger RNA

Purified RNA was quantified on a Nanodrop spectoipimeter (Beckman Instruments,
Fullerton, California, USA). 1uL of the RNA samplegre measured at wavelengths of 260
and 280nm. The RNA was considered to be adequptet/when the ratio betweengand

Azgowas 1.8 or higher.

2.9.3 Synthesis of cDNA

Messenger RNA was reverse-transcribed to generede strand cDNA. 1ug RNA was
incubated with 1uL of 200ng oligo-dT primer (Geneks Adelaide, SA, Australia) 1uL of
reaction mixture of 1nM of dATP, dTTP, dGTP and dC{Geneworks, Adelaide, SA,
Australia) and deionised J@ in a total volume of 3. The mixture was flickspin and
placed on the PCR machine at 65°C for 5 minutésr afhich it was mmediately placed on
ice until the machine has reached 4°C. The volohi®NA and deionised $¥© was added to
reaction buffer (250mM Tris-HCL, pH 8.3, 375mM psgéaum chloride, 15mM MgG),
10nM DTT and Superscript 11l reverse-transcriptasgyme were added and heated at 50°C

for 60 minutes followed by 70°C for 5 minutes.
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2.9.4 Quantitative Real Time Polymerase Chain Reaon (QRT-PCR)

The mRNA of interest was analysed by real-time RORPusing the SYBR Green
incorporation technique. All PCR reactions wereriedr out using the RotorGene software
(QIAGEN, Flemington, Victoria, Australia) in a fihmolume of 10uL and were performed in
duplicate for each cDNA sample. The reaction mirsisted of 5uL of IQ SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CalifafnUSA), gene-specific forward and
reverse primers (0.pL) (Geneworks, Adelaide, SA, Australia), and dHZDL) and cDNA
template (1uL). Included in each PCR run was a no template tineggaontrol for each primer
set and a known positive control where applicalidecept for the human VDR primer
sequence, which we obtained from Gardiner et #Q02 the other PCR primers were
designed in-house. Primers were designed using &daBIIH genetic database sequences,
Primer-BLAST and BLAST web-based software (NCBI tliBeda, MD, USA) to achieve
MRNA specific amplification at a consistent annaglitemperatures and constant PCR
conditions across all primer sets. Primer sets umed summarised in Table 2.3. PCR
conditions were as follows: 95°C for 15 min; 35 legcof 95°C for 30 sec, 60°C for 30 sec
and 72°C for 30 sec, followed by 72°C for 4 min awhelt-curve analysis where temperature
gradually rose from 72°C to 95°C over 5 min. All RCQeactions were validated by the
presence of a single predicted peak in the meitecanalysis. Relative expression of mRNA
was determined using the RotorGene software comipareycle threshold (CT) method and
was normalised to the house-keeping geng-attin or Gapdhp-actin and Gapdh were
chosen as housekeeping genes in our experiments, ive&ccordance with the previously
published work by our laboratory (Anderson et 2005; Anderson et al., 2008; Anderson et
al., 2010) in RNA extracted from bone samples albatilture. Importantly, botR-actin and
Gapdh remained stable (unregulated) with the diffediets and treatments. Note the use of
B-actin on some occasions (chapter 4 and 5) and lGapdther (chapter 3) was due to the

CT value of the housekeeping gene in relative ¢ogbnes of interest in the study (the house
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keeping gene that would have a CT value similath® gene of interest), to reduce the

variations in the PCR reaction.
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Table 2.3: Primer sequences of Forward (F) and ReW®) for each messenger RNA species

of interest.
Species/target gene  F/R Primer sequence {563’)
Human VDR F TCATTCTGACAGATGAGGAAGTGC

R TCCTGGTATCATCTTAGCAAAGCC
MouseVdr F CTGAATGAAGAAGGCTCCGAT

R AAGCAGGACAATCTGGTCATCA
Mouseg-actin F AGGGTGTGATGGTGGGAAT

R GCTGGGGTGTTGAAGGTCT
MouseGapdh F TGCACCACCAACTGCTTA

R GGATGCAGGGATGATGTT
MouseOcn F AGACCTAGCAGACACCATGA

R GAAGGCTTTGTCAGACTCAG
MouseAlp F TCCTGACCAAAAACCTCAAAGG

R TGCTTCATGCAGAGCCTGC
MouseCol1 F AGGCATAAAGGGTCATCGTG

R CGTTGAGTCCGTCTTTGCCA
MouseCyp24 F GTCACCATCATCTTCCCAAAT

R TTGAAAGCATCTGCCTTGTGT
MouseCyp27bl F GACCTTGTGCGACGACTAA

R TCTGTGTCAGGAGGGACTTCA
MouseNapi2a F GCTGTCCTCTACCTGCTCGTGTG

R GCGTGCCCACTCCGACCATAG
MouseNapi2c F TTGCTGCCGCTGGAGAGTGC

R ACTGCTTCCCTGGGGCGTCT
MouseCabp9k F ATGTGTGCTGAGAAGTCTCCTGCAGAAATG
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CATTGTGAGAGCTTTTTGAAGAAAGCTTCG

MouseTrvp6 TGGGGTGGTCCCTGCCCAAG
GCAGCTTGCTCAGAGCCTGGA
MouseRankl TGAAGACACACTACCTGACTCCTG
CTGGCAGCATTGATGGTGAG
MouseOpg GTCCCTTGCCCTGACCACT
GGTAACGCCCTTCCTCACAC
MouseNfatcl AGGACACCCCATTGTGCAGCT
CGTCAGCCGTCCCAATGAACA
MouseFgf23 GGAAGCCTGACCCACCTGT
CGGCGTCCTCTGATGTAATC
MouseE11l AAACGCAGACAACAGATAAGAAAGAT
GTTCTGTTTAGCTCTTTAGGGCGA
MouseSost CCACCATCCCTATGACGCCAA
TGTCAGGAAGCGGGTGTACT
MouseDmp-1 GAAAGCTCTGAAGAGAGGACGGG
TGTCCGTGTGGTCACTATTTGCCT
MousePhex GAAAAGCTGTTCCCAAAACAGAG

TAGCACCATAACTCAGGGATCG
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2.10 WESTERN IMMUNOBLOTTING

2.10.1 Protein extraction

Proteins were extracted by a modified method froende (Pierce, et al., 1987). For protein
extraction from bone, the whole femur was used. gait tissue extraction, approximately
100mg of the tissue was used. Tissues were wasligde3 in PBS then homogenised in
200uL of TKED buffer, containing; 50 mM Tris-hydddoride (pH 7.4), 1.5 mM EDTA, 5
mM dithiothreitol (DTT), 300 mM potassium chlorig€C1) and complete protease inhibitor
cocktail solution at 50uL/mL (Invitrogen, Mulgrav¥jctoria, Australia). Separation of the
protein fraction and the crude pellet was achidwedentrifugation at 13,000rpm for 30 mins
at £C. Upon completion of the centrifugation, the smagsnt containing the protein fraction
was immediately transferred to a new tube. Cona#otr of the protein extracted was
analysed using the Biorad-protein assay systemradiogp to manufacturer’'s instruction
(Biorad, Australia). Protein samples were quickzéo in dry ice to prevent protein

degradation and then immediately stored at -804 naquired.

2.10.2 VDR protein immunoblotting

To determine the tissue-specific expression levgébtal VDR proteins in OSVDR and WT
mice, 5ug of the protein extracted was separatetiOdy NUPAGE Bis-Tris gel (MES-SDS,
Invitrogen, Mulgrave, Victoria, Australia) at 150¥6r lhour and then transferred to
nitrocellulose membrane at 200mA for 1 hour. Tovprg non-specific immuno-binding to
the membrane, 5% skim milk powder (SMP) dissolvedTris-buffered saline with 0.1%
Tween20 (TBST) was used to block membrane overrgdiC. VDR protein was detected
using a rat anti-VDR monoclonal primary antibodyff(#ity Bioreagent, Golden, Colorado,
USA) of 1:2000 dilutions in TBST+5% SMP for 2 howas room temperature with gently
rocking. Non-specific binding of the VDR antibodyasvremoved by washing in TBST for
3x10mins with gently rocking. The VDR immuno-complas detected using a secondary

goat anti-rat polyclonal antibody with conjugatd@atine phosphatase (Millipore, Kilsyth,
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Victoria, Australia) of 1:2000 dilutions in TBST/S8MP for 1 hour at room temperature.
Non-specific binding of the secondary antibody wamoved by washing in TBST for
3x10mins with gently rocking. The presence of tHeR/protein was visualised by adding
500uL of alkaline phosphate substrate onto the mangband immediately identify the
immuno-reactive proteins using the Typhoon Phosphger (GE Life Sciences, Rydalmere,
NSW, Australia) at setting of 488nm (blue), 550V[he VDR protein was detected at
approximately 50kDa in molecular weight.

B-actin immunoblotting was subsequently performedtio same membrane as the house-
keeping protein. Sincp-actin molecular weight is detected at 42 kDa, ntbady stripping
of the membrane was required and membrane was Wwash&BST for 3x10mins with
shaking. For detection of tifleactin protein, membrane was probed with a mousieaactin
monoclonal antibody (Sigma-Aldrich, Castle Hill, WS Australia) at 1:10,000 dilutions in
TBST (no SMP) for 1hour at RT with gentle rockirfgllowed by washing in TBST for
3x10mins. TheB-actin immuno-complex was detected using a secgndsr anti-mouse
polyclonal antibody with conjugated alkaline phosfatise activity (Sigma, Australia) at
1:10,000 dilutions in TBST for 1 hour at RT, folled by washing in TBST for 3x10mins.
The presence of thg-actin protein was visualised by adding 500uL dfabhe phosphate
substrate onto the membrane and immediately idetti#f immuno-reactive proteins using the
Typhoon Phospholmager at setting of 488nm (blug)V5

The intensity of the detected VDR arfdactin protein bands were quantified by the
ImageQuant (GE Life Sciences, NSW, Australia) safevand expressed as ratio of VBR:

actin expression.
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2.11 PRIMARY BONE CELL CULTURES

2.11.1 Cell preparation and culture

The long bones of one mouse were used for eaclagatém, which consisted of two tibiae,
two femora and two humeri were dissected and ddwélé. The method for isolation of
primary cells from long bones was a modified vardimm Bakker, et al., 2003. Briefly, the
periosteum layer was gently scraped away and ehd®mes were removed before bone
marrow was flushed out with phosphate bufferednsallPBS) until the bones appeared
translucent. Cleaned bones were then crushedrimitl pieces (0.3mA) and were vigorously
washed 3 times in PBS to remove remaining musktesi Bone chips were then incubated in
1 mL of collagenase-1 solution at 2 mg/mL (Sigmastalia) at 37°C for 1 hr to remove
remaining collagen fibers. After collagenase treattnhbone chips were washed 2x with 50
mL HANKS+10mM HEPES (Media unit, SA Pathology) bigarous shaking before plating
onto culture flasks.

Primary bone cells were cultured in osteogenic omedcontainingp-MEM (Media unit, SA
Pathology) supplemented with 10% fetal bovine se(&BS) (Thermo Scientific, Victoria,
Australia), 100 U/mL penicillin, 100 mg/mL streptgoin, 10 mM HEPES, 2 mM L-
glutamine and 100 mM ascorbate (Media unit, SA &atfy) in a humidified atmosphere of

95% air, 5% CQat 37°C . Media was refreshed every third day.

2.11.2 Cell preparation for mineralisation assays

Cells were removed from flasks by incubating in Il @ collagenase-1 solution (2mg/mL) at
37°C for 30 min. Cells were gently washed with ZxriL of HANKS+10mM HEPES and
pelleted by centrifugation at 1,200 rpm for 5 mi@Gells were then resuspended in 10 mL of
a-MEM supplemented with 10% FBS, 100 U/mL penicilltD0 mg/mL streptomycin, 10
mM HEPES, 2 mM L-glutamine and 100 mM ascorbateni@letea-MEM 10% FBS). Cell
count procedure was performed by adding 10 uL tfvaéh 10 uL trypan blue and cells on

all 5 squares were counted. The formula for toddlrmumber was calculated as follow:
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Total cell counted in 5 squares / 5 = Cells/square

Cells/square x 2 (since it was diluted %2) = Cetisrded

Cells counted x 10,000 = Cells/mL

(Thus if resuspended in 10 mL, then multiply by JLOx
Cells were seeded onto 24 well-plate at 40,000s/eedll (this gives an approximate 70%
confluent well) in 500 uL of the media of CompletdEM 10% FBS. Media was changed
on the & day (or when 100% confluent). To promote maturatiad differentiation, FBS was
reduced to 2% and supplemented with 10 mM BGP ahch® of Dexamethasone. Media

was refreshed every third day.

2.11.3 Alizarin red — calcium staining

Mineralised colonies were stained for calcium dépos by firstly washed with PBS then
fixed with 10% buffered formalin for 1 hr at RT. taf fixation, cells were washed 3 times
with RO water (Media unit, SA Pathology), followdyy staining with 1% Alizarin red

mixture (George T. Gurr LtD, London, England) fombn at RT. To remove non-specific
staining, cells were washed 3 times with RO watdizarin red stained colonies were air
dried O/N then eluted from cultures into eppendtarbes and prepared for calcium

guantification as described in 2.11.5.

2.11.4 Von Kossa — Phosphate staining

Mineralised colonies were stained for phosphateosiéipn by firstly fixed cells with 10%
buffered formalin for 5 min at RT, followed by argle wash with RO water. Cells were then
stained with 1% silver nitrate solution (Sigma, &aka) in bright light for 1 hr at RT. Cells
were then washed gently 3 times with RO water leefmdium thiosulphate (2.5%) (Sigma,
Australia) were added for 5 min at RT. To remova-specific staining, cells were washed 3
times with RO water. Von Kossa stained coloniesewair dried O/N then eluted from

cultures and quantified using a spectrometer.
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2.11.5 Calcium quantification

To quantify the calcium concentration presentethenmineralised culture, 50D10% acetic
acid was added to dissolve the minerals for 30ahiRT, followed by heating at 85°C for 10
min and then chilled on iced for 5 min. Undissolvatherals and solid impurities were
collected by centrifugation at 13,000rpm for 15 snat 4C and the supernatant containing
the dissolved calcium ions was transferred to a tub&. The supernatant pH was neutralised
with 10% ammonium hydroxide to 4.1 - 4.5 by addifiul of the supernatant to 96-well
plate with 3@L 10% ammonium hydroxide. The pH of the supernateag checked with the

pH strip. Absorbance of the calcium ion was immtaljaread at Ols.

2.12 STATISTICAL ANALYSES

2.12.1 Two-way analysis of variance

Two-way analysis of variance was used to analyseirtteractions of the effects of dietary
calcium and vitamin D treatment. One-way analy$igasiance was used to assess the effect
of OSVDR homozygous and hemizygous animals. Tha datre analysed in Statistical
Package for the Social Sciences (SPSS) (versioR720). A value of p<0.05 was considered

to be statistically significant

2.12.2 Tukey's post-hoc test

A Tukey’s post-hoc test was used to identify theigs that were significantly different from

each other within data sets. The data were analgps8BSS program.
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Chapter 3
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3.1 INTRODUCTION

Although there have beemumerousn vitro studies to implicate the important role of 1,25D
in the regulation of both osteoblastic and ostesidanctivity (Atkins, et al., 2007; Horwood,
et al., 1998; Rickard, et al., 1995; Takeda, et1l&99; van Leeuwen, et al., 200t)ere are
limited in vivo studies to understand the direct actions of 1,8bihe bone (Panda, et al.,
2004; Song, et al., 2003). Currently the omwivo data for the direct action of vitamin D
signalling in osteoblast is the transgenic mousalehoOSVDR, where expression of the
human vitamin D receptor (VDR) transgene is speaily over-expressed primarily in mature
cells of the osteoblastic lineage expressing oslewc (Gardiner, et al.,, 2000). The 3.3 kb
human VDR transgene was reported to be expressaifisplly in the bones of the OSVDR
transgenic animals and was not expressed in amy tfsues and that total VDR protein was
4-fold greater in the bones of OSVDR (OSV3 linempared to wild-type FVB/N (WT)
animals. By two-dimensional histomorphometric asaly OSVDR mice demonstrated site-
specific anabolic bone effects, such that they hageeased trabecular bone volume only in
the vertebra and not in the femora or tibia, howdgmoral and tibial cortical bone volume
were significantly greater, which consistent with%%6 overall increased tibial bone strength
compared to WT animals (Gardiner, et al., 2000k iHerease in bone volume is attributed to
increased mineral apposition and decreased ossgtdolanation, due to reduced RANKL-
mediated osteoclastogenesis, while no significaiféces of biochemical homeostastic
hormones were observed (Baldock, et al., 2006).s&hesults indicate that activities of
vitamin D via the VDR are important in directly tdgting bone cell activities. Notably, the
studies previously conducted in the OSVDR animadsewperformed in hemizygous animals
and no studies have examined the homozygous OSViDRats.

We have obtained the OSVDR animals (OSV3 line) fiomEdith Gardiner and Dr Paul

Baldock of the Garvan Institute with the major @onaddress the physiological question:
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What is the role of osteoblastic VDR on bone horteeis during challenges of low dietary
vitamin D and calcium? However before we can skilthe OSVDR animals to study the
effects of calcium and vitamin D deficiencies inemblasts, we aim to further characterise the
OSVDR animals’ transgene expression, biochemisidylaone morphometry, using the more
sensitive analytical methods of micro-computed tgraphy scan (Micro-CT) and
guantitative real time RT-PCR (qRT-PCR). Moreowee, aim to examine the biochemistry,
bone morphometry and age effects of WT versus hgyois versus homozygous OSVDR
transgenic animals and also to examine the dirfecteof increased 1,25D and VDR
signalling in OSVDR osteoblash vitro mineralisation. The findings from this study will
provide us with important information and guideln® design subsequent experiments to

address our major aims.
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3.2 METHODS

3.2.1 Animal housing

Age matched female FVB/N wild-type, homozygous aethizygous OSVDR animals were
randomly allocated into groups of 6 animals/cagem&le mice were chosen for the study to
directly compare with the previous published stadi@ardiner et al., 2000, Baldock et al.,
2006) and for other studies in this thesis. Ouvipres data has shown that osteoclast surface
Is the most variable parameter. The average dagaurface we observe in control mice is
3% with a standard deviation of 0.8%. In orderd&tect a difference of 20% increase in
osteoclast surface in our experimental mice agaifstance level of = 0.05 with 80% power
requires 6 mice per group. Hemizygous OSVDR animedee bred by mating homozygous
males to FVB/N wildtype females. All FVB/N animastudied were bought age-matched
from Animal Resources Centre (ARC, Perth, Austjaliadll animals were fed a semi-
synthetic diet beginning at 6 weeks of age, whichtained replete levels of vitamin D of
1000 IU VitD;s per kg of diet as recommended by the Americantinistof Nutrition, AIN

(ref AIN93). Since mice were fed 8g/mouse/day, thims equivalent to 8 IU
VitD s/mouse/day, plus 1 % calcium and 0.65% phosphoas aentained in the vitamin D
replete diet. Animals were sacrificed at 6 and BHgkg of age for analyses. These ages were
chosen to represent growing (young) and non-groa@ault) groups of animal. All animal
procedures were approved by the Institute of Médiod Veterinary Science Animal Ethics

Committee.

3.2.2 Micro-computed Tomography

The micro-architecture of the tibia was evaluatsohgi a high resolution micro-CT system at
6.5um/pixel. A 2mm diaphysis region and 3mm metahyegion of the left proximal tibia
was used for cortical bone volume and trabeculaeh@lume (BV/TV) analyses respectively

as described in chapter 2.8.
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3.2.3 Serum Biochemistry

16-hour fasting blood samples were collected ae tohdeath for analyses. Serum calcium
and phosphate were measured using a chemistrysandl@hapter 2.6.2). Serum 1,25D was
measured by &7 radioimmunoassay (RIA) (Chapter 2.6.3). Serum Rila$ measured using

immunoradiometric assay (IRMA) (Chapter 2.6.5)

3.2.4 Quantitative Real-Time Reverse TranscriptiofPCR

Total RNA was isolated from brain, intestine, kiglnend femur using the Trizol extraction
method as described in chapter 2.9.1. RNA was seveanscribed from 1ug of total RNA
from each sample using the Geneworks cDNA synthasi@Chapter 2.9.3). Human VDR,
mouse Vdr, Ocn and Gapdh mRNA expression were aedlgy real-time RT-PCR using the
SYBR Green incorporation technique as previousicdbed in chapter 2.9.4. Relative gene
expression was calculated using the comparativie ¢ioeshold ACT) method, using Gapdh

as a house keeping gene. Sequences of the oligmtide primers are shown in Table 2.3.

3.2.5 Western blot of VDR proteins

Total nuclear proteins were extracted from the fesmof three homozygous OSVDR and
three WT animals at 18 weeks of age as describediqusly in chapter 2.10.1. Western
immunoblotting of VDR and-actin proteins were performed as described in tegh10.1
and 2.10.2. The intensity of the detected VDR RArattin protein bands were quantitively

analysed by ImageQuant system and expressed a®fMDR B-actin expression level.

3.2.6 Primary osteoblast cell culture
Long bones of 6 week old FVB/N wild-type and hengays OSVDR female mice were
dissected out and defleshed as described in chagdterl. Briefly, the periosteum layer was

gently removed and bone marrow was flushed out RBIS. Bones were then crushed into
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small pieces and cultured in 5 mL of osteogenidiferative media olx-MEM supplemented

with 10%FBS. Media was refreshed every third dayl eoltures were 100% confluent.

3.2.7 Preparation of cell for mineralisation assays

Osteoblast cells were collagenased from cultureeplas described in chapter 2.11.2. Cells
were seeded onto 24 well-plate at 40,000 cells/(tlels gives an approximate 70% confluent
well) in 500 uL of the media af-MEM+10% FBS. Media was changed every third dayil un
100% confluence was reached. To promote maturatahdifferentiation of the osteoblasts,
the FBS was reduced to 2% and supplemented withMIBGP and 0.1 nM dexamethozone.
Media was refreshed every third day. At day 6 aayl 1b, cultures were ceased and analysed

for mineralisation.

3.2.8 Detection of mineralisation

Mineralised colonies were stained for calcium dépws (Alizarin red) and phosphate
deposition (Von Kossags described in chapter 2.11.3 and 2.11.4. Calqguantificationof
the minerals were subsequently analysed by dissplthe minerals in 10% acetic acid as

described in chapter 2.11.5. Absorbance of thewalmns was read at QR.

3.2.9 Statistical analysis

One-way analysis of variance was use to assesgfteet of OSVDR homozygous and

hemizygous animals. Significance was set<.05.
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3.3 RESULTS

3.3.1 Analysis of transgene expression by quantiiae real time RT-PCR

Human VDR (hVDR) mRNA was detected in the brairdnidy, intestine and bones of the
OSVDR transgenic animals and was undetectable lohtyppe FVB/N (WT) animals. hVDR
transgene level was 4-fold higher in the bone coegpto all other tissues (p<0.01), followed
by the intestine, brain and kidney (Figure 3.1).ude® Vdr (mVdr) mRNA was detected in the
OSVDR and WT animals. The mVdr expression was dede8-4 fold higher in the intestine
compared to all other tissues for both genotype®.(l), followed by the kidney and the
bone in both animals (Figure 3.2). To determine ithgulation of the osteocalcin (Ocn)
promoter and to shed light onto why hVDR transgerss also detected in non-osseous
tissues, endogenous mouse Ocn mMRNA was measuredv&cdetected in the bones of both
OSVDR and WT animals, with 50% higher in WT comphate OSVDR bones (p<0.01).
Low level (50-fold less than bone) was also deteatethe intestine of both animals (Figure
3.3). It is uncertain as to why endogenous mouseooalcin gene expression in OSVDR
animal is lower than WT, | think it may be relatedsample size as | only had 3 animals in
each group. Importantly this did not change thetginoexpression of the transgene in

OSVDR’s bone sample (Figure 3.4).

3.3.2 Expression of the VDR protein in bones

To determine whether the mRNA expression of thedMDR transgene translates to VDR
protein levels, western blot was performed on bsaeples of WT and OSVDR animals
using a VDR-specific monoclonal antibody that detdioth human and mouse VDR protein
expression. Results showed that total VDR levebame samples of OSVDR mice were
detected more intense than WT samples (Figure 3@Aantification of the individual bands
showed total VDR protein level was 2-3 fold higher OSVDR compared to WT bone

samples (p<0.001) (Figure 3.4B). Although thereenlew levels of the human VDR mRNA
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present in kidney and brain tissues of OSVDR ntivere were no differences in the levels of

VDR protein in these tissues between OSVDR and Wihals (Figure 3.5).
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Figure 3.1 Expression levels of the OSVDR transgene. Total RNA was extracted from bone,
kidney, intestine and brain of WT and OSVDR homamganimals as described previously.
Human VDR (hVDR) mRNA transgene was measured byitipaséive real-time RT-PCR and
expressed as relative expression \@tpdh as a house-keeping gene using the formul&!2.
[gene of interest-Ct [Gapdhly/3lyes are mean + SEM of 3 animals; each animapkamas done in

triplicate; ***p <0.0001 versus OSVDR bone.
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Figure 3.2 Expression levels of the mouse Vdr mRNA in OSVDR and WT tissues. Endogenous
mouseVdr mRNA expression was measured by quantitative need-PCR and expressed as
relative expression witiBapdh house-keeping gene using the formulai{“aeene of interest-Ct
[Gapd]) \/alues are mean + SEM of 3 animals; each animaipte was done in triplicate;

##p<0.001 and ###p<0.0001 versus intestinal saofglee same genotype.
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Figure 3.3 Expression of osteocalcin mRNA in osseous and non- osseous tissues. Osteocalcin
(Ocn) mMRNA expression was measured by quantitativetreed RT-PCR and expressed as
relative expression witfapdh as a house-keeping gene using the formul&:!rne of interest-

CtiGapdh) v/alues are mean + SEM of 3 animals; each animalpte was done in triplicate;

**p<0.01 versus OSVDR bone; ###p<0.0001 versus lsameple of the same genotype.
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Figure 3.4 Expression of VDR proteins in OSVDR and WT bone samples. Total VDR protein
(human and mouse) was extracted from long bon&f(white bar) and OSVDR (black
bar) homozygous animals as described previougly. (DR protein was measured by
western blot using anti-VDR antibody, which crosagated with both mouse and human VDR
protein. Three OSVDR and three WT bone samples slavern on blotB-ACTIN expression
was included as a house-keeping prote®). Expression of the VDR angtACTIN proteins
were quantitatively analysed using ImageQ volunporemethod and expressed as VPR:

ACTIN ratio. Values are mean + SEM. ***p <0.0001rses WT.
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Figure 3.5 Expression of VDR proteins in OSVDR and WT kidney and brain samples. Total
VDR protein (human and mouse) was extracted frodméy @) and brain B) of WT and
OSVDR homozygous animals. VDR protein was measbgedestern blot using anti-VDR
antibody, which cross-reacted with both mouse anddn VDR protein. Three OSVDR and
three WT samples were shown on bpACTIN expression was included as a house-keeping

protein.
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3.3.3 Effects of OSVDR transgene on serum biochesty measurements

No statistical differences were observed between Mémizygous and homozygous OSVDR
transgenic animals for serum 1,25D, phosphate artd & 18 weeks of age (Table 3.1).

Serum calcium levels were significantly greaterhmmozygous compared to WT animals
(2.57 + 0.10 versus 2.12 + 0.10, p<0.05). Notahlthe biochemical parameters measured

were within the appropriate range for mice and thweye all phenotypically comparable.

3.3.4 Characterisation of the OSVDR tibial bone Mlome at 6-weeks of age

Tibial cortical bone volumes were respectively 12%d 10% higher in hemizygous and
homozygous OSVDR compared to WT animals of 6 wed#gp<0.001) (Table 3.2). Tibial
proximal metaphyseal trabecular bone volumes wespeactively 30% and 25% higher in
hemizygous and homozygous OSVDR compared to WT anir(p<0.001). The greater
trabecular bone volume was associated with greatbecular number (2.12 = 0.11 and 2.08
+ 0.10 versus 1.58 = 0.06: WT, p<0.05) for bothaggpe, and greater trabecular thickness in
OSVDR hemizygous (39.1 £ 0.4 versus 36.7 = 0.5: W¥0.05) compared to WT. No

transgene-associated effects were seen on bodywigibia length (Table 3.2).

3.3.5 Characterisation of the OSVDR tibial bone vaime at 18-weeks of age

At 18 weeks of age the tibial cortical bone voluafdhemizygous and homozygous OSVDR
was approximately 12% greater over WT animals (@8D) (Table 3.3). Tibial proximal
metaphyseal trabecular bone volume was approxign&t@do higher in the hemizygous and
homozygous OSVDR compared to WT animals at 18 weélksye (p<0.001) (Table 3.3).
Trabecular thickness was significantly greater emizygous and homozygous OSVDR
compared to WT animals (51.2 £ 0.9 and 49.6 + @3uws 45.6 £ 0.9: WT, p<0.05) and not

trabecular number (Table 3.3).
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Table 3.1 Comparison of OSVDR hemizygous versus homozygoice mn serum 1,25D,

calcium, phosphate and PTH at 18 weeks of age fedwdar diet.

WT OSVDR"* OSVDR"*
1,25C ]
omol/L | 76:3+22.F | 91.8+23.7 126.3+ 15.¢
Ca )
mmolL | 212+ 0.1C | 2.24+0.07 2.57+ 0.10*
Phao
mmol/L | 2.04+0.28 | 2.15+ 0.2z 2.61+0.17
PTH
pmol/L | 10.9+ 1z 15.3+ 1.€ 14.1+ 1.€

Hemizygous OSVDR, OSVD’ﬁ; Homozygous OSVDR, OSVD+I‘5; 1,25-dihydrixyvitamin

D3, 1,25D; Calcium, Ca; Phosphate, Pho; Parahyhnoidnone, PTH; Values are mean *

SEM, n = 6; *p<0.05 OSVDR homozygous versus WT atsm
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Table 3.2 Comparison of OSVDR hemizygous versus homozygoice rfor tibial bone

morphometry at 6 weeks of age.

WT OSVDR" | OSVDR"
Cort. BV (mn) 1.44+0.04 | 1.63+£0.03*| 1.58+0.0%
BVITV (%) 5.88+0.29 | 8.49+0.50%| 7.67+0.3%
Tb.Th (um) 36.7+0.5 | 39.1+0.4* | 36.8£0.2
Tb.N (#/mm) 1.58+ 0.06 | 2.12+0.1F | 2.08+ 0.10*
Bone length(mm) 16.5+ 0.1 16.6+0.2 | 16.5+0.2
Body weight(gram) 19.4+ 0.3 20.2+£ 0.5 20.0£ 0.5

Hemizygous OSVDR, (OSVDR); Homozygous OSVDR, (OSVDK); Cortical bone

volume, (Cort. BV); Trabecular bone volume, (BV/TV)rabecular thickness, (Tb. Th);

Trabecular number, (Tb. N); Values are mean = SBNL. **p<0.001 and *p<0.05 of

OSVDR hemizygous and homozygous versus WT animals.
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Table 3.3 Comparison of OSVDR hemizygous versus homozygoice rfor tibial bone

morphometry at 18 weeks of age.

WT OSVDR" | OSVDR"*
Cort. BV (mn7) 1.68+0.03 | 1.92+0.05| 1.93+0.05
BVITV (%) 6.32+0.28 | 8.11+0.65| 8.09 + 0.7t
Tb.Th (um) 456+09 | 51.2+09 | 49.6+0.9
Tb.N (#/mm) 1.39+0.08| 1.58+0.12 | 1.64+0.15
Bone length(mm) 175+0.1 | 17.4+01 | 17.2%0.1
Body weight (gram) 22.9+0.5 21.9+0.6 22.5+0.6

Hemizygous OSVDR, (OSVD’ﬁ); Homozygous OSVDR, (OSVD+I5); Cortical bone

volume, (Cort. BV); Trabecular bone volume, (BV/TVlrabecular thickness, (Tbh. Th);
Trabecular number, (Tb. N); Values are mean + SEWNL; **p<0.001 and *p<0.05 of

OSVDR hemizygous and homozygous versus WT animals.
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3.3.6 In vitro mineralisation of OSVDR osteoblast

To determine whether the OSVDR transgene couldctiiyreaffect osteoblast activity,
osteoblasts from the long bones of WT and hemizgg@8VDR animals were isolated and
cultured in pro-differentiation media and allowedntineralise. At 6 and 15 days, the cultures
were stopped and prepared for calcium and phosgtaieing. In OSVDR cultures, both
calcium, as measured by Alizarin red (Figure 3.6Md,ae, f) and phosphate as measured by
Von Kossa (Figure 3.6B c, d, g, h) showed great@nisig, which were more distinct at 6
days of culture compared to WT osteoblasts. Ther® mo significant difference in the ability
of osteoblasts isolated from OSVDR animals to démadcium compared to WT osteoblasts

at 6 days (p=0.09) and 15 days culture (p=0.28)uifei 3.6C).
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Figure 3.6 The effect of increased VDR in mature osteoblasts on mineralisation.

Long bones of 6-weeks old WT (white bar) and OSV{®Rck bar) hemizygous animals
were prepared for primary osteoblast cell cultu@g. The osteoblasts were cultured in
osteogenic differentiation medium for 15 days amdnaeined for ability to mineralise by
Alizarin red stains (a,e,b,f) and Von Kossa stdms,g,h). B) Calcium quantification by
absorbance analysis as described previously. Vateshe mean + SEM, n=3 animals of

each genotypes; each animal was done in triplicateperiment repeated 2 times.
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3.4  DISCUSSION

3.4.1 Validation of human VDR transgene specific gxession

In this study, we have successfully validated ttiet human VDR transgene expressed
specifically in OSVDR tissues and was not presenWr tissues. Furthermore, mouse VDR
expression was not affected by the transgene esipresince both WT and OSVDR tissues
achieved comparable expression levels. Howevergusia sensitive quantitative real-time
RT-PCR method, we were able to detect low levelsushan VDR transgene in other tissues
of the OSVDR animals. The real-time PCR method reffgreater sensitivity over other
techniques of MRNA analysis, such that of the Narthblot analysis, which was used to
analysed the OSVDR human VDR transgene expressitimei earlier Gardinest al., study
(Gardiner, et al.,, 2000). One obvious advantagiessensitivity of real-time PCR for the
detection of low abundance mRNA species and theredggnificantly smaller amounts of
starting material are required than that in thethamn blot procedure. This would explain
why low expression of the human VDR transgene lneotissues was not previously detected
by Northern blot (Gardiner, et al., 2000). Furthere) the expression of human VDR
transgene in other OSVDR tissues may reflect tixel&vel of induction of the osteocalcin
promoter used to drive the OSVDR transgene in éissther than bone. Studies have shown
that osteocalcin is expressed in non-osseous §issieh that of the brain, lungs, liver, kidney
and intestine (Sims, et al., 1997). However, thghést expression of osteocalcin resides
within the bones and more primarily within maturedamineralising osteoblast cells (Bilic-
Curcic, et al., 2005; Lian, et al., 1998). Consexjyethe relative expression of the human
VDR mRNA was 4-fold greater than that found in othesues, which translated to a 3-fold
greater VDR protein level. There was no differenc&DR protein levels in the kidney nor
brain of WT when compared to OSVDR animals (FigGtBA and B). These findings
provided us with confidence that the effects asgedi with the OSVDR transgenic animals

are due primarily to the increased VDR activityhitthe bone.
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3.4.2 Characterisation of the hemizygous and homoggus OSVDR transgenic animals
Important considerations should be taken when wgrkiith transgenic mice formed by
micro-nuclear injection which was the techniqueduse generate the OSVDR transgenic
mouse, such as the random insertion of the tramspgetentially could cause disruption of
endogenous functioning genes thus inducing ungatied effects. Also, a transgene may be
inserted in front of an endogenous enhancer whachstimulate inappropriate gene activity.
These effects may not show if the genes disruptedecessive, i.e disruption of only one
allele in the case of hemizygosity, but may be gmesn homozygous transgenic animals.
There have been no studies which have establishegther the homozygous OSVDR
transgenic animals are comparable to hemizygousiasithat were previously published
(Baldock, et al., 2006; Gardiner, et al., 2000; dfliet al., 2003). Furthermore, the question of
whether the homozygous genotype causes transgeeedkpendent effects of increased
VDR expression in mature osteoblast and osteocgtaains unanswered. It appeared that in
terms of the biochemical and histomorphometricltesthe effect of over-expression of VDR
does not provide a dose-dependent effect on boremeo While this suggests that
hemizygous mice provide maximal effects of incréag®R, the precise reasons for the lack
of dose-dependency are worth further investigation.

Since previous studies have shown that the tibia ssgnificant site for the anabolic bone
effects of OSVDR transgene, we have sought to hisesite to establish the characterisation
of the OSVDR homozygous bone phenotype. Using tbeeraensitive method of Micro-CT
scan (Barou et al., 2002; Muller et al., 1997; Teemet al., 2005), the transgene anabolic
effect is observed in tibial trabecular bone aslaelcortical bone volume, consistent with
published results in hemizygous OSVDR animals (ard et al., 2000). Furthermore, with
the present quantitative method, we have also stadvénweeks of age the OSVDR anabolic
bone phenotype could be observed in both the hgoug/and homozygous animals. This
suggests that increased levels of VDR in maturesobdastic allowed early growth

advantages, suggesting that even during periodsicotased cell activities of modelling,
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VDR-mediated activities are important. Exactly hihws process occurs will be an interest for
future investigation and whether this is also entde utero remains to be established. Study
in chondrocyte-specific CYP27B1KO mice embryos sbdwan increased in the hypertrophic
zone of the mouse growth plate at embryonic 15 (@&ja, et. al., 2009). By contrast,
chondrocyte-specific CYP27B1 transgenic embryosshaduced width of the hypertrophic
zone (Naja, et. al., 2009), suggesting a role fraerenal metabolism of vitamin D in
mediating the skeletal effedts utero. Moreover, studies in humans showed children born
mothers with vitamin D deficiency (less than 25ndiying pregnancy exhibit defects in bone
mineral content at 9 years of age (Javaid, et2@D6). Pregnant mothers who have sufficient
vitamin D (greater than 75nM) have been shown weHaetuses that were associated with
increased femur metaphyseal cross-sectional aréafeanur splaying index at 19 and 34
weeks of gestation as shown by a high-resolutionuBiasound system (Mahon, et. al.,
2009).

Our study showed at 6 weeks of age the increas&tbBSrabecular bone volume phenotype
was associated with greater trabecular number, hewat 18 weeks of age the increased
bone volume in OSVDR animals was associated wittressed trabecular thickness,
suggesting that as the animal matures, vitamintlyigcin osteoblasts mediates processes of
bone resorption as well as bone formation. Thesdirfgs are supported by Baldock et al.,
they showed that OSVDR osteoblasts in co-cultureesments had reduced capacity to
support osteoclastogenesis via reduced RANKL:OR{® end that mineral apposition was
increased in OSVDR animals (Baldock, et al., 2066fure investigation into osteoblast and
osteoclast numbers in these OSVDR animals willdmeasary to establish the relative role of
formation and resorption in early and late stagefegelopment.

With regards to serum biochemical analyses, we rgbdeno transgene dose-dependent
effects on serum 1,25D, phosphate and PTH. InteghgtOSVDR homozygous animals fed
a regular diet have significantly higher serum icaiccompared to WT animals. Although a

direct effect of increased VDR levels in osteoldakas been proposed for the OSVDR
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transgenic animal (Baldock, et al., 2006; Gardiegl., 2000), an indirect effect of OSVDR

cannot be ruled out since we also observed the hiwlaR transgene to also be expressed in
tissues other than the bone, such as the inteahdekidney (Figure 3.1), suggesting that
increased vitamin D activity in these tissues magtebute to the anabolic effects seen in

OSVDR transgenic animals and affecting calcium hustesis.

3.4.3 Effects of increased VDR in mature osteoblasts anahineralisation

In vitro studies in osteoblasts suggest th&5D acting via the VDR can inhibit osteoblastic
cell proliferation, while stimulating differentiain and mineralizatiofAtkins, et al., 2007,
Matsumoto, et al., 1991however some contradictory effects have beenritbestc(Owen, et
al., 1991; Sooy, et al., 2005). These differenaaddcbe attributed to various causes such as
origin of the osteoblasts e.g. bone marrow, longebor calvaria-derived, the absence of
regulatory hormones and cytokines, mechanical hggdinteractions with other cells,
differentiation status of the osteoblasts andvitro culture conditions, all may play a
significant role in the ultimate response to 1,25Dur investigation using then vitro
mineralisation assay demonstrates that increasgiD1YDR signalling osteoblasts have no
statistically significant effect on mineralisatioompared to WT osteoblasts.

Technically it was difficult to isolate pure prinyaosteoblasts, which created problems for
accurate comparison across different cell cultureparations. Additionally, the cultures
contained osteoblasts of different differentiatistatus, such as osteoblast precursors,
immature osteoblast, mature osteoblasts, pre-oge=o@nd osteocytes. Thus, as discussed
above, since 1,25D can regulate these osteoblesii differently at different stages, it is
difficult to measure the effects of 1,25D on prelddtion and differentiation in our cultures.
Whether this mild increase in OSVDR mineralisatiess due to enhancement of osteoblasts
proliferation or differentiation warrants futurevestigation. Furthermore, whether the levels
of 1,25D in the media were sufficient to induce evable changes in this study is

questionable. Therefore future experiments to ohelusolation of pure population of
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osteoblasts which are of the same differentiatiatus and treatment with higher doses of
1,25D to OSVDR osteoblasts should be included.sbtate a pure osteoblast progenitor cell
population, an experiment such as dual-colour 8soence activated cell sorting (FACS),
utilising the specific expression of osteoblastiarkers such as alkaline phosphatase and
parathyroid hormone-related protein receptor asrdesd previously (Purpura, et al., 2003),
or alternatively the method of magnetic cell sartimsing STRO-1 antibody can also be
employed (Oyajobi, et al., 1999). However theseeexpents were out of the scope for this
thesis. In situ hybridisation and immunohistochemistry showed thla@ human VDR
transgene and protein are present in osteocytegelhsas in osteoblasts (Gardiner, et al.,
2000), furthermore using osteocalcin-promoter ari@-P expression, osteocalcin expression
was shown to be expressed in osteoblasts on tredwiface as well as osteocytes within the
bone (Bilic-Curcic, et al., 2005), therefore thesgbility that the OSVDR animal is an
osteocytic model could not be excluded. Indeednpublished data (Anderson, unpublished
findings), OSVDR mice respond to mechanical boraglilmog by markedly enhancing woven
bone formation, mineralising surface and bone foionarate, which presumably is due to
increased osteocyte activity. Furthermore, OSVDRroarray data using cortical bone
MRNA, demonstrate that the bone expression of #teooyte genes Dkkl and Mepe are
more than 2-fold lower in OSVDR mice when compared WT levels (Anderson,
unpublished findings). Recently, SOST and FGF23iclwtare osteocyte specific markers
(Moester, et al., 2010; Ubaidus, et al., 2009) hHasen found to contain putative VDRE and
can directly reponse to 1,25D treatment ((Liu,let2006) unpublished data for SOST) were
found to be increased in OSVDR bones (Atkins, utiphbd findings). Additionally,
osteocytes have been shown to regulate osteolldsisteoclast formation and activation (as
recently reviewed by Henriksen, et al., 2009), eatihg the important of osteocytes in
regulating bone cell activities. The direct andiiect effects of enhancing 1,25D signalling
for osteocytic function, density and apoptosistheesubjects of ongoing investigation in our

laboratory.
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In summary, we have shown that OSVDR animals wieehsufficient levels of vitamin D
and calcium have greater trabecular and corticatbmlume compared to WT animals. The
anabolic bone effects of the homozygous OSVDR alsimare consistent with hemizygous
animals. Unlike what had previously published, @®VDR transgene was also found to be
expressed in tissues other than the bone sucheasitéstine and the kidney, therefore we
cannot rule out the possibility that the anabobad effect in OSVDR mice may also involve
the intestine and kidney, possibly contributingaédcium homeostasis. We thus anticipate that
the OSVDR transgene exhibits wider effects on nsseous tissues and also on osteocytic
activity. Importantly, we have provided further @ence that 1,25D-VDR activity in the bone

is important for bone cell activities and for skaldhomeostasis.
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41 INTRODUCTION

Vitamin D is an important regulator of calcium apbdosphate homeostasis. Activation of
vitamin D activity occurs in response to hypocal@mvhere the major form of vitamin D
metabolite in the circulation, 25-hydroxyvitamin(EbD) is hydroxylated by the renal activity
of 25-hydroxyvitamin D la hydroxylase (CYP27B1) enzyme to form the activeniune
1,25 dihydroxyvitamin D (1,25D). 1,25D mediates negulation of intestinal calcium
absorption and restores serum calcium to normagéldevl,25D also up-regulates the
transcription of the 25-hydroxyvitamin D 24-hydrdase (CYP24) enzyme, which catalyses
the catabolism of 1,25D reducing its level in ser{@hristakos, et al., 2010; Omdabhl, et al.,
2001). It is well established that maintaining aleguate vitamin D status throughout life is
required to prevent the bone mineralisation defeft®steomalacia and osteoporosis. In
humans and rodents, serum 25D levels below 20 hmodsult in hypocalcaemia,
hypophosphateamia, secondary hyperparathyroidisoh @steomalacia (Bronner, 1976;
Dardenne, et al., 2004). Although the level of 2&Quired to prevent osteoporosis is still
controversial, it is generally accepted that pasiemith levels around 40 nmol/L develop
osteoporosis rather than osteomalacia (Gallag®&Q;1Lore, et al., 1981) and it is only when
levels of above 80 nmol/L are achieved that optib@le mineral content is maintained in

both humans and rodents (Anderson, et al., 206&;hBif-Ferrari, 2008).

1,25D mediates the majority of its actions via lmgdto vitamin D receptor (VDR) which is
located in cells and tissues throughout the boadgiuding the bone (Anderson and Atkins,
2008; Valdivielso, 2009). In addition to its wekstribed roles in the regulation of intestinal
calcium absorption, 1,25D also has recognised roleke bone, regulating both osteoblast
and osteoclast activities (Atkins, et al., 2007;gKwa, et al., 2010; Kogawa, et al., 2010;
Tang, et al., 2010; van Leeuwen, et al., 2001) eRtty, it has been shown that osteoblasts are

also capable of converting 25D to 1,25D via thavégtof bone CYB27B1 making local
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1,25D, which can directly regulate osteoblastic lifexation, differentiation and
mineralisation (Anderson, et al., 2010; Andersdralg 2005; Atkins, et al., 2007; van Driel,
et al., 2006) suggesting that vitamin D has autecand paracrine roles within the skeleton.
Interestingly studies from our laboratory have shatwat the major source of 1,25D for
osteoblasts is the locally produced 1,25D and metlt25D from the circulation (Anderson, et
al., 2005). Furthermore, serum 25D levels of léss t25nmol/L in rodents have been shown
to be substrate limiting (Anderson, et al., 2008) ésteoblast to induce bone CYP27B1
MRNA expression, unlike the kidney, where CYP2784&lle to be induced at levels below
20nmol/L (Anderson, et al., 2007). However, the gfloms of the relative importance of
vitamin D stimulation of intestinal calcium absagot and the direct actions of vitamin D in
osteoblasts whether via the locally produced 1,86D,25D from the circulation to maintain
a healthy skeleton have not yet been addressethefonore, the question of what roles does

vitamin D activity play in bone cells during condits of vitamin D depletion is unanswered.

With the exception of the OSVDR mouse there hawnh® published data on vitamin D
osteoblast cell-specific activity in am vivo setting. OSVDR animals with transgenic
elevation of VDR in mature osteoblasts exhibitedical bone that was 5% wider and 15%
stronger, due to a doubling of periosteal minepglasition rate without altered body weight
or calcium homeostatic hormonal levels (Gardineglg 2000). Furthermore, a 20% increase
in vertebral trabecular bone volume was observedhe transgenic animals, which was
associated with 30% reduction in resorption surtawe greater mineral apposition (Gardiner,
et al., 2000). It was latter discovered that OSVadReoblasts have reduced OPG levels both
in vivo and in vitro, resulting in reduced RANKL:OPG ratio and inhibiti of
osteoclastogenesis in OSVDR animals compared withanimals (Baldock, et al., 2006).
These findings provided important evidence thaamin D activity via the VDR in cells of
the mature osteoblastic lineage, regulate bone dehnog, bone architecture and bone

strength.
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In this study we aim to use the OSVDR transgeniasedo investigate the role of vitamin D
in osteoblasts during vitamin D deficiency. We hymsised that vitamin D activity in the
bone is essential for osteoblastic function andl itt@ease sensitivity of vitamin D signalling
in mature osteoblastic lineage cells will protdwt skeleton from bone loss due to vitamin D
deficiency. Understanding the activities of vitami within the skeleton which is
independent of other recognised roles for vitamjmiay resolve the controversy regarding
its role in the prevention of osteoporosis, andvig® the molecular basis for health

recommendations for vitamin D supplementation thuoe the risk of fractures.
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42 METHODS

4.2.1 Mice and dietary vitamin D restriction

Age matched female FVB/N wild-type and homozygouSVDR animals were randomly
allocated into groups of 5 animals/cage. All FVBIhNmals studied were bought age-matched
from Animal Resources Centre (ARC, Perth, Austjaliadll animals were fed a semi-
synthetic diet beginning at 4 weeks of age, whichtained either replete levels of vitamin
D+ of 1000 IU VitDs; per kg of diet (ref AIN93) or deplete levels otamin D-, which
contained 0 IU Vit per kg of diet (recommended by the American lastitof Nutrition,
AIN), plus 1 % calcium and 0.65% phosphorus wadaioed in both the vitamin D replete
and deplete diets. The vitamin D+ and D- dietarpants have been shown in rats to achieve
circulating 25D levels above 80 nmol/L and belown2@I/L respectively, representing
vitamin D sufficient and deficient amount (Andersatral., 2008). Animals were selected at 4
weeks of age to represent a young and growing roktaBtate. We hypothesised that
increase VDR activity in mature osteoblasts halyegowth advantages and will protect the
skeleton from bone loss due to vitamin D deficienEgmale homozygous animals were
chosen for this study to directly compare with firevious published studies of OSVDR
animals (Misof et al., 2003, Gardiner et al., 2000Qur previous data has shown that
osteoclast surface is the most variable paramdtiee. average osteoclast surface we observed
in control mice is 3% with a standard deviationOd8%. In order to detect a difference of
20% increase in osteoclast surface in our expetimh@mce at a significance level of = 0.05
with 80% power requires 6 mice per group. Unfortahyaat the beginning of the study, there
was an unexpected death of one mouse in one ofrihgps, therefore the number was
reduced to 5 mice per group to minimise variatioe tb housing conditions. Animals were

sacrificed at 20 weeks of age for analyses.
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4.2.2 Micro-computed Tomography

The micro-architecture of the tibia (left) and wmta (L1) was evaluated using a high
resolution micro-CT system at 6.5um/pixel. A 2mnaghysis region and 3mm metaphysis
region of the left proximal tibia was used for owat bone volume and trabecular bone
volume (BV/TV) analyses respectively as describedhapter 2.8. The same 2mm region of
cortical bone volume was used to determine corticialth and periosteal and endosteal
surface perimeters. The complete lumbar verteb¢al) was used for vertebral trabecular
bone volume analysis.

4.2.3 Dynamic histomorphometry

Mice were injected with the fluorescent tetracyelicompounds calcein and demeclocycline
at 10mg/kg, 6 days and 2 days prior to sacrifigpeetively. The proximal end of the tibiae
(right) was used to prepare sections for the amalgé mineralizing surface, mineral
apposition rate and for tartrate-resistant acidsphatase (TRAP) activity as described in
chapter 2.7.2 and 2.7.3. Images were captured sugopically and evaluated as described in

chapter 2.7.

4.2.4 Serum Biochemistry

16-hour fasting blood samples were collected ae tofideath for analyses. Serum calcium
and phosphate were measured using a chemistrysanglghapter 2.6.2). Serum 1,25D and
25D were measured by a radioimmunoassay (RIA) ten&h6.3 and 2.6.4). Serum FGF23
was measured using an ELISA-kit method (chapte62.&erum PTH was measured using a

rat-specific, two-site immunoradiometric assay (IRMchapter 2.6.5).

4.2.5 Messenger RNA analyses
Total RNA was isolated from whole femurs using Th&ol extraction method as described

in chapter 2.9.1. RNA was reverse transcribed fiqprg of total RNA from each sample using
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the Geneworks cDNA synthesis kit (Chapter 2.9.3)ubk Cyp27b1, Cyp24, Alp, Coll, Ocn,
Dmpl andp-actin mRNA expression were analyzed by real-tinfeAFCR using the SYBR
Green incorporation technique as previously desdrilchapter 2.9.4. Relative gene
expression was calculated using the comparativie tlgeeshold ACT) method, usin@-actin

as a house keeping gene. Sequences of the oligmige primers are shown in Table 2.3.

4.2.6 1,25D and osteoblast mineralization

Osteoblasts from long bones of 6-week old FVB/Ndwipe and hemizygous OSVDR
female mice were dissected out and defleshed a&siloked in chapter 2.11.1, and seeded onto
24 well-plates at 40,000 cells/well in 500 uL oktmediaa-MEM+10% FBS. Media was
changed every thé®day until 100% confluent. Fresh differentiateMEM media (2% FBS,
10 mM BGP and 0.1 nM of dexamethozone) was addathtong a 1,25D concentration of
either 0.1nM or 1nM. The basis for 0.1nM of 1,25®law level was based relative to 1nM
1,25D as ‘functional’ level. A previous study shalmeeatment of human primary osteoblasts
with 1nM of 1,25D induced the expression of geneswn to be vitamin D responsive, such
as OCN, RANKL and OPG (Atkins et al., 2007). Thmeanedia was refreshed evef§ &y
until day 18, the culture was ceased and cells wesded with alizarin red (chapter 2.11.3)
and harvested on ice for messenger RNA analysefiuth quantification was performed as

described in chapter 2.11.5.

4.2.7 Statistical analysis

The effects of dietary vitamin D and the transgesee statistically analysed using a 2-way
ANOVA, where the p-value significance was se&@t05. If significance of the interaction

between diet and genotype were found, then Tukegst-hoc test was performed to
determine where the significance occurred and galere reported under each figure and
table where appropriate. If however the interactmpnalue was >0.05 then no further

statistical analysis was performed.
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4.3 RESULTS

4.3.1 Serum Biochemistry

There was a significant effect of the vitamin Detd{0IU) on serum 25D. Both WT and
OSVDR animals fed vitamin D+ (1000IU) diet achieveirculating 25D level to
approximately 150nmol/L, while vitamin D- fed WT cafDSVDR animals had markedly
reduced serum 25D levels to approximately 25nm(@40.01) (Table 4.1). Circulating serum
25D levels was not affected in OSVDR animals coragdo WT animals fed either D+ or D-
diets (Table 4.1).

Serum 1,25D remained unchanged within each of émetgpes (WT or OSVDR) regardless
of dietary vitamin D intake. There was howeveremdl to reduced serum 1,25D in OSVDR
fed D+ compared to WT D+ animals, which did notclea statistically significance (Table
4.1).

Serum calcium and phosphate levels were not diffdsetween WT and OSVDR animals fed
vitamin D+ diet. However, WT fed the vitamin D- tieecorded the lowest level of serum
calcium compared all other groups (p<0.05). Intimgh/, serum PTH levels were
significantly lower in OSVDR compared to WT animaisboth dietary vitamin D conditions
(p<0.05), while no effects on PTH levels were obedras a result of dietary vitamin D-.
There were no effects on the weights or tibia leagAppendix Figure 4.3) as a result of diet

or transgene (Table 4.1).
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Table 4.1: Serum 25D, 1,25D, calcium, phosphate, PTH and bwdights of WT and

OSVDR animals at 20 weeks of age fed vitamin D+0QOU VitDs/kg) and D- (0 U

VitD kg) diet.

Vitamin D+ | Vitamin D-
25D Wild-type | 150 + 9 26 + 1##
nmol/lL  OSVDR | 157 +5 29 + 4
125D  Wild-type |72+30.3 |55.4+9.0
pmollL  OSvDR |28+6.5 43.0 +12.5
Ca Wild-type |2.31+0.02 | 2.14 + 0.0%
nmollL  osvDR |2.39+0.02 |2.34+0.04
Pho Wild-type |2.13+£0.12 | 1.79+0.10
nmollL  osyprR | 1.87+0.04 |1.96+0.18
PTH Wild-type | 24.4+45 [21.2+27
pmol/lL  OSVDR | 14.3+3.6 |127+28
Weight  Wild-type |25.8+0.9 |[22.6+1.7
grams  OosSVDR [24.7+08 |257+21

Values are mean £ SEM, n = 5; *p <0.05 versus Wihensame dietary group; # p <0.05; ##

p <0.01 versus vitamin D+ group of the same geretyp
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4.3.2 The role of osteoblastic VDR during vitamin Ddeficiency on cortical bone
parameters

Vitamin D- fed WT animals have significantly lowébial cortical bone volume when
compared to vitamin D+ fed WT animals (p<0.01, FFegd.1A). This was due to a significant
decrease in cortical diameter (p<0.01, Figure 44m) periosteal surface perimeter (p<0.05,
Figure 4.1C). In contrast, OSVDR animals fed vitar+ diet maintained tibial cortical bone
volume comparable with levels in the vitamin D+ f&@&BVDR animals, indicating that
OSVDR osteoblasts respond to vitamin D- environnfeitamin D insufficiency: 25nmol/L
serum 25D) differently to WT osteoblast cells. Mwrer, OSVDR animals demonstrated
20% greater tibial cortical bone volume when fae@mwin D+ (1000 IU VitR/kg) and vitamin
D- (Ong/day) compared to WT animals (p<0.001, FegdirlA), consistent with significantly
greater cortical diameter (p<0.001) and periosteadimeter in these OSVDR animals

(p<0.05) (Figure 4.1B and 4.1C).

4.3.3 The role of osteoblastic VDR during vitamin Ddeficiency on trabecular bone
volume and bone cell activities

There was no effect of vitamin D- on the tibial arettebral trabecular bones of both wild-
type (WT) and OSVDR animals (Figure 4.2). Signifitancreases of both tibial (35%) and
verterbral (20%) trabecular bone volume was obseivéOSVDR compared to WT animals
fed either vitamin D+ (1000 I1U) or D- (0 IU) diefs<0.0001). This was due to the increase of
both trabecular thickness and number, which wassistance with previous findings

(Gardiner, et al., 2000).
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To determine whether osteoblast and osteoclast eedke affected by the D- diet, tibial
metaphyseal trabecular bone was measured for tmneafion rate (BFR) and osteoclast
surface number (Oc.N). No effects of D- diet on B&®l Oc.N were recorded in WT and
OSVDR animals. OSVDR animals have a significantease in BFR due to increased in
mineralising surface rather than mineral appositaie, and a decrease in Oc.N compared to
WT in both vitamin D+ and D- diets (p<0.05, Figute8) consistent with the increase of

trabecular bone effects in OSVDR animals.
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Figure 4.1 The effect of vitamin D deficiency on tibial cortical bone. (A) Tibial cortical bone
volume, B) cortical diameter, ) cortical periosteal surface perimeter arid) (ortical
endosteal surface perimeter in WT (white bar) arwDIS animals (black bar) fed either
1000IU or OIU VitD; per kg of diet. Values are mean + SEM, n=5;*p §0a@d ***p <0.001
versus WT in the same dietary group; # p <0.05p #8.01 versus 1000IU group of the same

genotype. Note: truncated axis was used for thisré.
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Figure 4.2 The effect of vitamin D deficiency on tibial and vertebral trabecular bone
parameters. (A) Tibial trabecular BV/TV, C) Thickness, @) Number and B) Vertebral
trabecular BV/TV, E) Thickness, ) Number in WT animals (white bar) compared to
OSVDR animals (black bar) fed with either 10001UColU VitD3 per kg of diet. Values are
mean + SEM, n = 5; * p<0.05, **p <0.01; ***p <0.004s. WT in the same dietary group;

BV/TV, bone volume/total volume.
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Figure 4.3 The effect of vitamin D deficiency on bone cell activities. (A) Bone formation rate,
(B) Osteoclast number per millimetre of bone surfd€3, Mineralised surface percentages
over total bone surface an®)( Mineral apposition rate in WT animals (white band
OSVDR animals (black bar) fed either 1000IU or MIUD 3 per kg of diet. Values are mean *

SEM, n = 5; *p <0.05 and **p <0.01 versus WT in ga@me dietary group.
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4.3.4 Effects of enhanced osteoblastic VDR on FGFpBoduction and renal activity
Serum FGF23 levels were measured to assess whettreased VDR in the mature
osteoblast lineage cells contributed to the regrabf FGF23 production. Serum FGF23
levels were significantly elevated in OSVDR anim@pproximately +40%) compared to WT
animals levels fed either vitamin D+ (1000 IU Vitkg) or D- (0 1U VitDy/kg) diets (p<0.01,
Figure 4.4A). Increased FGF23 levels did not resulhypophosphatemia, however serum
1,25D levels were marginally reduced in these OS\ddiRnals, although this did not reach
statistical significance (Table 4.1). In WT animalstamin D- diet caused a significant
reduction in serum FGF23 levels (p<0.05), which wdd occur in OSVDR animals (Figure
4.4A). The greater serum FGF23 levels in OSVDR afsnwere strongly consistent with
higher renal CYP24 mRNA levels in OSVDR animals fdther vitamin D diet (p<0.01,
Figure 4.4B), which may explain the low 1,25D iedk animals (Table 4.1).

Dietary vitamin D restriction led to induction dfa renal CYP27B1 in both WT and OSVDR
mice (p<0.001, Figure 4.4C). Notably the greateuseFGF23 levels in OSVDR had no
effect on renal CYP27B1 mRNA, suggesting that vitai-mediated up-regulation of renal
CYB27B1 levels dominates under conditions of vitan) restriction. Interestingly the
greater serum FGF23 levels in the OSVDR animatsisistent with lower serum PTH levels

(Table 4.1), suggesting serum FGF23 is having phygical effects in OSVDR animals.

4.3.5 Effects of increased osteoblastic VDR and 52 treatment on mineralisation

To determine the effects of extracellular stimubdisl,25D in OSVDR and WT osteoblastic
functions, osteoblasts from the long bones of W@ Aemizygous OSVDR animals were
isolated and cultured in pro-differentiating med@antaining either extra 0.1nM or 1mM
added 1,25D . In untreated 1,25D cultures, OSVDfatdasts had significantly increased
calcium deposition compared to WT untreated ossmtbtells (p<0.01, Figure 4.5A and
4.5B). This is related to a reduction in Alp, Ca@fd Ocn mRNA levels (p<0.01), but an

increase in Dmpl mRNA levels (p<0.01, Figure 4.5Cgatment with either 0.1nM or 1nM
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of 1,25D resulted in no mineral being detectedllicw@tures. When cells were cultured in the
presence of 1nM 1,25D there was no statisticalgypnificant difference in Alp and Coll

expression between WT and OSVDR, whereas the esipre®f Ocn was suppressed in
OSVDR compared to WT osteoblasts (p<0.05, Figus&y.Dmpl expression in both WT
and OSVDR osteoblast cultures were more than 1@Dlbaver in untreated compared to the
1,25D treated cultures. Interestingly in cultureWT osteoblasts treated with 1,25D, the
expression of Alp and Coll expression were unchangempared to the WT untreated
osteoblasts, whereas OSVDR osteoblasts treated WikBD had significantly higher

expression of Alp and Coll compared to untreated.(qul, Figure 4.5C), indicating WT and

OSVDR cultures are distinct from one another.
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Figure 4.4: The effect of vitamin D deficiency on serum FGF23 and renal vitamin D
hydroxylase gene expression. (A) Serum fibroblast growth factor 23 (FGF23) aBj Renal
25 hydroxyvitamin D 24-hydroxylas@Cyp24) and C) 25 hydroxyvitamin &-hydroxylase
(Cyp27bl) mRNA levels in WT (white bar) and OSVDR animaldafk bar) fed either
1000I1U or OIU VitDs; per kg of diet. Serum FGF23 proteins were measaredescribed
previously. Real-time RT-PCR results were expressecklative expression withactin as a
house-keeping gene using the formulat“@ieene of interest-Ciactin.\/a1yes are mean + SEM, n
= 5; *p <0.05; **p <0.01 versus WT in the same digtgroup; # p <0.05; ### p <0.001

versus 1000IU dietary group of the same genotype.
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Figure 4.5 The effect of 1,25D treatment on mineralisation in OSVDR osteobl asts.

Long bones of 6-week old WT (white bar) and OSVDdnizygous animals (black bar) were
prepared for primary osteoblast cell cultures. Qlsiests were cultured in osteogenic
differentiation medium with either OnM, 0.1nM orNIn.,25D for 18 days and examined for
mineralisation by A) Alizarin red staining, B) calcium deposition by absorbance analysis
and C) mRNA levels for alkaline phosphatas#), collagen 1 Coll), osteocalcin @cn)

and dentin matrix protein 1D(pl). Real-time PCR results were expressed as relative
expression withf-actin as a house-keeping gene using the formul&:tgrene of interestl-Cptactin)

. Values are mean + SEM, n = 3, each animal was dotfriplicate, experiment repeated 2x;

*p <0.05; **p <0.01; ***p <0.001 versus WT in thase 1,25D treatment culture; # p <0.05;

## p <0.01; ### p <0.001 versus untreated cultbitkeosame genotype.
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4.4 DISCUSSION

4.4.1 OSVDR cortical bone effects and vitamin D difiency

Consistent with previous findings (Baldock, et 2006; Gardiner, et al., 2000) we detected
the transgene effect to be strongly apparent irctineces as evidenced by increased cortical
bone volume, cortical width and periosteal perimetkile there was no significant effect on
endosteal surface, suggesting that the periosstabblasts in the transgenic animals have a
greater osteogenic response to extra-tissue stinsuich as that of mechanical loading, which
is coordinated by the actions of osteocytes, wilhakie also been reported to express the
human VDR transgene in OSVDR model (Gardiner,.e2800).

Using Micro-Ct, our laboratory has previously dééeicchanges in cortical bone rather than
trabecular bone due to vitamin D depletion. Thisildopossibly be due to the relative
distribution of these structures in the regionrérest (Lee et al., 2010). In our current study,
WT animals with serum 25D level of approximatelyn&®l/L had reduced cortical bone
volume compared to WT animals with serum 25D leadlsve 140nmol/L. It appears that the
lower cortical bone in WT animals was due to redugeriosteal apposition and was not due
to increased osteoclastic responses as endostateswemained unaffected. Furthermore,
since tibia length and body weights were unchangiad, suggests that in a growth model
vitamin D deficiency impairs periosteal osteoblasttivity, independent of the bone
modelling/remodelling found on endosteal surfacéhile we observed moderately low
serum calcium in WT animals fed 0 IU ViglRg (D-) of vitamin D, no changes to serum PTH
or serum 1,25D levels were recorded in this graxggsesting that serum calcium levels were
not markedly altered. The contribution of the madely low serum calcium level to changes
in cortical bone volume in this group is thus uacldt would be of future interest to examine
the urine calcium levels in these animals as it iImaylue to a greater excretion of calcium in
the WT fed D- diet group. Furthermore, while vitani is important for active transport of

calcium, passive absorption of calcium in the jejunand ileum also plays a significant role
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in determining total serum calcium level, howevehether this has contributed to the
differing of the calcium values in these animalmais unanswered.

In constrast to WT animals, OSVDR animals with se26D level of 25nml/L maintained
their cortical bone volume to levels comparablenviSVDR animals with serum 25 level of
above 150nmol/L. The over expression of VDR in O&/aintained cortical width and
periosteal perimeter, suggesting a direct effecvitdmin D signalling on the periosteal
osteoblast activity. It would be of great intenesthe future to obtain actual measurements for
periosteal mineral apposition, since a previoudys{Gardiner, et al., 2000) indicated that the
enhancement of periosteal perimeter in OSVDR miae due to increased periosteal mineral
apposition rate and not mineralising surface. Qurent knowledge of periosteum biology is
limited, although we know that it contains mesemohl progenitor cells, osteoblasts and
fibroblasts. These ‘periosteal cells’ respond ualguo homeostatic regulators compared to
other osteogenic cell populations (Allen, et a002, Dwek, 2010). Compared to endosteal
osteoblasts, periosteal osteoblasts exhibit grea¢éehanosensitivity (Guo and Cowin, 1992),
a lower threshold of responsiveness to osteogemmtpounds such as PTH (Midura, et al.,
2003) and higher levels of proteins such as peniosthich is important for periosteal
osteoblast proliferation and differentiation (Hatniy et al., 1999) and greater estrogen alpha
receptors (Khosla, et al.,, 2006). These factors rathycontribute to the differences in
periosteal and endosteal surface responses in OSYiD& to vitamin D signalling. Indeed,
OSVDR animals have been shown to respond to mecdlalmading by enhancing woven
bone formation and cortical thickness compared b &imals, suggesting that vitamin D
may be required to mediate the sensitivity of peal osteoblasts to mechanosensing
(Anderson, unpublished findings). More extensiveadare needed to fully characterise and
understand the reasons for the differences bet@&rDR and WT periosteal osteoblasts in
response to mechanical loading and to direct vitdinactivity in the bone.

Our laboratory has shown that 25D levels of lesmtB5nmol/L in rodents is substrate

limiting for osteoblasts to induce bone CYP27B1 niRé&kpression but not renal CYB27B1
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MRNA (Anderson, et al., 2007; Anderson, et al., &0®ur current study also presented
serum 25D levels at approximately 25nmol/L in b&A and OSVDR animals fed the

vitamin D deplete diet. Our data indicate that wlal serum 25D level of 25nmol/L did not
affect renal synthesis of 1,25D, it was not sudiintito maintain cortical bone in WT mice,
suggesting substrate insufficiency for osteoblast®5D production. The over-expression of
VDR in OSVDR mice however appears to have loweres dsteoblastic requirement for
circulating 25D, which is likely due to improvednsdivity to vitamin D. This further

supports the proposed role of locally produced 2,28thin bone cells for the regulation of

osteoblastic proliferation, differentiation and emalisation for the maintenance of bone.

4.4.2 OSVDR trabecular bone effects and vitamin Deficiency

The increase in metaphyseal trabecular bone voluasedue to an increase in bone formation
as well as a decrease in osteoclastic bone resorpthich was also previously reported to be
responsible for the OSVDR anabolic bone effectsid@zk, et al., 2006; Gardiner, et al.,
2000). Our laboratory has previously shown thaturser25D levels are an important
determinant of trabecular bone mineral volume iderds when fed an adequate level of
dietary calcium (Anderson, et al., 2007) and onlgew serum 25D levels were above
80nmol/L was the bone structural volume optimidedthis model, protection against bone
loss was due to a reduction in bone resorptiongiten levels of vitamin D status (Anderson,
et al., 2008). In our current study, mice were ¥@amin D deficient diets for 4 months,
achieving mean serum 25D levels of 25nmol/L. Howewae were unable to demonstrate
trabecular bone loss in the tibia or the vertebraither WT and OSVDR animals in response
to vitamin D depletion. We believe our study reprds a young growing model where
vitamin D is required to optimise bone mineral anatlation and that vitamin D-mediated
trabecular bone loss in aged animals did not occour study. This may be attributed to the
FVB/N genetic background, gender-specific diffeeéin male versus females, as well as

site-specific differences. Interestingly, the arebbone phenotype of the OSVDR animals
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could be observed at 6-weeks of age (Figure 3ugjgesting that vitamin D signalling in the
mature osteoblast lineage cells can optimise psase®f bone growth and modelling to
favour enhanced mineralisation, which could be ta@med even when vitamin D levels are
reduced. Other studies in our laboratory are ctigrexamining the OSVDR bone phenotype
on the C57B6 genetic background in both male anthke at varying ages. For these studies

other sites such as the femur will also be examined

4.4.3 Effects of increased osteoblastic VDR and F@B production

While much is known about the role of FGF23 witgarl to its actions in the maintenance of
serum phosphate and 1,25D production, the regulatiats production in the bone remains
unclear. Studies have shown that 1,25D administratan dose-dependently increase FGF23
production in mice (Kolek, et al., 2005). Exposwtk cultured osteoblasts to 1,25D can
directly stimulate FGF23 transcription via a puwatvitamin D response element (VDRE) in
the FGF23 promoter (Liu, et al., 2006). InteredgnyyDR knockout mice have undetectable
levels of FGF23 suggesting that the 1,25D-VDR sysi® important for FGF23 production
(Inoue, et al., 2005). However, while phosphata regulator of FGF23 levels, it is unclear
whether VDR plays a role in direct regulation of B3 production. These studies have
therefore more completely characterised the meshanof 1,25D-stimulated FGF23
production, but they have not demonstrated a di@et of osteoblastic/osteocytic VDR in
vitamin D-mediated FGF23 production in the boner: the first time, our study shows that
OSVDR mice have greater FGF23 levels, suggestiafgniature osteoblast/osteocyte VDR is
a significant regulator of 1,25D-mediated FGF23dpmiciion. This could be due to 1,25D-
VDR direct transcriptional regulation via the pitatVDRE as suggested above or may be
via an indirect mechanism involving suppressionhef known FGF23 regulators PHEX and
DMP1 activity in osteoblasts (Feng, et al., 200f;, let al., 2007; Liu, et al., 2006). Notably,

we observed no changes to serum phosphate asltaofesigcreased FGF23, which coincides
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with phosphate being the end product of multiplgutatory pathways, such as 1,25D/PTH
and not just FGF23 alone [as recently reviewedBardwitz and Juppner, 2010)].

FGF23 is a well known regulator of renal 1,25D prcitbn through inhibition of renal
CYB27B1 and induction of renal CYP24 (Shimada, let 2004). Our data indicated that
increased serum FGF23 levels in OSVDR animals wgasfisantly associated with an up-
regulation of renal CYP24 mRNA levels, however CYB2 levels remained unchanged.
This may be because the regulation of CYP27B1 B$[,overrides the effects of FGF23.
Interestingly, while the effect of FGF23 on PTHSstdl controversial, our data indicate that
increased FGF23 levels have a significant physiocddgffect on PTH, which is independent
of serum 1,25D. This suggests stimulation of FGB&3the parathyroid gland to suppress
PTH secretion as supported by other studies (Ben-Bbal., 2007; Krajisnik, et al., 2007)
however whether this is a direct effect of FGF28vdag on PTH secretion requires to be

elucidated.

4.4.4 Effects of increased osteoblastic VDR and 52 treatment on mineralisation

As previously discussed in Chapter 3, 1,25D canuletg osteoblastic proliferation,
differentiation and mineralisation. We have in tluidy provided evidence to suggest
increase 1,25D sensitivity in mature osteoblast\(DB) enhances their differentiation and
mineralisation.

It has been well recognised that there are thragcipal stages of osteoblast phenotype
development, these are proliferation, extracellntatrix development and maturation, and
mineralization, which are tightly controlled by ast array of genes (van Driel, et al., 2004).
We have examined the expression of collagen ty@oll), alkaline phosphatase (Alp) and
osteocalcin (Ocn) mRNA to determine the stagesatumtion in osteoblast cultures. Coll is
highly expressed during the proliferative periodd as gradually down regulated as the
osteoblast cells go through differentiation (Lyneht,al., 1995; Owen, et al., 1990). Alp

however is expressed as the cultures progressghnmaturation to the mineralisation stage,
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and then declines in heavily mineralised cultudleg¢h, et al., 1995; Owen, et al., 1990).
Ocn on the other hand is expressed only in lateobsist development, where its synthesis
correlates strongly with calcium depositiom vitro (Aronow, et al., 1990; Barone, et al.,
1991), although there is conflicting evidence tggast osteocalcim vitro is an inhibitor of
mineralisation (Boskey, et al., 1985). Our datawsobin untreated 1,25D culture of OSVDR
osteoblasts, gene expression for Alp, Coll and Were all significantly lowered compared
to WT untreated osteoblast cultures, indicating@$/DR osteoblasts are more mature at 18
days of culture compared to WT osteoblasts, wHezee genes have been down regulated or
perhaps no longer required in heavily mineralisattuces. The maturity of the OSVDR
cultures is further supported by their higher espi@n of Dmpl mRNA, a marker for late
osteoblast/osteocyte development (Feng, et al§;2@Aciejewska, et al., 2009). The role of
DMP1 in regulating phosphate homeostasis and ogtebealth has been well studied (Qin,
et al., 2007), however it's role in regulating nri@esation is not yet clear although there have
been studies to suggest it's involvement in hydapatite formation (Feng, et al., 2003;
Narayanan, et al., 2003) as well as control ofaggaesisn vitro (Narayanan, et al., 2004,
Narayanan, et al., 2001). Notably during the tiamsiof osteoblast to osteocyte phase, DMP1
expression is markedly up-regulated and localizeshe extracellular matrix, where it
functions to promote mineralization (Narayananalet 2003; Narayanan, et al., 2004). Our
laboratory [Anderson, unpublished data] and otl{Eeng, et al., 2003; Narayanan, et al.,
2004) have shown strong DMP1 expression in lateotsast/osteocyte cultures (of humans
and mice) and an inverse relationship to Alp andh Qene expression (Narayanan, et al.,
2003). Interestingly, deletion of DMP1 in mice |lsa defects in osteoblast differentiation
into osteocytes and is characterised by abnormadly expression of Alp and Coll (Feng, et
al., 2006). These results suggest a mechanism mhvViMP1 may regulate the transition of
osteoblasts into osteocytes.

In regard to the 1,25D treated cultures, our dagesst continuous treatment with 1,25D

inhibits osteoblastic proliferation and maintaihe tells in a ‘quiescent’ state, as evidenced
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by a complete absence of mineralisation, unchamgpd Coll and Ocn and undetectable
Dmpl levels. A recent report from (Wu, et al., 2pG¥emonstrated the 1,25D anti-
tumorogenic properties in the human osteosarcom@SSa cell occurs via sustained
upregulation of a c-jun/c-fos Ap-Hfppathway and subsequent cell cycle arrest. Future
studies to examine in detail expression of celleyenes such as cyclins, CDKs, histones
and cell growth regulated genes such as c-mycscdiod c-jun in response to 1,25D
continuous versus intermittent/acute treatment ccqubve useful to the understanding of
1,25D and cell growth. We do not exclude the palssitof cell apoptosis to explain the
complete absence of mineralisation in our cultunesvever it appeared unlikely since we did

not observe extra cellular ‘debris’ in these cudgur

In summary, our data indicate that vitamin D dei@y causes impairment to bone
mineralisation, which could be prevented by enhageitamin D signalling via the VDR in
the mature cells of osteoblast lineage, possiblyheyaction of locally produced 1,25D. We
further showed that direct vitamin D/VDR activity the bone regulates renal feedback by
FGF23 on 1,25D metabolism. Moreover, direct vitamirsignalling in osteoblasts plays an

important role in the cell’'s growth, differentiati@nd mineralisation.
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Chapter 5
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5.1 INTRODUCTION

The levels of dietary calcium required to mainteaicium and phosphate homeostasis and
adequate bone mineral volume is dependent on #ge sif skeletal development as well as
the presence of adequate vitamin D. Serum calcharphosphate levels are regulated tightly
by at least three mechanisms, which include intektabsorption, renal reabsorption, and
bone turnover. During the early stages of develogmdaen growth is vigorous, calcium and
phosphate requirements are high as the skeletoatasdarge amounts of mineral, and the net
bone balance is positive (formation>resorptionis #nsures healthy skeletal growth (Bailey,
et al., 2000; Lu, et al., 1994). In the latter sm@f life when bone growth ceases, the bone
balance in healthy individuals becomes neutral nfiion=resorption) and the calcium
accrued can serve as a source of calcium if dietatgium levels are inadequate for a

prolonged period of time (Teegarden, et al., 139B6aver, et al., 1995).

The hormone, d,25-dihydroxyvitamin D3 (1,25D) is an important wgtor of calcium and
phosphorus homeostasis. In this context, 1,25D thedvitamin D receptor (VDR) are
generally recognised as necessary for the maintenaina healthy skeleton primarily through
endocrine actions to stimulate intestinal calciumd @hosphate absorption. The fact that the
osteomalacia bone phenotype (under-mineralised)baogerved in the vitamin D receptor
knockout (VDRKO) mouse can be prevented by feedindiet containing high levels of
calcium and phosphorus (Amling, et al., 1999) lelsdome researchers to suggest that VDR-
mediated activities in the bone are redundant ag ks dietary calcium and phosphate is
provided in sufficient levels for passive diffusionthe intestine (Bouillon, et al., 2008). This
suggestion however does not acknowledge the eakeote of 1,25D stimulation of the
calcium absorption genes, calcium-binding proteiibindin-9k (CaBP-9k) (Christakos, et al.,
1992) and calcium channel Trvp6 mRNA (Peng, et28103) which is significantly abrogated

in VDRKO mice (Li, et al., 1998; Van Cromphaut, at, 2001), demonstrating the central
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role of VDR in regulation on these genes and adtitestinal calcium transport. In deed, with
a normal intake of calcium, the majority of dietarglicium intake is absorbed along the
proximal small intestine which is under the conwblthe active 1,25D-dependent transport
process (Bronner, 1987; Heaney, et al., 1975). eltitese circumstances, 1,25D-dependent
transport accounts for the majority of absorptiord anly 8 to 23% of overall calcium

absorption is caused by passive diffusion.

Several years after the generation and initialighbt reports on the VDRKO mouse models,
it was reported that adult VDRKO have only 50% ofé mineral volume despite being fed
the calcium and phosphate diet that rescues ostacimaThis is despite these adult VDRKO
maintaining normocalcaemia without induction of PTelvels (Panda, et al.,, 2004).
Furthermore, the bone loss that occurred in adDIRKO mice was shown to be not due to
increased osteoclastogenesis or bone resorptiauaagified by RANKL and TRAP staining
intensity measures. In fact osteoclasts surfacesones in VDRKO mice were significantly
lower than in wild-type mice. The reason for theaddoss in VDRKO mice appeared to be
due primarily to a reduction in mineral appositiomhich was due to reduction in acid
phosphatase and ALP positive staining for ostetdlas bone surface, as well as reduced
mineral apposition rate (Panda, et al., 2004). Tthassuggestion is that the age-related bone
loss in these VDRKO mice occurred due to a faibfreone formation, a failure of RANKL
signalling to maintain bone turnover, and not duétrease bone resorption. An appropriate
interpretation of this finding is that direct vitamD activity in bone cells plays a critical role
or roles in regulating bone cell activities to main optimal bone mineralisation, at least

during the aging process.

In chapter 4, we showed that enhanced vitamin igcin osteoblasts not only increased
bone volume in the OSVDR mouse model but allowedfidimal cortical bone formation in

young mice despite being exposed to deficient dietdamin D during the period of rapid
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growth. These mice were fed a diet which contameéelquate levels of dietary calcium (1%)
which is sufficient for adequate mineralisationtbé rapidly growing skeleton. It is well
established that vitamin D and dietary calcium pdayessential interaction to prevent bone
loss and reduce the incidence of hip fractures @aaHughes and Bischoff-Ferrari, 2007).
Thus, it is of considerable interest that the tcalteer bone phenotype of the OSVDR mouse is
diminished to WT levels when mice are fed a lowl$) calcium diet (Baldock, et al., 2006).
The low trabecular bone volume in OSVDR fed 0.1%igan was due to reduction in bone
formation and without changes to osteoclastic ysmT or apparently calcium homeostatic
regulators, suggesting the interaction betweeradietalcium and direct vitamin D activity in
osteoblasts is positive only when dietary calciusnadequate. However, a complete
understanding of the molecular, cellular and biogical mechanisms which give rise to the
interaction of dietary calcium and enhanced vitamiractivity in osteoblasts on the bone

phenotype of the OSVDR mouse model is currentligitax

Thus, the study in this chapter, aims to charasgetthe biochemical, cellular and molecular
mechanisms which underpin the influences of dietalgium in determining the OSVDR
anabolic bone phenotype. We hypothesised that int&ractivity in the bone, including the
osteoblasts, mediates bone turnover, which is eeégnt of the effects of vitamin D in the

intestine for calcium homeostasis.
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5.2 METHODS

5.2.1 Mice and dietary calcium restriction

Age matched female FVB/N wild-type and hemizygouSMDR animals were randomly
allocated into groups of 6 animals/cage. Hemizyg0&/DR animals were bred by mating
homozygous males to FVB/N wild-type females. All BAX animals studied were bought
age-matched from Animal Resources Centre (ARChP@ustralia). All animals were fed a
semi-synthetic diet beginning at 6 weeks of age,1f® weeks, which contained either 1%
calcium or low 0.1% calcium (recommended by the Aocaa Institute of Nutrition, AIN) and
1000 U VitDs per kg of diet, plus 0.65% phosphorus. We havesehdo feed the animals
these dietary calcium levels to replicate the staflBaldock et al., 2006, who also fed the
animals with 1% and 0.1% dietary calcium amoun&n&e hemizygous OSVDR animals at
6 weeks of age were selected for this study tacafa the study of Baldock et al., 2006, who
also used the same age and sex of animals. Ouropsedata has shown that osteoclast
surface is the most variable parameter. The aeevatpoclast surface we observed in control
mice is 3% with a standard deviation of 0.8%. Hdev to detect a difference of 20% in
osteoclast surface in our experimental mice agaifstance level of = 0.05 with 80% power
requires 6 mice per group. Animals were sacrifiaed 8 weeks of age for analyses. These

ages were chosen to represent growing (young) angyrowing (adult) groups of animals.

5.2.2 Micro-computed Tomography

The micro-architecture of the tibia was evaluateohg a high resolution micro-CT system at
6.5um/pixel. A 2mm diaphysis region and 3mm metahyegion of the left proximal tibia
was used for cortical bone volume and trabeculaehmlume (BV/TV) analyses respectively
as described in chapter 2.8. The same 2mm regdioartical bone volume was used cortical

width, periosteal and endosteal surface perimeter.
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5.2.3 Dynamic histomorphometry

Mice were injected with the fluorescent tetracyelitompounds calcein and demeclocycline
at 10mg/kg, 6 days and 2 days prior to sacrifi@spectively. The proximal end of the right
tibiae was used to prepare sections for the arsabfanineralizing surface, mineral apposition
rate and for tartrate-resistant acid phosphataBAP) activity as described in chapter 2.7.2

and 2.7.3. Images were captured microscopicallyematliated as described in chapter 2.7.

5.2.4 Serum Biochemistry

16-hour fasting blood samples were collected ae tohdeath for analyses. Serum calcium
and phosphate were measured using a chemistrysandbhapter 2.6.2). Serum 1,25D levels
were measured by a radioimmunoassay (RIA) (chap®B). Serum PTH was measured
using a rat-specific, two-site immunoradiometrisas(IRMA) (chapter 2.6.5). Serum FGF23

was measured using an Elisa-kit method (chapte6)2.6

5.2.5 Messenger RNA analyses

Total RNA was isolated from whole tissues (left tepproximal intestine and kidney) using
the Trizol extraction method as described in chapi@.1. RNA was reverse transcribed from
1pg of total RNA from each sample using the Genks/oDNA synthesis kit (Chapter 2.9.3).
Human VDR, mouseVdr, Cyp27bl, Cyp24, Napi2a/2c, Trvp6, Cabp9k, Alp, Coll, Ocn,
Runx2, Rankl, Nfatcl, E11, Fgf23, Dmpl, Phex, Sost and f-actin mRNA expression were
analyzed by real-time RT-PCR using the SYBR Greeonporation technique as previously
described chapter 2.9.4. Relative gene expressasncalculated using the comparative cycle
threshold ACT) method, usingg-actin as a house keeping gene. Sequences of the

oligonucleotide primers are shown in Table 2.3.
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5.2.6 Calcium and osteoblast mineralization

Osteoblasts from long bones of 6-week old FVB/Ndtyibe and hemizygous OSVDR female
mice were dissected out and defleshed as desciibeldapter 2.11.1, and seeded onto 24
well-plate at 40,000 cells/well in 500 uL of the dieea-MEM+10% FBS (Chapter 2.11.1).
Media was changed everyf 3lay until 100% confluent. Fresh differentiatedEM media
(2% FBS, 10 mM BGP and 0.1 nM of dexamethozone)af@r 2.11.1) was added
containing either 1.8mM (basal amount in DMEM) apglemented with 1mM (2.8mM)
calcium concentration. The basis for considerir@rM calcium as a restricted level was
based on our laboratory’s observation of signifisagreater mineralisation by osteoblasts
when cultured with 2.8mM calcium compared to 1.8if¥ng et al., unpublished). The same
media was refreshed ever$ 8ay until day 18, the culture was ceased and weite treated
with alizarin red (chapter 2.11.3) and harvestedacerfor messenger RNA analyses. Calcium

guantification was performed as described in chidhtel.5.

5.2.7 Statistical analysis

The effects of dietary calcium and transgene weagistically analysed using a 2-way

ANOVA, where the p-value significance was set aD.B5. If significance of the interaction

between diet and genotype were found, then Tukegst-hoc test was performed to
determine where the significance occurred and galere reported under each figure and
table where appropriate. If however the interactprnalue was >0.05 then no further

statistical analysis was performed.
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5.3 RESULTS

5.3.1 Serum biochemistry

Serum 1,25D levels in mice fed 0.1% Ca diet wegaicantly greater compared to 1% Ca
fed mice, regardless of genotype (p<0.05, Tablg Bawever, OSVDR mice fed 0.1% diet
had 40% lower serum 1,25D levels when comparedTaée fed 0.1% Ca (p<0.01). Serum
FGF23 levels in WT mice fed 0.1% Ca were signiftbalower than levels in WT 1% Ca fed
mice. In contrast, no differences in serum FGF2@l&occurred in OSVDR mice between
0.1 and 1% Ca fed groups. Thus, OSVDR mice fed 0CE#ad higher FGF23 levels than
WT mice fed 0.1% Ca (Table 5.1). No statisticalfeténces occurred for serum Ca,

phosphate and PTH levels between OSVDR and WT fatteither the 0.1% or 1% Ca diet.

5.3.2 Effects of calcium restriction on tibial bone volune and bone cell activities

In OSVDR 1% Ca fed mice, trabecular bone volumé¢hef proximal tibia was 20% greater
than levels in WT 1% Ca fed mice (p<0.0001). Thiaswdue to significantly greater
trabecular thickness (p<0.05) and a trend towardseased trabecular number (p=0.10)
(Table 5.2). Similarly the tibial cortical bone vohe of 1% Ca fed OSVDR mice was 15%
greater than the levels in WT mice (p<0.001). Tigh bone mass phenotype of OSVDR
mice is consistent with a significantly higher BER<0.05, Fig 5.1A), due to greater
mineralised surface, and a trend for reduced Owe.Metaphyseal trabecular bone of the tibia
(Fig 5.1B, p=0.12)). While 0.1% Ca diet had no etdeon WT cortical and trabecular bone
parameters, OSVDR mice fed 0.1% Ca have signifigdotvered cortical and trabecular
bone volume when compared to OSVDR 1% Ca fed npe€.01) (Table 5.3). Noticeably,
OSVDR trabecular bone volume was equivalent to A/Els in the 0.1% Ca diet, which was
due to a significant reduction in the trabeculackhess (p<0.05) (Table 5.2), reduction in
BFR (comparable to WT levels) and markedly redu@edN (Fig 5.1B, p<0.01). Calcium
restriction had no effect on tibia length or bodgigiht in both WT and OSVDR mice (Table

5.2), indicating the 0.1% Ca diet did not affea growth of these mice.
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Table 5.1: Serum 1,25D, calcium, phosphate, parathyroid hoemamd FGF23 of WT and

OSVDR animals at 18-week of age fed either 1% d¥dcalcium diet.

1% Ca 0.1% Ca
1,25D  WT 76+ 23 291+ 337
pmol/lL  OSVDR 92+24 168+ 25" #
Ca WT 2.12+0.10 2.17+0.12
mmol/lL OSVDR  2.24+0.07 2.20+0.07
Pho WT 2.04+0.26 1.85+0.10
mmol/lL OSVDR 2.15+0.22 1.96%0.10
PTH WT 10.9+ 1.3  12.0£1.9
pmol/lL  OSVDR 152+1.8 152+1.6
FGF23  WT 187+ 9 132+ 117
pg/mi OSVDR 172+14 189+ 13"

Values are mean + SEM, n = 5; *p <0.05 versus Wihaasame dietary calcium group; # p

<0.05 versus 1% dietary calcium of the same gemotyp
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Table 5.2: Tibial cortical (Cort.BV) and trabecular (BV/TV) he morphometric analyses and

body weights of WT and OSVDR animals at 18-weekgd fed either 1% and 0.1% calcium

diet.
1% Ca 0.1% Ca
CortBV ~ WT 1.68+0.03  1.65+0.02
mn? OSVDR  1.92+0.04  1.79+0.03%
BV/TV WT 7.00+0.33  7.19+0.20
% OSVDR 850+ 057  7.48+0.14"
Th.Th WT 56.9+ 0.8 56.2+ 0.7
um OSVDR  62.6+09°  583+01 "
Th.N WT 1.23+0.06  1.28+0.03
#/mm  OSVDR  1.35£0.07  1.27+0.03
Length WT 17.6+ 0.3 17.5+ 0.4
mm OSVDR  17.4+0.2 17.4+ 0.3
Weight WT 22.9+1.2 23.6+ 0.7
grams OSVDR 219+ 14 21.6x1.6

Values are mean + SEM, n = 5; *p <0.05 versus Wihaasame dietary calcium group; # p

<0.05 versus 1% dietary calcium of the same gemotyp
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Figure 5.1 The effect of low calcium on bone cell activities in OSVDR animals. (A) Bone
formation rate, B) Tartrate resistance acid phosphatase (TRAP)ipesisteoclast surface
number per millimetre of bone surfac€)(Mineralised bone surface percentages over total
bone surface, and} Mineral apposition rate measured in the tibialxmmal trabecular bone

of WT (white bar) and OSVDR (black bar) mice fedher 0.1% or 1% dietary calcium.

Values are + SEM. n=6; * p<0.05 versus WT of thesalietary group.
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5.3.3 Effects of calcium restriction on kidney gene exprgsion and the contribution of
osteoblastic VDR and circulating FGF23
5.3.3.1Cyp27b1 mRNA
Kidney Cyp27bl mRNA levels were 5-fold greater in WT fed 0.1% €&ampared to 1% Ca
fed WT mice (p<0.001) (Fig 5.2A) which correspondaéth the highest mean level of serum
1,25D (Table 5.1) in the same group. The levelkidhey Cyp27b1 mRNA were 2-fold
higher in OSVDR 0.1% Ca mice compared to OSVDR 1842l mice (p<0.05) (Fig 5.2A).
OSVDR mice fed 1% Ca demonstrated a significanigyé& kidneyCyp27bl mRNA levels
when compared to WT mice (p<0.05) which also cauesled with the trend for greater
mean level in serum 1,25D and lower mean serum BG&&! in the OSVDR mice fed 1%
Ca (Table 5.1). In contrast, kidn€yp27bl mRNA level was significantly lower in OSVDR
fed 0.1% Ca than that the levels in kidneys of Wi€enied 0.1% Ca (p<0.05). Interestingly,
the lower kidneyCyp27bl mRNA levels in OSVDR mice fed 0.1% Ca was assediatith

significantly lower serum 1,25D and higher FGF2&:ls (Table 5.1).

5.3.3.2Cyp24 mRNA

In WT mice fed 0.1% Ca, kidneyyp24 mRNA was induced (2-fold, p<0.05) when compared
to WT mice fed 1% Ca (Fig 5.2B). Kidne&yp24 levels in OSVDR mice fed 0.1% Ca was

also greater that levels in OSVDR mice fed 1% GCawdver the effects did not reach

statistical significance. Kidne@€yp24 mRNA levels were not different in OSVDR and WT

mice fed either 1% or 0.1% Ca diets.

5.3.3.3Napi2a and Napi2c mRNA

To determine the physiological effects of circulgtiFGF23, kidneyNapi2a and Napi2c
MRNA were measured (Fig 5.3). In both WT and OSVibRe fed 0.1% CalNapi2a and
Napi2c mRNA levels were markedly enhanced relative to €& fed mice (p<0.01).

However, the rise iMNapi2a and Napi2c mRNA levels in 0.1% Ca fed OSVDR mice was
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significantly lower (p<0.05) than the levels in Wfiice fed 0.1% Ca. This is consistent with
the higher mean serum FGF23 levels in the 0.1%&dadSVDR mice compared to WT

(Table 5.1). Although the levels dfapi2a and Napi2c mRNA levels were lower in 1% Ca
fed mice, OSVDR fed 1% Ca exhibited significantlgher levels of each gene compared to

WT fed 1 % Ca mice (p<0.05).

5.3.4 Effects of calcium restriction on intestinatalcium binding protein (Cabp9k) and
Transient receptor potential vanilloid type 6 (Trvp6) gene expression

To determine the physiological changes to serurbl,,2ntestinal calcium regulatory genes
of Cabp9k andTrvp6 mRNA levels were measured. In WT mice fed 0.1%, dieth Cabp9k
and Trvp6 intestinal mMRNA levels were markedly increased mvhempared to levels in 1%
Ca fed WT mice (p<0.01). In contrast, when OSVDRamwere fed 0.1% Ca diet, no change
in the levels of these mMRNA species were obsertegl §.4). FurthermoreJrpv6 mRNA
levels in OSVDR mice fed 1% Ca were significandwer than levels in WT mice fed 1% Ca

diet (p<0.05).
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Figure 5.2 The effect of low calcium on renal hydroxylase gene expression in OSVDR
animals. (A) Renal 25 hydroxyvitamin dthydroxylase Cyp27bl) mRNA and B) 25
hydroxyvitamin D 24-hydroxylaséCyp24) mRNA levels in WT (white bar) and OSVDR
animals (black bar) fed 0.1% calcium compared tocHsium fed animals. Real-time PCR
results were expressed as relativgg4actin mRNA as house keeping gene, calculated using
the formula 2(CtGene of interest-Citactinh “\/31yes are + SEM. n=6, * p<0.05 versus WT of the

same dietary group; # p<0.05 versus 1% calciunafeshals of the same genetic background.
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Figure 5.3 The effect of low calcium on renal Napi2 gene expression.. (A) Renal Napi2a
MRNA and B) Napi2c mRNA levels in WT (white bar) and OSVDR animal&tk bar) fed
0.1% calcium compared to 1% calcium fed animalalfme PCR results were expressed as
relative tog-actin mMRNA as house keeping gene, calculated usingdivaula 2 (¢tGene of
interest-Ctp-actin *\/alues are + SEM. n=6; * p<0.05 versus WT of Hzene dietary group; #

p<0.05 versus 1% calcium fed animals of the sametgebackground.
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Figure 5.4 The effect of low calcium on intestinal calcium transporters gene expression. (A)
Intestinal Calbindin-9k Gabd-9k) mMRNA and B) Transient receptor potential vanilloid 6
(Trvp6) mMRNA levels in WT (white bar) and OSVDR animaltgaCk bar) fed 0.1% calcium
compared to 1% calcium fed animals. Real-time P&Rilts were expressed as relativé-to
actin mRNA as house keeping gene, calculated usingdimaula 2(CtiGene of interest-Ciractinly
Values are + SEM. n=6, * p<0.05 versus WT of thesalietary group; # p<0.05 versus 1%

calcium fed animals of the same genetic background.
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5.3.5 Effects of calcium restriction and the contbution of osteoblastic VDR on bone
cell activities as measured by gRT-PCR

5.3.5.1Bone VDR mRNA

To determine whether dietary calcium restrictionl lzan effect on bone VDR levels, bone
mVdr (mouse) anchVDR (human) mRNA was measured. Although the bonar levels
were lower in both OSVDR and WT mice fed 0.1% Ceaewltompared to the 1% Ca fed
groups (p<0.05, Fig 5.5A), thaVvdr levels in OSVDR’s bones were comparable to WT lkeve
(Fig 5.5A). Furthermore, a change in dietary cattidid not alter the expression b¥DR
MRNA levels compared to OSVDR mice fed 1% Ca (FBB% Messenger RNA fanVDR

was expectedly undetectable in WT bones.

5.3.5.20steoblastic genes

In WT bones, the osteoblastic mark&nx2 mRNA level was not altered as result of
changed dietary calcium. In contrast, b&tuex2 mRNA levels were 2-fold lower in OSVDR
mice fed 0.1% Ca when compared to 1% Ca fed OSVD¢e 1{[p<0.001, Fig 5.6A)Runx2
MRNA levels in these 0.1% Ca fed OSVDR mice wase al§-fold lower than levels in WT
mice fed 0.1% diet (p<0.01, Fig 5.6A). Unlike tRanx2 mRNA levels,Alp, Ocn andCol1
MRNA levels were all significantly higher in WT neided 0.1% Ca when compared to WT
mice fed 1% Ca (p<0.05, Fig 5.6B, C, D). In stadnttast, OSVDR mice fed 0.1% Ca
reported significantly loweOcn and Coll mRNA levels (p<0.05) compared to levels in
OSVDR fed 1% Ca mice. Furthermordp mRNA levels were maintained in 0.1% Ca fed
OSVDR mice which is in contrast to the increaseseoled to 0.1% Ca fed WT mice (Fig
5.6B, C, and D). The reduction in the osteoblakiteel genes in 0.1% Ca fed OSVDR mice is
consistent with reduced bone formation rate deedribarlier (Fig 5.1A). Similarly, the
greater Ocn and Alp mRNA levels in 1% Ca fed OSVDR mice compared to WT
miceconsistent with the higher bone formation rat¢hese 1% Ca fed OSVDR mice (Fig

5.1A).
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5.3.5.30steoclastic genes

The osteoclastic markeNFatcl and Ranki mMRNA levels were not significantly different
between WT mice fed 1% or 0.1% Ca diet. In contfdSatcl andRanki mRNA levels were
significantly lower in OSVDR mice fed 0.1% Ca comgzhto both 1% Ca OSVDR mice and
WT mice fed 0.1% Ca (p<0.01, Fig 5.7), consisteitih the low osteoclast surface number in

0.1% Ca fed OSVDR mice (Fig 5.1B)

5.3.5.4 Osteocytic genes

To determine whether the OSVDR transgene affecs¢eboytic formation and activities, the
MRNA levels for the early osteocytic markBil, and mature osteocytic markers and
functional genes such d&3mp-1, Sost and Phex were all measured. The results showed a
similar pattern regardless of which gene was measiNo statistical difference was observed
in the levels of any of these four mMRNA speciesvieen WT mice fed either 0.1% or 1% Ca
diet. In contrast, in OSVDR mice fed 0.1% Ca taeels of mMRNA foDmp-1, Sost andPhex
were all markedly reduced when compared to OSVOR1f Ca mice (p<0.05, Fig 5.8). In
the 1% Ca fed mice, except fdtll, Dmp-1 Sost and Phex mRNA levels were all
significantly greater in OSVDR compared to WT m{p&0.05). Furthermore, OSVDR mice
fed 0.1% Ca demonstrated reduced levels of mMRNAEldr, Dmp-1, Sost andPhex mRNA
levels when compared to WT mice fed the same @0.01) (Fig 5.8). These data suggest
that osteocytic formation activity is impaired ihese OSVDR mice fed 0.1% Ca diet.
However, despite the changes to serum FGF23 levelSVDR mice fed 0.1% Ca (Table
5.2), the levels of bon&gf23 mRNA were unchanged as result of either dietatgiwa

variation or OSVDR transgene (Fig 5.8E).
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Figure 5.5 The effect of low calcium on bone VDR gene expression. (A) Mouse bonevdr
MRNA and B) human bone VDR mRNA levels in WT (white bar) ad&VDR animals
(black bar) fed 0.1% calcium compared to 1% calcfieoh animals. Real-time PCR results
were expressed as relative feactin mMRNA as house keeping gene, calculated using the
formula 2-(CtiGene of interest-Ctactind) \/31yes are + SEM. n=6, # p<0.05 versus 1% caidied

animals of the same genetic background.
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Figure 5.6 The effect of low calcium on osteoblastic differentiation and functional genes. (A)
Bone Runt-related transcription factor 2R(Unx2), (B) osteocalcin Qcn), (C) alkaline
phosphataseA{p) and D) collagen 1 Coll) mRNA levels in WT animals (white bar) and
OSVDR animals (black bar) fed 0.1% calcium compaltéd calcium diet. Real-time PCR
results were expressed as relativgg4actin mRNA as house keeping gene, calculated using
the formula 2(CtGene of interest-Citactinh “y/31yes are + SEM. n=6; * p<0.05 versus WT of the

same dietary group; # p<0.05 versus 1% calciunafeshals of the same genetic background.
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Figure 5.7 The effect of low calcium on osteoclastic differentiation and activation genes. (A)
Bone nuclear factor activated T-cell cytoplasmi@fatcl) and B) receptor activator nuclear
factorkB ligand Rankl) mMRNA levels in WT animals (white bar) and OSVDftraals (black
bar) fed 0.1% compared to 1% calcium diet. ReabtiCR results were expressed as relative
to -actin mMRNA as house keeping gene, calculated usingadimaula 2-(CtGene of interest-Cit

actih values are + SEM. n=6; * p<0.05 versus WT of zne dietary group; # p<0.05

versus 1% calcium fed animals of the same genatikdround.
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Figure 5.8 The effect of low calcium on osteocytic differentiation and functional genes. (A)
Bone Early osteocytic markdfll, (B) Slerostin encoded gené&ot), (C) Dentin matrix
protein 1 Pmp-1) and D) Phosphate-regulating gene with homologies to pepitidases on
the X-chromosomeRhex) and E) Fibroblast growth factor 23(f23) mRNA levels in WT
animals (white bar) and OSVDR animals (black bad ®.1% compared to 1% calcium diet.
Real-time PCR results were expressed as relatiyeatmin mRNA as house keeping gene,
calculated using the formula ©tcene of interest-Clactin *y/3|1yes are + SEM. n=6; * p<0.05
versus WT of the same dietary group; # p<0.05 wi®6 calcium fed animals of the same

genetic background.
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5.3.6 Effects of increased osteoblastic VDR andlcaum on mineralisation in vitro

To determine the direct effects of changes toaeeitular calcium in OSVDR and WT
osteoblastic functions, osteoblasts of WT and hgguas OSVDR mice were isolated from
long bones and cultured in pro-differentiated med@ntaining either 1.8mM which
represented low/basal level of calcium or 2.8mM,iclvhrepresented high/supplement
calcium (as described in chapter 5.2.6). Culturesevallowed to mineralise for 18 days. Both
WT and OSVDR osteoblasts cultured with 2.8mM cattibad significantly greater mineral
deposition compared to the levels in cultures éeatith 1.8mM calcium (p<0.001, Fig 5.9A
and B). Primary osteoblasts from OSVDR bones tceatigh 1.8mM calcium demonstrated
significantly greater mineralisation compared to W8teoblasts cultures (p<0.001, Fig 5.9A
and B). However, there was no difference in thell@f mineralisation between OSVDR and

WT osteoblasts cultured with 2.8mM calcium.
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Figure 5.9 The effect of low calcium on in vitro mineralisation. Osteoblasts from long bones
of 6-week old WT (white bar) and OSVDR hemizygougrals (black bar) were cultured in
osteogenic differentiation medium for 18 days wéftither 1.8mM or 2.8mM calcium

concentration. Osteoblasts were examined for ghiitmineralise byA) Alizarin red stains

and @) calcium quantification by absorbance analysisluga are the mean + SEM, n=3
animals of each genotypes, each animal done ilicaip, experiment repeated 2x; * p<0.05
versus WT of the same calcium grou;, # p<0.05 we8mM calcium of the same genetic

background.
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5.4  DISCUSSION

5.4.1 VDR activity in osteoblasts is important folbone remodelling

This study has provided novl vivo evidence regarding the function of VDR activitytire
bone for the regulation of bone cell activities duhe remodelling. We have demonstrated
that OSVDR mice maintained on a diet containindisent vitamin D and calcium (1%)
have enhanced osteoblastic activity as evidencedthley greater bone formation rate,
associated with greater expression of the bone dbom markers genes)cn and Alp.
Furthermore, osteoclast number was reduced, wha agsociated with a reduction in the
gene expression of osteoclast formation geNéatcl and Rankl. Together these activities
lead to greater bone mass in at least the metaphtyabecular and cortical bone volume of
the tibia in the OSVDR mice, findings supporteddrgvious reports (Baldock, et al., 2006;
Gardiner, et al., 2000). While we observed no askv@ffects of the mild calcium restriction
of 0.1% on WT animal bone structure when compéaoechice who received the more than
adequate 1% Ca, OSVDR bone structure was markdtdgted by this level of calcium
restriction, with the trabecular and cortical baodume of OSVDR mice diminished to bone
levels of WT mice. While this finding is consistemith other observations (Baldock, et al.,
2006), in the current experiment when OSVDR miaktfee calcium restricted diet, although
we showed no difference in BFR, OSVDR mice havaeiced mRNA levels folOcn, Alp
Coll and Runx2, all major markers of osteoblastogenesis and fonst Furthermore
osteoclastic formation was also interrupted asesgrted by lowRankl and markedly
reducedNfatcl mRNA levels, leading to a reduction of osteoclgsettesis in these low
calcium fed OSVDR mice. These data indicate thateiased VDR activity in osteoblasts
mediates significant effects on both osteoblastit asteoclastic formation and is somewhat
similar to what had previously been observed inUB&R knockout mice fed the rescue diet,
where VDR activity was suggested to be playing @partant role in optimising bone

formation and resorption for normal bone remodglliRanda, et al., 2004).
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The question of whether the disruption of ostedldaactivity in OSVDR mice fed low
calcium was due either to a direct effect of VDRdmated signalling of osteoblastic activity
or to an indirect effect such as impaired ostedotgnesis or other feed-back signalling is
unclear in thisin vivo study. Thus, in an attempt to understand thenisitti features of the
OSVDR osteoblasts in response to low calcium, wetldeng bones primary osteoblagts
vitro cultures to investigate the effect of a low calcienvironment on cell activity and
mineralisation. When treated with either calciunth@ concentration of 1.8 or 2.8 mM, which
iIs an approximation of insufficient and sufficieeérum calcium levels respectively, no
impairment of mineralisation relative to WT primasglls at either concentration of Ca was
observed (Fig 5.9). This suggests that the involu@rof regulatory mechanisms, other than a
low calcium environment contribute to the disruptiaf bone turnover in OSVDR mice fed
low dietary calcium. Moreover, the reason for reztliosteoblast activities in OSVDR animal
fed the calcium restricted diet was also not duts$s of transgene VDR expression in the
bone (Fig 5.5). Of considerable interest is thekadmreduction in the expression of a number
of osteocyte specific genes, including the eartg@sytic marker E11, osteocytic maturation
and functional genes Sost, Dmpl and Phex in OSVDOée rfed 0.1% Ca. Thus, under
conditions of low dietary stress, in addition taliaruption of normal osteoblast activity in
OSVDR mice, it is possible that osteocyte formatam/or maturation may also have been
impaired. Such a declined in osteocyte activity niee been due to a reduction on
osteoblast transition into osteocytes or due teadlli’VDR signalling within osteocytes
themselves by virtue of the fact that osteocalciaeth transgene expression of VDR is likely
to occur within osteocytes (Bilic-Curcic, et alQdb). While no formal measures of osteocyte
density where undertaken in this study, it is gussihat a reduction in osteocyte activity or
density in OSVDR mice may have impaired osteocyseliated signalling is the reason for
failed bone turnover (Schaffler, 2003). The invgation of the role of osteocytes in this

model is a worthy proposal requiring future explimna
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5.4.2 VDR activity in osteoblasts mediate feedbackor renal 1,25D synthesis by
FGF23, impacting on intestinal calcium absorption

In OSVDR mice fed the calcium restricted diet, gythesis of vitamin D by the renal
Cyp27bl was reduced as evidenced by the lower s&j28D levels in 0.1% Ca fed OSVDR
mice when compared to levels in WT mice. The mi&sty reason for this reduction in serum
1,25 levels is a significant increase in serum F&IERels of OSVDR mice. FGF23, which is
produced mainly by cells of the osteoblast line@dge, et al., 2007) is a potent suppressor of
renal 1,25D levels by inhibiting Cyp27b1 and adiivg Cyp24 mRNA levels (Shimada, et
al., 2004). Higher serum FGF23 levels in 0.1% Gh@SVDR mice not only had reduced
renal Cyp27b1 mRNA levels and reduced serum 1,[@2%Bls, but also Napi2a and Napi2c
MRNA levels, targets of FGF23 suppressive actmwigye both significantly reduced. The rise
in serum FGF23 level was not due to the directease in transcriptional regulation of
FGF23 mRNA, suggesting that post-translational letgan of FGF23 is the reason for
changes in serum FGF23 levels. Of some relevandhetocurrent study, recently serum
FGF23 levels were strongly associated with levélsome turnover (Samadfam, et al., 2009).
In this study, exogenous administration of the-aedbrptive agent OPG to male and female
mice caused a profound suppression of bone turnaegmresented by reduced serum
osteocalcin and the osteoclast marker TRAP5b séruets, which also resulted in markedly
increased serum FGF23 levels. The opposite effast ebserved after PTH administration
with increased bone turnover and reduced serum BGhRls (Samadfam, et al., 2009). In
the current study, OSVDR mice fed the calcium ret&td diet demonstrated reduced bone
turnover as measured by marked reduction in osastsbland osteoclasts formation, which
was associated with higher serum FGF23 level amdistent with the reports of Samadfam
and colleagues. This suggests that the modificatiddone turnover in OSVDR mice plays an

important role for FGF23 production.

154



While the full understanding of the mechanism foe effect of bone turnover on FGF23
production is unclear, there have been severat lofeevidence to implicate DMP-1 and
PHEX as potential candidates in the regulation ®E3 production in the bone. PHEX and
FGF23 co-localised in osteocytes and inactivatikigcR mutation leads to increased FGF23
circulating levels (Liu, et al., 2006). Furthermostudies have suggested PHEX to be a
putative inhibitor of mineralisation that may caobtite to direct mineralisation defects in
osteoblasts independent of hypophosphatemia (étaal,, 1998). In regard to DMP-1, firstly,
DMP-1 is expressed only in mature, mineralisinggobtasts and deletion &mp-1 in mice
results in markedly induced FGF23 circulating Isyellthough the mechanism is not clear
(Feng, et al., 2006; Lorenz-Depiereux, et al., 308@condly, PTH administration increases
bone turnover associated with increadaaip-1 mMRNA expression and inturn decreased
FGF23 levels (Samadfam, et al., 2009). Furthermsxtacellular DMP-1 has been shown to
inhibit vitamin D-induced~fg23 gene expressiam vitro, implying a direct role for DMP-1 in
modulating FGF23 production, however this is yebéoconfirmedn vivo (Samadfam, et al.,
2009). We have shown in our study that reductiorDmp-1 and Phex mRNA levels in
OSVDR mice fed the calcium restricted diet corediaistrongly with higher circulating
FGF23 levels. Although the question as to why gisam of osteocyte formation and/or
activity in OSVDR mice fed the calcium restrictecbtdlead to greater FGF23 production
requires further investigation, our data suppoet ¢ssential regulation of FGF23 production
by DMP-1 and PHEX and importantly the effects of RIDn mineralisation.

Published data showed using the quantitative batiesed electron microscopy technique
that OSVDR femora contained 3.43% and 1.84% greeamium content (Gaay in the
trabecular and cortical bone respectively comp&wedatched WT mice (Misof, et al., 2003),
indicating higher calcium requirement per unit ohb in these OSVDR mice. It appeared that
the active intestinal transport of calcium was rallein the OSVDR mice fed calcium
restricted diet as evidence by the reduction invedntestinal calcium absorption genes of

calbindin-9k and Trvp6. The likely consequence luk tis reduced calcium available for
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mineralisation which therefore may contribute talueed bone phenotype that occurs in

OSVDR fed the calcium restricted diet.

In conclusion, this study demonstrates direct VDgRivy in osteoblasts, mediates the
regulation  of  osteoblast, osteoclast and possiblystearyte  activities,
impacting on bone turnover and bone homeostasisthémmore, VDR activity in
osteoblasts is able to provide feedback for rend®50 synthesis, impacting on
active calcium absorption and bone mineralisatidfhile the mechanisms remain to be
completely elucidated our data provide further emick to support the autocrine and paracrine

roles of 1,25D in bone homeostasis.
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6.1 Introduction

This thesis was undertaken to investigate the m&tiof vitamin D acting via mature
osteoblastic VDR activity to regulate skeletal hostasis. More specifically, the studies
described in this thesis were designed to assessoth of direct activity of vitamin D in
osteoblasts via the VDR during the physiologicabli@dnges of vitamin D and calcium
deficiency. We have utilised the mature osteoldastific VDR over-expression (OSVDR)
transgenic mouse model for this investigation. Presly, the OSVDR mouse model was
reported to have a high bone mass phenotype whichswecifically located to cortical bone
and vertebral trabecular bone. However, no previousstigation sought to describe the
extent of the bone phenotype of the OSVDR mouseemaoding the more sensitive and
descriptive techniques of micro-computed tomographiyhough the reported increase in
bone mass of the OSVDR mouse model was shown thuédo a combination of increased
bone formation and reduced bone resorption (Baldatkal.,, 2006), much less was
understood regarding the direntvivo role of vitamin D activity in osteoblasts. In padiar,
the question of whether direct activity of vitaninin osteoblasts is altered during known
physiological stressors of bone metabolism remtarize answered. Thus, my studies sought
to answer whether enhanced vitamin D activity iteoblasts alters osteoblastic activity in
response to the physiological challenges to bodtthef vitamin D and calcium deficiency.
Furthermore, | have sought to address the questiarhether the role for vitamin D activity
within osteoblasts is entirely mediated locallyabreast within the bone micro-environment
or whether vitamin D activity in osteoblasts isaalavolved in signalling indirect endocrine

mechanisms of bone homeostasis.
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6.2 Extent of the bone phenotype of the OSVDR mouseodel.

While the initial reports characterised corticalnboand vertebral trabecular bone as the
primary sites for increased bone mass in the OSviiiese model, we were able to show
using the 3D micro-CT analyses, that tibial and desth metaphyseal bone was significantly
greater in OSVDR mice when compared to WT mice.tHfeumore, we confirmed that
inhibition of bone resorption also occurred in theal and vertebral trabecular bone of both
young (6-week) and aged (18-week) female mice, esigyy that the reduced RANKL
expression and reduced osteoclastogenesis occudedpread throughout the skeleton and
not limited to specific sites. In addition, the neased bone formation rate observed in
OSVDR mice was confirmed in these metaphyseal nsgidhus the effect of vitamin D
activity in mature osteoblasts can be observed loothortical and trabecular bone, and

appears to be independent of the region investigate

6.3 Evidence for direct local effect of osteoblagtpecific vitamin D activity

Our study on the effect of vitamin D deficiency apsteoblastic activities revealed that in
young growing animals, mild 25D deficiency of 25rfhavas insufficient to provide optimal
bone accumulation, leading to a reduction in pésmisosteoblastic activities and thinner
cortices in adult life. While renal synthesis 023D was unaffected by the substrate 25D
level of 25nmol/L, we speculated that osteoblasymthesis of 1,25D may have been
impaired and that increased sensitivity to locglpduced 1,25D by the enhanced VDR
prevented the impairment of periosteal osteoblastiwities. These data imply that the reason
for low bone volume during low 25D deficiency isleast in part due to impaired vitamin D
activity with osteoblasts and possibly points te #ssential role of local 1,25D synthesis
within bone. This has clinical implications as thekata suggests that bone loss that occurs
due to vitamin D depletion, is at least partiallyedto reduced vitamin D activity in
osteoblasts and thus must be considered in adddidime effects of vitamin D deficiency on

intestinal calcium absorption.
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Ourin vitro studies support the findings of vitamin D activitiyectly inhibiting osteoblastic
differentiation, but stimulate matures osteobldastanineralise. Treatment of primary WT
osteoblastic cells with 1,25D completely inhibitedteoblastic activities, possibly due to
inhibition of cell differentiation, resulting in ¢habsence of mineralisation. Conversely,
primary osteoblasts derived from OSVDR bones reduh the stimulation of mineralisation.
This is consistent with the increase in bone foromatate observeth vivo in OSVDR mice.

It is also consistent with some reports that reduneneralisation occurs in osteoblasts
derived from VDRKO mice. The concept that VDR intara osteoblasts mediated bone
formation processes is also supported by unpuldigimelings that OSVDR animals exhibit
greater sensitivity to mechanical loading in terfisnducing woven bone formation when
compared to wild-type mice receiving an equivalemtrostrain (Anderson, unpublished
findings). This periosteal mineral deposition isedow osteoblastic activity which may also
involve osteocyte activity as the mechanosensirly afethe bone. Given that the VDR
transgene is likely to be expressed in osteocyesedl, this suggests that enhanced vitamin
D activity within osteocytes may mediate anabotitvaties under the conditions of increased
mechanical loading. It is also plausible that ewmhan vitamin D activity in mature
osteoblasts promotes greater mineralisation as agelllifferentiation of mature osteoblasts
into osteocytes, leading to increased sensitiotynechanical loading and bone formation.
Such a role for VDR is suggested in this thesisvboild need to be explored with studies

that specifically examine this proposal.

Earlier studies have demonstrated that OSVDR lowged have increased calcium
concentration in the mineralised matrix, suggestngle for osteoblastic VDR in calcium
homeostasis. We have confirmed the role of oststbl&¥ DR and enhanced mineralisation
effect of calcium on OSVDR osteoblast mineralisatio vitro. However, it appears that

during the physiological challenges of low dietaafcium, vitamin D-mediated osteoblastic
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mineralisation is secondary to essential role ofntaming serum calcium and phosphate
within the physiological levels. Therefore the dezademand of calcium in OSVDR bones
was not satisfied under low calcium condition, [algs contributing to disruption in
osteoblastic activities, best demonstrated by aatéoh of osteoblastic-specific mineralisation
markers and bone formation rate. Moreover thesa slaggest that the osteoblast response to
changes in extracellular calcium level is medidtedugh VDR signalling. One hypothesis is
that this may occur via the VDRE present in theioah sensing receptor genes. Such a novel
proposal would suggest that vitamin D signallingl @alcium homeostasis occur locally in

osteoblasts, the result of which may be to directbdify the bone microenvironment.

Given that a major effect of increased VDR leval®osteoblasts is the reduced signalling of
osteoclastogenesis, the lowered of osteoblasticitees under a low dietary calcium stress in
OSVDR animals may be primarily due to a failurgoptomote appropriate osteoclastogenesis
and the resultant increased bone turnover. Sudato@ogal would suggest that the OSVDR
model is primarily a model of inhibition of boneswgption which, under conditions of
adequate nutrition, is beneficial for bone massweicer, under circumstances of poor
calcium nutrition, result in inappropriately low i resorption leading to downstream
pathology. In addition to failed bone formationtemxyte activities appeared to also be
affected as evidence by the marked reduction inowuarosteocyte-specific marker gene
expressions. While the data confirm the role ofamiin D signalling to regulate bone
remodelling processes, further studies utilisingeotappropriate mouse models may need to
be performed to further elucidate the VDR role undee circumstance of calcium
deprivation. Nonetheless, our data support the tmgsts that under physiological low
calcium stress, the interactions of vitamin D slyn@ in osteoblasts is involved to directly

modify cellular processes.
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6.4  Endocrine effect of osteoblast-specific vitamib activity

Previous reports on the OSVDR mouse model highligiitiocal effects of vitamin D activity
in osteoblasts. Any suggestions of other changestivities were dismissed as no significant
changes were observed in measures of calciotramimdnes. Our studies have shed new
light on the role for vitamin D activity in oste@sits in as much as vitamin D signalling in
osteoblasts was able to mediate renal feedbaclalBrgnvia FGF23, leading to significant
changes to renal vitamin D hydroxylase activitiesl airculating 1,25D levels. Our data
suggested thanh vivo osteoblastic VDR does not play a direct transiomal role onFgf23
gene expression, suggesting that either an indireechanism or post-translational
modification of FGF23 protein is involved. While vege unable to definitively show why
FGF23 levels were higher in OSVDR mice when fed thetary calcium, it was likely that
altered osteocyte activity played a role. Foranse, the expression of Dmpl and Phex,
which are known negative regulators of FGF23 prtido¢c were markedly reduced in
OSVDR mice and thus could have been responsiblehrhigher FGF23 levels in these
mice. Although we can suggest that the OSVDR bdrenptype was determined at least in
part by changes to osteocyte activities, furtherdiss will be required to specifically

investigate the role of vitamin D activity in ostgtes.

To specifically identify the role of VDR in matuasteoblasts as well as osteocytes, future
experiments could involve genetically altered mouosmlels to exclusively delete VDR in
each of these cell types using Cre-Lox systemserAditively, a model whereby VDR is
restored in osteoblasts in the genetic backgrounithed VDRKO mouse could also prove
useful to determine the necessity of VDR to mamtaormal osteoblastic and osteocytic

functions under circumstances of physiologicalsstysuch as when fed low dietary calcium.
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6.5 Limitations

The primary model used in my studies is that of @&/DR mouse, which was designed to
target the overexpression of VDR in osteocalcinregging osteoblasts. While this model is
useful to investigate the role of VDR-mediated\atiis in osteoblast, there are limitations as
to its interpretation as well. The main reason tleg limitation is that the activity of the
osteocalcin promoter is not limited to osteoblasistly, osteocalcin is expressed in
osteocytes. Thus the likely over-expression of VIDRosteocytes as well as osteoblasts
prohibits the decisive demonstration of the effeofs VDR over-expression solely in
osteoblasts. Similarly, a potential limitation ¢ mouse model is that osteocalcin driven
VDR transgene was also expressed in non-osseagesisincluding the kidney and the
intestine, which are involved with vitamin D andatam homeostasis. However, there were
no differences in the protein levels of VDR in théissues between OSVDR and WT animals
(Figure 3.5), nor effects on serum levels of catciand phosphate in OSVDR animals when
fed a standard diet, nor effects in intestinal ge@albindin 9k and Trvp6, suggesting that any
low level of transgene expression in either kidaeg intestine may be insufficient to alter
homeostatic mechanisms. However, greater expressfokidney Napi2a/c levels was
observed in OSVDR animals, which would need to ln¢hér investigated to determine if

there are potential effects of extra VDR in kidney.

Other limitations to the interpretation of datalude the fact that design of each study varied
sufficiently so as to not be able to directly comgpeaesults between studies. The variation
between studies include: age, dietary durationfiegand the genotype of the OSVDR.
Previous studies in rats showed calcium balancetla@drue calcium absorption decrease
rapidly with age, especially greater in 12-15 weeksage compared to 6-9 weeks of age
(O’Loughlin and Morris, 1994). Our study used mihat were 4 weeks and 6 weeks old, as
well as differences in the duration of the diettegding may have led to differences in the

biochemical measures, making inter-study compasigbfficult to do. One such example of
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this is the value obtained for serum 1,25D levelsthe wild-type vitamin D replete mice.
Serum 1,25D levels were comparable to the wild-tyglees in chapter 3 and 4, however, the
1,25D values for OSVDR mice fed replete diet betwekapter 3 and 4 were different. The
explanations for why this difference in 1,25D occetween chapters are not immediately
clear. However, as described above, the duratideeafing and the age of the mice between
the two studies differed. Since the serum 1,25@leare regulated by changes in the serum
calcium and phosphate levels which are mediateBTH and FGF23, the likely explanation
in the divergent results for OSVDR’s 1,25D levedsrelated to the feeding regimen, and/or
the age of mice. Differences in the age and dietagimen between studies may have
resulted in differences in the bio-absorption oflcicen and phosphate which were
pronounced in OSVDR mice. Furthermore, as the mieee fed ad libitum rather than meal
fed it is possible that the amount of diet consutmgeéach mouse differed. Since | was unable
to directly compare biochemical measures for PTtdvben chapters (see discussion below), |
am unable to provide direct evidence to estabkstsons for the marked differences between
1,25D measures between assays. A study using nlietahges where individual mice could
be monitored for dietary consumption would be dblgrovide such data regarding precise
consumption of vitamin D and calcium in relationgenotype and age of mice, however that
was beyond the capacity of my studies. It is wodking that the differences in 1,25D levels
between chapter 3 and 4 may also partly basedeoaliberved divergent response of OSVDR
mice to a low calcium diet when compared to wilgeymice in chapter 5. In this chapter it is
clear that, serum 1,25D levels can be lower thdd-types due to a difference in FGF23
levels between genotypes.

With respect to measurement for FGF23 levels, weeoled a doubling of FGF23 levels in
the OSVDR mice in chapter 5 compared to those aptgr 4. These may be explained by the
difference in the age of the mice and the duratbrthe diet in these studies. However
previous studies have shown that a diet contaii¥tg calcium, 200ng VitD3/animal/day

significantly increases circulating FGF23 levelsf@ldl, the same effect also occurred in
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VDR-KO mice, indicating that calcium regulation BGF23 production is independent of
VDR {Shimada, et. al., 2005}. To our knowledge rodses have examined the effect of low
(0.1%) calcium on FGF23 expression, therefore wiendit know what to expect with 0.1%
calcium diet in chapter 5. The data also showedl & fed 0.1% calcium have reduced
FGF23 levels and dramatically elevated 1,25D legelmpared to WT fed 1% calcium diet.
No effect of 0.1% calcium diet was observed in O&/biice. Due to the complexity of
OSVDR mice and the control of FGF23 production (\\B&pbendent vs. independent), |
believe the effect of calcium in OSVDR mice mayveey different to WT mice and further
studies are needed to investigate these mechanisms.

My studies were also limited by a reliable PTH gs@ between different assays and studies.
While the immunoradiometric assay (IRMA) of PTH ag<ontains standards, it does not
contain QC'’s, which, if included, could have beeed to establish inter-assay variability.
While the PTH IRMA assays performed well from th@np of view of the standard curve,
such that we can make comparison between groupsnwviiie assay, we are unable to make
reliable comparisons of blood samples betweenreiffitassays. Moreover, serum PTH values
can be altered by technical issues such as wheréltod sample are collected from (i.e.
peripheral blood verses cardiac blood), as wellspecimen stability (i.e. freeze-thaw
degradation and instability). PTH also has a stinghal pattern of release related to fasting.
While we did what we could to limit the variationalto these technical issues, variability in
the measures between studies remains between Itres va different studies. Moreover, we
were not able to repeat measures of experimentaplea due to only one aliquot of frozen

serum being collected for PTH analysis per animal.

Another limitation is oulin vitro studies have only one time point, we would endaeavor
future experiments to include multiple time poitdbserve the cellular changes with culture
condition over time and responses of the cellsgatinent of 1,25D and calcium, as well as to

include measures of osteoblastic proliferation anatrix composition. Furthermore, the
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osteogenic potential of OSVDR’s primary osteoblastslated from long bones versus
calvaria bones were not examined in this thesisviBus studies have shown significance
differences in the cellular and matrix compositiminbones from the skull and long bones
(Van den Bos, et al., 2008; Vatsa, et al., 2008rdfore we would expect that differences

would exist between the cells derived from calvand long bones.

6.6 Conclusion

The findings of this thesis indicate that the 1,ABDR-regulated pathways in mature
osteoblastic cells are involved in local activities bone mineral homeostasis as well as
influencing feedback of the FGF23 endocrine pathwdie have provided compelling
evidence that activation of VDR in mature ostedislasays an essential role in bone turnover,
directly regulating osteoblasts, osteoclasts anssipty osteocyte activities. Importantly,
1,25D/VDR actions within osteoblasts are able taliate renal 1,25D feedback, indirectly
impacting on calcium homeostasis and possibly bomeralisation. The findings from this
thesis have provide further understanding to theviies of vitamin D within the skeleton
and challenge the viewpoint that 1,25D is solelyeadocrine regulator of bone and mineral

metabolism.
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