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Thesis abstract

While the role of vitamin D in the prevention of rickets in children and osteomalacia in
adults has been well demonstrated, its benefit in the treatment of osteoporosis is subject
to controversy. Clinical trials of vitamin D supplementation to prevent fractures have been
conducted with mixed results and some meta-analyses have indicated limited benefit in
reducing fracture risk. The most consistent beneficial effects of vitamin D have been
obtained when combined with calcium supplements. 1,25-dihydroxyvitamin D acts on
the three major types of bone cells (osteoblasts, osteoclasts and osteocytes) to initiate
either catabolic or anabolic actions on bone. To elucidating the potential benefits of
vitamin D to bone health, this study examined direct actions of vitamin D metabolites on
bone cells focussing on stimulation of in vitro osteogenic differentiation. Two cell culture
models, representing immature and mature stage of osteoblasts, were employed to
investigate the role of vitamin D on osteogenic differentiation. The regulation of a variety
of gene expressions and modulation of mineral deposition by these cells, were used as

key readouts.

In chapter 3, vitamin D was observed to play an inhibitory role on mineral deposition by
the immature calvarial bone-derived osteoblast-like cells (Calvarial cells) but did not
exert any suppressive effect on the mature osteoblast/early osteocyte cell line, MLO-AS.
Thus the actions of vitamin D appear to be dependent on either the stage of cell maturation

or their skeletal origin.

The studies using Calvarial cells were expanded in chapter 4 by utilising cells derived
from genetically modified mouse lines, including the global vitamin D receptor (VDR)
knockout (VDRKO) and the over-expression of VDR in osteocalcin-expressing cells
(OSVDR), in comparison to cells derived from wild-type animals. The active hormone

form, la,25-dihydroxyvitamin D3 (1,25D), promoted a mature cell phenotype at



physiological levels (around 30 pM) dependent on the level of Vdr mRNA. However, in
OSVDR cells with high levels of VDR, a pharmacological concentration of 1,25D (1 nM)
appeared to stimulate de-differentiation of the osteoblast phenotype by down-regulating
the expression of mature osteoblast/osteocyte genes. Enppl and Tnap were identified as

key genes to modulate mineral deposition in these models.

In chapter 5, the cell line MLO-AS was again utilised, here for studying the interaction
between vitamin D and extracellular calcium on osteoblasts. Both endogenous and
exogenous sources of 1,25D, either alone or interacting with extracellular calcium,
increased mineral deposition and the expressions of maturation-related genes.
Extracellular calcium altered vitamin D metabolism by MLO-AS cells. Again, key genes

associated with mineral deposition were Enppl and Tnap.

Data from this study confirm the stimulatory actions of vitamin D on osteogenic
differentiation and identified an interaction with extracellular calcium levels. Mineral
deposition was found to be dependent on 1,25D modulation of Enppl and Tnap
expressions. A highly novel finding was that the extracellular calcium concentration
modulates the metabolism of vitamin D and the maturation of these cells. These data help
to address the controversy on the actions of vitamin D on osteoblast differentiation and

mineralisation and improve our understanding of their biology.
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Chapter 1: Literature Review
The interaction between vitamin D and extracellular calcium in

osteogenic differentiation

This literature review gives a summary of the biological effects of vitamin D and
extracellular calcium separately and in combination (their interaction) on osteogenic
differentiation, involving the three major bone cell types: osteoblast, osteoclast and
osteocyte. These latter two factors have been demonstrated to play multiple important
roles in the modulation of gene expression in bone cell types, and hence influence bone
homeostasis in various in vitro and in vivo models. However, the controversy that the role
of vitamin D on osteogenic differentiation can either be anabolic or catabolic, has
persisted for years, in part due to an insufficient understanding of the molecular and
cellular actions of this steroid hormone. Calcium has also been described as a factor that
enhances the maturation of osteoblasts, but the effects and mechanism involved is have
not been fully elucidated. This literature review briefly updates the current status of the
research progress on vitamin D/calcium regulation of bone cell activities in cell culture
models and various genetically modified mouse models, and therefore guides the research

activities conducted in this PhD project.



Chapter 1: Literature Review

1.1 Osteoblast biology

1.1.1 Bone formation by osteoblasts

There are two different biological processes, by which new bone is formed:
intramembranous ossification and endochondral ossification. Intramembranous
ossification requires the migration of mesenchymal stem cells (MSCs) to the bone
formation sites and their direct differentiation into osteoblasts, but without the formation
of intermediate cartilage (1). Intramembranous ossification is usually related to the
formation of the ‘flat’ bone tissues, such as the skull and facial bones, and also in the
process of fracture healing. In contrast, endochondral ossification is associated with the
formation of axial or appendicular bone tissues in the skeleton, including the long bones
and vertebrae. In the process of endochondral tissue formation, MSCs migrate to the
appropriate anatomical sites and initially differentiate into chondrocytes to form cartilage
tissue. These chondrocytes firstly proliferate to elongate the bone and then undergo
hypertrophy, which is the final cell fate of chondrocytes. A large proportion of
hypertrophic chondrocytes undergo apoptosis and release collagen type X matrix, which
is the environment for osteoprogenitor cells to populate. At the same time,
osteoprogenitor cells differentiated from MSCs migrate into the hypertrophic cartilage
and produce bone matrix to provide an environment suitable for osteoblast differentiation.
These progenitors then undergo osteogenic differentiation to form mineralised bone tissue

and replace the intermediate cartilage (2-4).

A third skeletal metabolism event, distinct from intramembranous and endochondral
ossification, is bone remodelling. This takes place in the existing bone tissue and occurs
continuously to resorb and form bone in the dynamic balance of bone homeostasis. Bone

remodelling requires the coordinated activities of the three major bone cell types,



osteoblast-, osteoclast-lineage cells and osteocytes, together with specialised capillaries
and cells that form the canopy, which together are termed the basic multicellular unit
(BMU) (5-7). On remodelling site, the BMUSs adapt to environmental changes, such as
mechanical loading, through bone remodelling by modulating the activities of gaining
bone by osteoblasts or losing bone by osteoclast resorption accordingly. In the event of
bone remodelling, calcium phosphate can be released from bone into the circulation or
precipitated from the circulation into the bone matrix. This mechanism of maintaining the

calcium homeostasis ensures the optimal function of the endocrine neural systems (8).

In the bone forming activities discussed above, osteoblast differentiation is involved.
Hence, there has been much research interest for the comprehensive understanding of the
mechanism of osteoblast differentiation and the factors that regulate this process. An
intimate knowledge of osteoblast differentiation is important for guiding us to understand
the requirements for optimal bone health and to inform us of potential therapies for bone-

related disease.

1.1.2  Differentiation of osteoblasts

The term osteoblast derives from ‘osteo’ Greek for ‘bone’ and ‘blast’ Greek for ‘gem’ or
‘embryonic’ such that osteoblast is the term for ‘to make bone’. Under osteogenic
regulatory conditions, MSCs are directed to undergo bone cell differentiation. As these
cells pass through the various stages from MSCs to cells capable of forming bone tissue,
they exhibit phenotypically distinct properties at each of the different stages. Regulation
of gene expression varies across the cell differentiation process and dysregulation of this
process can give rise to bone-related diseases, such as osteoporosis if bone formation is

reduced, or osteopetrosis if bone formation is overly increased.



a) From mesenchymal stem cells to pre-osteoblasts

MSCs are multi-potential cells that can differentiate into different mesenchymal cell types
that form a range of specific tissues, including adipocytes to form fat tissue, chondrocytes
to form cartilage, myoblasts to form muscle and osteoblasts to form bone. Different
potential destinies of MSC differentiation are briefly described in figure 1.1.2A. In early
MSC differentiation, cells have the capability to differentiate along different lineages
under specific transcriptional signals. The sex-determining gene on the Y chromosome
(SRY)-related high-mobility-group box (SOX) family of transcriptional factors (SOX9,
SOXS5, SOX6) direct chondrogenesis; myogenic differentiation (MyoD) transcriptional
factors direct myogenesis; CCAAT/enhancer binding protein (C/EBP) family and
peroxisome proliferator-activated receptor gamma (PPARY) transcriptional factors direct
adipogenesis; while the runt-related transcription factor 2 (RUNX2) and wingless
integration (Wnt)/B-catenin signalling pathway is critical to ensure that progenitor cells
are directed to the osteoblast lineage (9).With the proper activation of -catenin protein
as a result of Wnt signalling, the dephosphorylated B-catenin complex is capable of
regulating the transcription factors necessary for the expression of early osteoblast
phenotypic-related genes such as bone sialoprotein (BSP) and osteopontin (OPN) (10).
Ablation of the [-catenin gene (Ctmnb) in a genetically-modified mouse model
demonstrated decreased trabecular bone volume as a result of MSCs being switched from
the osteoblast to the adipogenic pathway, with concomitant increased fat tissue formation
(11). RUNX2, also known as core-binding factor subunit alpha-1 (CBFA1), is a master
transcription factor that regulates Wnt/B-catenin signalling and therefore directs
progenitor cells to the pre-osteoblast pathway (12). Ablation of RUNX2 markedly
compromises bone formation because of the inability to generate osteoblasts in skeletal

tissue under this condition (13).
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b) Pre-osteoblasts to immature osteoblasts

At the beginning of the bone formation process, pre-osteoblasts transfer to the modelling
surface and proliferate (14). At this stage, bone extracellular matrix is starting to be
synthesised. The bone extracellular matrix is composed of 90% collagenous proteins and
10% other bone specific products such as BSP, OPN, bone morphogenetic proteins 2 and
7 (BMP-2, BMP-7) and dentin matrix protein 1 (DMP1). The extracellular matrix is not
only important as a substrate for mineralisation, but is also essential for directing pre-
osteoblasts to adhere to the specific site where modelling is required and is suitable for
their further differentiation into osteoblasts. However the osteoblast pathway is not the
only differentiation fate for pre-osteoblasts. At this point, if the expression of either SOX9,
SOXS5 or SOX6 is stimulated, pre-osteoblasts are driven to become chondroblasts and
then chondrocytes, to form cartilage tissue, which is the connective tissue at various
anatomical sites but particularly at bone joints. A high level of RUNX2 is essential to
suppress the expression of SOX family transcription factors and ensure the differentiation
along the osteoblast pathway; in conjunction with another secondary master
transcriptional factor, osterix (OSX/SP7). OSX is under the positive control of RUNX2
in pre-osteoblasts and it plays the role of regulating bone proteins and the appropriate
development of the osteoblast phenotype (15). However, the interrelationship between
RUNX2 and OSX is still poorly understood. A mouse Osx gene knockout study has
confirmed that with normal expression of RUNX2 but ablation of OSX, the normal
formation of chondrocyte and bone osteoid occurs, but bone mineralisation is

compromised because of the failure of normal osteoblast differentiation and maturation

(16).

¢) Mineralisation by mature osteoblasts and the transition to early osteocytes
The processes of differentiation and mineralisation by osteoblast and the transition of

osteoblast to osteocyte are depicted in figure 1.1.2C. At the beginning of the
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mineralisation process, immature osteoblasts begin synthesising organic bone
extracellular matrix, termed osteoid. Osteoid provides the growth environment for cells
to proliferate and develop their osteoblastic phenotype. Furthermore, the orientation and
structure of mineral deposition are precisely directed by both the cells embedded in
osteoid and the extracellular matrix itself (17). As osteoblasts mature, one of the important
phenotypic properties is the high level expression of the bone/liver/kidney, or tissue non-
specific, isoform of alkaline phosphatase (ALPL/TNAP), which is an essential enzyme
for promotion of the deposition of calcium phosphate. Inorganic pyrophosphate (PPi),
generated by the enzyme ecto-nucleotide pyrophosphatase/phosphodiesterase-1 (ENPP1)
and transported by ankloysis protein (ANK), is a powerful and ubiquitous inhibitor of
mineralisation. The presentation of sufficient level of PPi ensures the normal morphology
of those soft tissues where mineralisation is not supposed to be deposited. However, in
bone tissues, where ENPP1 and TNAP activities co-exist, TNAP degrades PPi to
inorganic phosphate (P1). Therefore the ratio of PPi/Pi is reduced to enable the precise
volume of the calcium and phosphate mass being deposited to the bone formation sites to
form the hydroxyapatite-like bone mineral. The regulation of Pi homeostasis is a vital
function performed by the actions of osteoblasts and osteocytes. The mineralisation of
type I collagen begins in cell-associated vesicles termed calcospherulites. In this step, if
the enzyme activity of TNAP is absent or low, PPi will be transferred into the intracellular
compartment and cell-mediated mineralisation is blocked in response to PPi accumulation
(18-20). The activity balance between inhibitors ENPP1/ANK and the mineralisation
promoter TNAP ensures that mineral is not deposited in the type I collagen present
throughout the soft tissues and occurs only in the bone mineralising sites where bone

formation is required (21).

As mineralisation proceeds, nearly 70% of osteoblasts undergo apoptosis and only 30%

remain viable and embedded in the mineralising osteoid, and at this stage are termed



osteoid-, immature- or pre-osteocytes (22). The mechanism of how individual osteoblasts
are selected to survive or apoptose is not yet clear. Matrix mineralisation promotes the
expression of a transmembrane glycoprotein, E11, otherwise known as podoplanin, by
mature osteoblasts or pre-osteocytes (23). E11 has been described as the first known
marker of the early osteocyte and plays a role in transition to the osteocytic phenotype,
of which the development of numerous, elongated cell processes is a prominent feature
(24). When osteoblast differentiation proceeds to the early osteocyte stage, osteocytes
produce MEPE (matrix extracellular phosphoglycoprotein) and PHEX (phosphate
regulating endopeptidase homolog, X-linked) to ensure to regulate the mineralisation
process. MEPE is a small peptide that contains a so-called acidic, serine-, and aspartic
acid-rich MEPE-associated (ASARM) motif. The MEPE-ASARM peptide was
previously shown to be a potent mineralisation inhibitor by the binding to nascent mineral
crystals and inhibiting further mineral deposition (25-27). MEPE-ASARM peptide has
been shown to be cleaved by the osteocyte produced enzyme, PHEX: MEPE-ASRAM
peptide mediated mineralisation inhibition was shown to be rescued by adding PHEX
enzyme to in vitro osteoblast cultures (28). The ratio of MEPE/PHEX expression has been
postulated to regulate correct bone mineralisation (29). In a recent study, our group
reported that the MEPE/PHEX ratio at the mRNA level appeared to explain the

mineralisation response of osteocyte-like cells to extracellular calcium (30).

d) The final stage of osteoblast differentiation: mature osteocytes

Following the embedding of mature osteoblasts and the differentiation of a proportion of
cells into the pre-osteocyte stage, further differentiation into mature osteocytes occurs.
These cells change their morphology and phenotype markedly with the development of
numerous, long dendritic cell processes that interconnect for communication between
each other and with other cell types, such as surface osteoblasts/lining cells, with

shrinkage of the cytoplasm resulting in a dramatic increase in the cell surface



area/cytoplasm ratio (31,32). The cellular composition of bone tissue is approximately
90% osteocytes and the life span of these mineral-embedded cells can be more than 10
years, up to a lifetime, in humans. One important marker expressed by osteocytes as they
mature is dentin matrix protein 1 (DMP1). In skeletal development, DMP1 is expressed
by osteoblasts during an embryonic stage of development as evidenced by the
immunostaining of DMP1 protein in embryonic tissues. Furthermore, DMP1 is most
abundant in osteocytes and is especially condensed in the cell processes of osteocytes in
postnatal animals (33). The DmpI-null mouse model demonstrated normal embryonic
growth, suggesting that there may be redundancy with other genes able to compensate for
DMPI1 function in the developing skeleton (34). However, pups with Dmpl ablated,
showed strong postnatal abnormalities including delay and defects in mineralisation,
enlargement of the growth plate and failure of cortical bone formation (35). Furthermore,
osteocytes in DmpI-null mice display an immature phenotype suggesting that DMP1 is
essential for osteocyte maturation (35). In vitro studies of DMP1 function have proven its
promotional role for the formation of bone mineral (36). There is also an interaction
between DMP1 and the cell-surface receptor, CD44, which activates osteogenesis in the
bone modelling/remodelling loop (37). Hence, DMP1 is essential for the development of
the fully functional skeleton in terms of promoting mineralisation and the control of the

proper growth of bone tissues.

One specialist activity of osteocytes is their ability to sense the mechanical loading
experienced by the skeleton and regulate bone mineral homeostasis to adapt to such
environmental changes. For performing these functions, osteocytes actively communicate
with their extracellular environment including circulating fluid, extracellular matrix and
other bone cell types such as osteoblasts and osteoclasts. On the osteocyte plasma
membrane, six molecules of connexin 43 (CX43/GJA1) (38) form a structure termed a

connexon or hemichannel, and this allows signalling molecules of small molecular mass
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(less than ~1.3 kDa) to be secreted from the cell. The conjunction of two hemichannels
from separate cells allows intercellular communication between osteocytes; this type of
paired connexon/hemichannel complex is termed a gap junction (39). Osteocytes also
communicate with osteoblasts and osteoclasts through GJA1 composed gap-junctions,
which allow the intercellular transportation of small signalling molecules (up to 1.3 kDa),
such as amino acids, cAMP, nitric oxide (NO) and prostaglandin E2 (PGEz) (40). Other
than the gap junction, the unpaired hemichannel on the osteocyte cell surface has also
been demonstrated to play important roles in bone regulation, particularly in responding
to fluid flow shear, the changes in calcium concentration, pH modulation and membrane
potential (39). In the response to mechanical loading, physical stimuli are translated into
chemical or electrical signals. For example, PGE: is secreted by osteocytes through
hemichannels when sensing skeletal loading and then transported to neighbouring
osteocytes and other bone cell types by passing through the gap-junction network (41).
Previous data showed that the long term administration of PGEz in vivo induced bone loss
because of the increased osteoclast activity; however, intermittent PGE; treatment
enhanced osteoblast activity and hence bone formation (42). In another study (43),
osteocyte-like MLO-Y4 cells were seeded at low density in culture to limit the physical
interactions between cells via gap junctions, to test the unopposed hemichannel function.
In that study, after the knockdown of Gjal using antisense oligodeoxynucleotide, the
release of PGE; was found to be significantly reduced compared to the untreated control
culture. This study indicated the importance of the unpaired hemichannel in transmitting
cell signals, implying the existence of communication between osteocytes and their
extracellular environment. A recent review (44) summarised the interactions between
osteocyte plasma membrane potential and extracellular calcium levels with osteocytes
configured in either an isolated or networked manner, indicating the important role of the

two distinct hemichannel based communication mechanisms.
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An important factor secreted by osteocytes to regulate the activities of both osteoblasts
and osteoclasts to maintain bone homeostasis is sclerostin. Mature osteocytes produce a
high level of the sclerostin protein through the expression of the SOST/Sost gene. Since
sclerostin has a molecular mass between 28-30 kDa, this molecule is unlikely to be
transported though gap junction. Sclerostin is suggested to be secreted by osteocytes and
then transported to other osteocytes, or osteobalsts and osteoclasts by extracellular fluid
(45). Sclerostin inhibits bone formation by inhibiting the Wnt/B-catenin signalling
pathway to reduce osteoblast activities (27,46) and it has also been suggested to be a pro-
catabolic factor by activating osteoclastogenesis through up-regulating the expression of
the osteoclast activator, receptor activator of nuclear factor kappa-B ligand (RANKL)
(47). More recently, our group demonstrated that sclerostin induced the production of
catabolic mediators in osteocytes and promoted osteocyte-mediated release of calcium in

a manner consistent with osteocytic osteolysis (48).

1.1.3  Skeletal site differences

As discussed above, the skeleton is comprised of a variety of bone structures and bone
formation varies between these anatomical sites. Although osteoblasts within these sites
are all differentiated from mesenchymal progenitor cells, osteoblasts demonstrate
different cell phenotypes not only related to the differentiation stage, but also to the
skeletal site from which they originated. Cell culture studies have shown that human bone
cells derived from mandibular bone exhibit decreased osteoblastic activities compared to
cells derived from iliac crest bone as evidenced by lower production of TNAP,
osteocalcin (OCN/bone y-carboxylate (Gla) protein (BGLAP) and a smaller response to
mitogenic stimulation in the mandibular bone cell group (49). A more recent study
compared the properties of trabecular bone from human iliac crest and lumbar spine,
which are different skeletal sites experiencing low and high levels of mechanical loading,

respectively. The authors reported that the osteoblast gene expression of COL1A4, RUNX2
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and BMP2, and osteocyte-specific genes including MEPE, SOST, DMPI and FGF23,
were all higher in lumbar spine than iliac crest (50). Additionally, VDR mRNA expression
was found to be 5-fold higher in the skull than in long bones of limbs, which could be one
of the reasons that bone from different skeletal sites responds differentially to vitamin D
(51). Such evidence suggests that different bone environments may contribute to
differential bone cell phenotypes amongst osteoblasts, however it is as yet unclear how

such phenotypic differences could be related to bone physiology or health.

1.2 Nutritional factors interacting with osteoblasts

1.2.1 Vitamin D

Vitamin D is critical for human health because of its important endocrine actions to
regulate plasma calcium and phosphate homeostasis (52). Previously, it was reported that
the deficiency of vitamin D is associated with higher risk of hip fracture in the elderly
(53) resulted from decreased bone mineral density (54). Vitamin D-related clinical studies
suggested also that the risk of non-vertebral fracture in the elderly was reduced by the

daily supplementation of vitamin D (55,56).

At the cellular level, numerous studies have also demonstrated that vitamin D exerts a
wide range of activities in various tissues including bone. Vitamin D can modulate bone
cell differentiation by regulating gene expression during bone modelling and remodelling
as well as directly regulate bone cell gene expression (52). In turn, bone cells, including
osteoblasts and osteoclasts, further regulate this process through the variation in
expression of vitamin D metabolising enzymes at various stages of their differentiation
(57) including synthesis or catabolism of the active form of vitamin D, la,25-
dihydroxyvitamin D (1,25D). However, the precise mechanisms, by which vitamin D

regulates osteoblast differentiation are yet to be fully elucidated.
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a) Vitamin D biology

The chemical structures in each step of vitamin D3 metabolism are shown in figure 1.2.1A.
The biosynthesis of vitamin D3, the form of vitamin D synthesised in vivo in animals,
occurs in keratinocytes and dermal fibroblasts following exposure to Ultraviolet B (UVB,
A 280-320nm) radiation present in sunlight; vitamin D3 is synthesised from 7-
dehydrocholesterol within the plasma membranes of these cells. With exposure to
sunlight, 7-dehydrocholesterol absorbs the energy from UVB causing a carbon ring
rearrangement to form pre-vitamin D3. Pre-vitamin D3 is then transferred across the
membrane and undergoes a further rearrangement into vitamin D3, which is
thermodynamically stable (58). Besides the production in keratinocytes, the other
important source of vitamin D is intake from foods, such as fatty fish and vitamin D
supplements. This source of vitamin D is especially important for aged people whose

synthesis of vitamin D in the skin is not as efficient as that in younger people (59).

The metabolism of vitamin D3 involves the initial hydroxylation on carbon atom 25 by
the liver, giving rise to 25-hydroxyvitamin D; (25D), which is the most abundant
metabolite of vitamin D3 in the circulation (59,60). The bioactive form of vitamin D3,
1,25D, is formed following hydroxylation in position 1 of 25D. This reaction is catalysed
by the cytochrome P450 enzyme, 25-hydroxyvitamin D-1-alpha-hydroxylase, encoded
by the gene CYP27B1 (60). 1,25D catabolism first involves C24-hydroxylation by the 25-
hydroxyvitamin D 24-hydroxylase (CYP24A1) to form 1,24,25-trihydroxyvitamin D3,
which is then modified through a series of further intermediates to calcitroic acid by the

same enzyme (60,61).

1,25D regulates gene expression through the binding of nuclear vitamin D receptor
(VDR). The 1,25D/VDR complex further interacts with specific DNA motifs termed

vitamin D response elements (VDREs) located either upstream or downstream of the
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promoter regions of vitamin D responsive gene and exerts enhancing or inhibitory effects
on the transcription of the target gene (62,63). Besides genomic regulation, 1,25D is also
thought to exert non-genomic effects on cells through the binding with VDR in plasma
membrane in a rapid responsive manner. This rapid response to 1,25D is thought to
mainly influence calcium channels within the plasma membrane (64) and suppress

mitogen-activated protein kinase (MAPK) pathways to modulate cell proliferation (65).

b) The endocrine role of vitamin D

Under healthy physiological conditions, the production from kidney is considered to be
the only source of circulating 1,25D. In the well-studied classical vitamin D endocrine
system, calcium and phosphate homeostasis is maintained by the endocrine activities of
circulating 1,25D. This complex interaction primarily involves the coordination of actions
of vitamin D and other calciotropic hormones on intestine, kidney, parathyroid glands
and bone (66). In the intestine, 1,25D is the principal factor controlling calcium and
phosphate absorption. The interaction of 1,25D with intestinal VDR directly induces the
expression of calcium binding proteins such as Calbindin 9K, which is the calcium
transcellular transport agent in the intestine; this captures calcium ions (Ca®") by
physically binding them and then transfers them through the enterocyte cytoplasm. At the
same time, it acts as a cytosolic buffer to protect the intestinal cells from the toxicity of
the increasing calcium level (67,68). In the kidney, the mechanism of calcium
reabsorption is similar to the 1,25D/VDR mediated process in the intestine, except that
the calcium transport protein involved is Calbindin 28K, whose expression is also up-

regulated by 1,25D (69).

Circulating 1,25D plays a role in regulating renal CYP27B1 and CYP24A1 activity in a
negative feedback loop. Within the renal tubule epithelium, 1,25D inhibits CYP27B1

transcription by a VDR-mediated mechanism through a previously identified vitamin D
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interacting repressor (VDIR) in the human CYP27B1 gene promoter (70). Furthermore,
1,25D dramatically induces the expression of CYP24A1 through multiple and powerful
positive VDREs which have been characterised in the CYP2441 gene promoters in
different species including rat, mouse and human (71-73). Through these negative
feedback responses on both CYP27B1 and CYP24A1 gene expression, the production and
inactivation of 1,25D are coordinated to regulate circulating 1,25D levels and avoid the

toxicity of high levels of 1,25D (74,75).

In the endocrine system, circulating 1,25D levels are increased by the action of
parathyroid hormone (PTH) on the proximal tubular renal cells under the condition of
hypocalcaemia. PTH is the key hormone that centrally regulates the extracellular calcium
level. In the parathyroid gland, the calcium sensing receptor (CaR) detects the calcium
concentration in extracellular fluid (ECF). When the calcium level decreases, PTH is
secreted and acts at the kidney to stimulate renal CYP27B1 expression by enhancing its
promoter activity through the cyclic AMP (cAMP) pathway (76). Correspondingly,
1,25D production is increased because of the increased levels of the CYP27B1 enzyme,
following which 1,25D acts to normalise blood calcium levels. At the same time, 1,25D
has a negative feedback response in the parathyroid gland by inhibiting the PTH synthesis

through acting on the negative VDRE in the PTH gene promoter (77).

1,25D is delivered to target tissues via the circulation to exert its endocrine actions. 1,25D
acts on osteoblasts to directly up-regulate the expression of RANKL through a VDR
mediated mechanism (78), apparently more so in immature osteoblasts (79). It should be
noted here that this information is based on an early study by our group (79) that examined
the 1,25D response in a human bone-derived population of primary cells, termed NHBC,
and the expression by these cells of the stromal marker, STRO-1 (80). Our recently

acquired knowledge of NHBC implies that they mostly derive from de-differentiated
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osteocytes and actually retain properties of pre-osteocytes, such as high levels of the
marker E11 (Dr. Gerald Atkins, University of Adelaide, unpublished data). Nevertheless,
these cells have been demonstrated to have mesenchymal progenitor-like properties (81)
but they may not be representative of a true bone marrow derived mesenchymal stem cell,
from which the most immature osteoblast arises. Thus the term ‘immature osteoblast’ in
this context should be considered in terms of the underlying plasticity of the
osteoblast/osteocyte lineage. However, at this ‘immature stage’ of osteoblast
differentiation, the factor responsible for suppression of the formation of osteoclasts,
osteoprotegerin (OPQG), is unaffected by 1,25D (79). Hence, in response to the elevated
level of 1,25D, the decrease in the OPG/RANKL ratio activates osteoclast formation and
maturation by RANKL, arising from osteoblasts, binding to the receptor activator of
nuclear factor kappa-B (RANK) on the surface of immature osteoclasts (82). This
mechanism would seem to be particularly important when calcium intake is low and the
blood calcium level needs to be restored to the normal level. At this point, PTH is also
secreted to stimulate the synthesis of 1,25D in the kidney, further activating

osteoclastogenesis and enhancing bone resorption (52).

¢) Non-classical actions of vitamin D

Although vitamin D has been defined as an important factor associated with the
maintenance of bone mineral density and reducing the risk of non-vertebral fractures
particularly in the elderly, the actual circulating vitamin D metabolite responsible for
these effects appears to be 25D and not the blood level of 1,25D (57). Results of studies
in 30 week-old rats found that with circulating levels of 25D between 20-115 nM, the
trabecular bone volume was positively related to circulating 25D concentration; but there
was no relationship between trabecular bone volume and either circulating 1,25D or PTH
(83). 25D has been demonstrated to directly activate the VDR only at the concentrations

of 500 nM or above (84). Such evidence suggests that the circulating 25D is essential for
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regulating bone remodelling by firstly being converted to 1,25D in situ to work through
the VDR ligand system. This concept links to the hypothesis that bone cells play a key
role in utilising and metabolising circulating 25D to synthesise 1,25D within bone tissue

in situ, regulating the bone remodelling process, which may include mineralisation.

There are considerable data confirming that the three major bone cell types, osteoblasts,
osteocytes and also osteoclasts, have the capability of catalysing the conversion of 25D
to 1,25D by the expression of CYP27B1 (85-97). The locally synthesised 1,25D was
claimed to interact with cells through autocrine (when 1,25D works within the cell that
generates the hormone) or paracrine (when 1,25D is released to the surrounding cells that
produces the hormone) activities (98). 25D has been shown to inhibit proliferation and
promote differentiation of bone marrow stromal cells (92) and a human osteosarcoma cell
line (85) through the conversion of 25D to 1,25D by CYP27B1. The ability of bone cells
to locally synthesise 1,25D and regulate cell differentiation suggests that vitamin D
activities within osteoblasts and osteoclasts could have intrinsic, direct effects,
independent of levels of exogenous 1,25D. A recent study suggests that a sufficient level
of 25D plays an important role to maintain normal osteoblast activity in chronic kidney
disease patient even when renal 1,25D synthesis is severely compromised (99). The same
group also claimed that 25D treatment restored the osteogenic potential of human MSCs
isolated from the elderly where osteogenic activities generally decline with aging. This
restoration of osteogenic activity also operates through the local conversion of 25D to
1,25D by MSCs (100). A large body of evidence indicates that the local production of
1,25D by osteoblasts could be essential in specific circumstance when circulating 1,25D
is insufficient. However, the exact physiological conditions and mechanisms, by which
the 1,25D/VDR system regulates the differentiation and maturation of osteoblasts in an

autocrine/paracrine manner remains to be fully elucidated (101).
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Studies on the global Vdr gene knockout (VDRKO) mouse as a model of ablation of the
1,25D activities through the VDR ligand system have supported the view that vitamin D
activity within bone cells or bone tissues is important. In VDRKO mice, the syndromes
of hypocalcaemia and hyperparathyroidism can be rescued and plasma calcium levels
normalised by feeding a ‘rescue diet’ containing 2% calcium, 1.25% phosphorus, 20%
lactose, and 2.2 units/g vitamin D (102).The VDRKO study by Panda and colleagues on
older mice at 4-months of age, demonstrated that although the femur length of these mice
was restored to that of wild-type mice by feeding the ‘rescue diet’, the mutant mice still
suffered significant loss of tibial trabecular bone volume. Moreover, bone marrow cells
from those 4-month old wild-type and mutant mice demonstrated in culture that the
number of mineral colony forming nodules by cells from mutant mice was markedly
reduced compared to that from wild-type osteoblasts (103). In that study, exogenous
1,25D was unable to restore the bone loss in mutant animals. To summarise, their data
suggest that VDR activity is important for normal osteoblastogenesis and also for the
maintenance of bone formation. However, in the global Vdr knockout model, it was
unclear whether the globally-deleted VDR activity responsible for the bone loss was in
the bone organ or in other, non-osseous organs. These authors finally suggested that a
tissue-specific knockout model would be preferable in order to uncover the possible

autocrine/paracrine role of vitamin D in the bone formation process (103).

Vitamin D activities in bone cells have also been demonstrated to regulate bone cell
biology using other animal models. A transgenic mouse model that over-expresses the
human VDR gene specifically in osteocalcin-expressing cells (OSVDR), which are
considered to be mature osteoblasts, demonstrated that with increased VDR activity in
osteoblasts, transgenic pups showed increased tibial bone volume and bone strength, by
a mechanism of increased bone formation and decreased bone resorption (104). A second

transgenic mouse model, in which the human CYP27BI gene is over-expressed in
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osteocalcin-expressing cells (OSC) has been developed by Drs. Andrew Turner, Paul
Anderson and Howard Morris in SA Pathology and the University of South Australia,
Adelaide, Australia. The mature osteoblasts in this model are expected to have an
increased capacity to convert 25D to the active form 1,25D. OSC mice also feature
increased bone volume in tibia and vertebrae (105). However, the detailed mechanisms,
by which these bone phenotypes arise in these two transgenic models are still not fully

understood.

Thus, there is a considerable amount of data to indicate that besides the traditional
endocrine effect, 1,25D also plays autocrine/paracrine role in the skeletal system and that
the autocrine/paracrine role of vitamin D is important for the regulation of bone cell
proliferation and differentiation (106). Further research into the autocrine/paracrine
action of vitamin D in bone cells is, however, required to characterise its role in bone
remodelling and requirements for an adequate vitamin D status necessary to maintain

bone health.

d) Vitamin D inhibits osteoblast proliferation

Following the initiation of bone remodelling by osteoclasts, osteoblasts migrate to the
bone remodelling surface and pass through a proliferation phase, as outlined previously
(see Section 1.2). 1,25D has been demonstrated to exert an anti-proliferative effect on
osteoblasts derived from foetal rat calvaria (107). Subsequently, a study using a human
osteosarcoma cell line showed that 1,25D inhibited this proliferative activity by
suppressing the mitogen activated protein kinase (MAPK) pathway via VDR signalling
(65). In a breast cancer cell line derived by induction of a tumour in the mammary gland
from VDRKO mice, it was confirmed that those cells did not respond to 1,25D in terms
of an effect on cell growth (108). A later study, however, claimed that in the human breast

cancer cell line, MCF7, the suppressive effect of 1,25D on proliferation was still active
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after the significant knockdown of VDR expression using short-interfering RNA (siRNA)
technology (109). Evidence in this area leads to the conclusion that 1,25D plays a role to
arrest growth of cells, including osteoblasts, acting via the VDR; however, how 1,25D

inhibits proliferation independent from VDR, is yet to be determined.

e) Vitamin D activity and osteoblast differentiation

Recently, new functions of 1,25D in the skeletal system have been uncovered. It has been
suggested that the vitamin D hormone modulates the expression of a very large number
of genes in vivo (possibly 10% of the genome) including genes involved in osteoblast
differentiation (110). As outlined above, 1,25D accelerates and enhances the process of
osteogenic differentiation. 1,25D treated human bone marrow-derived MSCs demonstrate
enhanced osteogenic activities as indicated by expressing higher RUNX2 transcriptional
activity and higher levels of TNAP and BSP (92). This activity of vitamin D on
osteoblasts has been confirmed by studies indicating that 1,25D enhances osteoblast
differentiation with up-regulation of mineralisation-related genes 7NAP and
OCN/BGLAP (111) and increasing the production of bone extracellular matrix vesicles
(112). However, vitamin D has also been suggested to exert an inhibitory effect on
osteoblasts in vitro and in vivo. One study showed that in avian osteoblast cultures, 1,25D
inhibited the production of Collal, Opn, Bglap, in a dose-responsive manner (113).
Another in vitro study, using the mouse osteoblastic cell line MC3T3-E1, showed that
with continuous exposure to 1,25D, mineral deposition was dramatically inhibited and

this was associated with a decrease in Tnap expression (114).

These contrasting data suggest that 1,25D is capable of playing both a promotional or
inhibitory role in osteoblast activity. Notably, the studies discussed above showing a
positive effect of 1,25D on osteogenesis utilissd MSCs or pre-osteoblasts in their

experiments; however, other reports demonstrating negative effects of 1,25D, utilised
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immature osteoblasts or osteoblastic cell line experimental models. Thus, there is the
possibility that 1,25D can exert different effects depending on the stage of osteoblast
differentiation. However, the detailed mechanisms, by which 1,25D interacts with

osteoblasts at any of their various stages is not fully understood.

A further complexity may be the skeletal site origin of osteoblasts, which may also
influence the effects 1,25D on osteoblasts. For example, when osteoblasts derived from
human trabecular bone from the proximal femur or tibia were cultured and treated with
1,25D, the expression of OCN in cells from the tibia was double the level compared to
the expression in cells derived from the hip (115). Later, the same group showed that not
only was the OCN response to 1,25D treatment related to the anatomical origin of the
cells, but the level of VDR expression was also different, such that cells from the tibia
expressed a higher level of VDR compared cells from the femur (116). These data suggest
that vitamin D responsiveness may differ from one anatomical site compared to another.
However, this needs to be confirmed by further studies. Also, the mechanisms by which
1,25D may act differently in osteoblasts depending on their stage of maturation or

anatomical site of derivation are unclear.

1.2.2  Extracellular calcium concentration

Besides vitamin D, extracellular calcium has been suggested to play an independent or
co-regulating role in the differentiation of osteoblasts. In 2004, experiments using
osteoblastic cells isolated from either foetal rat calvaria or using the mouse osteoblastic
cell line 2T3, suggested that changes in extracellular calcium concentration directly
altered the differentiation of osteoblast-like cells as evidenced by changes in cell
proliferation, Tnap expression and mineral deposition by the cultured cells (117). They
further demonstrated that the calcium sensing receptor (CaR) is expressed in osteoblasts

and is functional but with a different protein structure to the CaR in kidney. The osteoblast
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CaR is documented as being extremely sensitive to subtle changes in the extracellular
calcium concentration (117). Experimentation with MSCs showed an optimal calcium
concentration (1.8 mM) in culture media, for cells to demonstrate the highest levels of
TNAP enzyme activity and in vitro mineral deposition, compared to either lower or higher
calcium levels in media (118). A recent study also reported that increased calcium
concentration in human MSCs culture up-regulated the expression of the anti-apoptotic
factor, survivin and as a result promoted the differentiation of osteoblasts (119). A mutant
mouse model, in which the kidney CaR is globally ablated (CaR™") has been developed
(120). These knockout mice exhibit neonatal hyperparathyroidism, high blood calcium
levels and severely reduced bone mineral density, as well as growth retardation. A further
study claimed that these CaR”" mice demonstrated a bone phenotype of excessive amount
of un-mineralised osteoid in both trabecular and cortical bones and delayed mineralisation
in the growth plate. However, the formation of facial bones in knockout pups was
unaffected compared to wild-type littermates (121). Examination of CaR expression in
various tissues in wild-type pups revealed that the kidney CaR was also expressed at the
mRNA level in bone marrow and slightly in cartilage, but was not detectable at a high

level in OCN-expressing, mineralising bone tissues (121).

More recently, a tissue-specific CaR ablated mouse model was generated, in which only
cells expressing type I collagen were affected, to further investigate the relationship
between CaR and osteoblast function. The mutation strategy in that model was to excise
exon 7 of CaR, which would compromise both kidney and bone CaR protein activity. The
osteoblast-specific CaR”" mice were shown to exhibit severe retardation of skeletal
development and impaired bone mineralisation. Gene expression analysis of the knockout
mice was consistent with poor mineral deposition and the decreased expression of
osteoblast differentiation genes, Osx, Collal, Tnap, Bglap, Dmpl and Sost (122). The

same group extended their study by culturing osteoblasts from the osteoblast-specific
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CaR mutant mice. In vitro cultured osteoblasts from calvariae of one week-old mice
showed attenuated mineral nodule formation and decreased levels of differentiation

markers Collal, Bglap and Dmp1(123).

These findings confirm that an appropriate circulating calcium level, sensed by CaR, is
critical for endochondral bone formation during skeletal development involving
osteoblast differentiation. Extracellular calcium regulation of osteoblast differentiation
could also be dependent on particular anatomical sites within the skeleton or the
differentiation stage of the osteoblast. However, detailed information regarding the
mechanism of regulation of osteogenesis by extracellular calcium remains to be

elucidated, as does any interaction with vitamin D.

1.3 Conclusions and proposal for study

The data reviewed in this chapter demonstrate that vitamin D is capable of promoting
osteoblast differentiation in vitro and maintaining bone mass in vivo. As well, under
alternate conditions, vitamin D is capable of inducing bone loss and inhibiting mineral
formation by osteoblasts. These inhibitory actions have been proposed under conditions
where plasma levels of 1,25D are increased, which maximises the flow of calcium into

the plasma compartment from the intestine, the kidney, as well as the skeleton.

In vitro extracellular calcium alone also enhances osteogenesis by promoting the
differentiation process. However, it is unclear whether there is an interrelationship
between the effects of vitamin D and calcium on osteoblast differentiation. Furthermore,
osteoblasts of different skeletal origins demonstrate slightly different phenotypes and
different levels of responsiveness to vitamin D. How such variations contribute to the
overall osteoblast response to the vitamin D and extracellular calcium levels in

combination in vivo is intriguing. The generation of data that can address such questions
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and attempt to fill in such knowledge gaps will help to improve our understanding of

osteoblast biology and the molecular and cellular basis of bone-related diseases.

Aim of study:
The studies described in this thesis were undertaken to contribute to elucidating the
mechanisms, by which vitamin D and extracellular calcium modulate osteoblast

proliferation and differentiation and mineral deposition using in vitro cell culture systems.

Hypotheses:

These studies were based on the hypotheses that 1) vitamin D has differential effects on
osteoblast differentiation dependent on the level of VDR activity in cells and also the
stage of cell differentiation, and 2) calcium plays an enhancing role in osteoblast

differentiation either independently or in combination with vitamin D.

Approaches:

In vitro cell cultures: Cultures using cells derived from both calvaria and long bones were
set up to investigate the cell phenotype differences related to their differentiation stage
and skeletal origin. These cell cultures were also treated with vitamin D and calcium
combinations to investigate the effects of these two factors on osteogenic differentiation
at the molecular level. To confirm the dependency of the vitamin D effect on expression
of the VDR, cells derived from transgenic mouse models with VDR activity globally
knocked out (VDRKO) and mice with increased VDR activity in osteoblasts (OSVDR)
were employed. In both cases, cells from transgenic animals were compared to their wild-
type counterparts. To investigate the possible autocrine/paracrine role of 1,25D on
osteoblast differentiation, the cells from transgenic mice with overexpressed CYP27B1 in

osteocalcin expressing cells (OSC) were also compared to wild-type cells. As an
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endogenous source of the active hormone (1,25D), pre-hormone 25D was provided to

OSC cells.

Experimental readouts: Gene expression over an extensive time-course of osteoblast
differentiation and maturation was investigated to elucidate the effects of vitamin D
metabolism in the cell models and the effects of exogenous 1,25D on cell differentiation.
Gene analysis includes vitamin D metabolism/response genes, Cyp27b1, Cyp24 and Vdr;
osteoblast differentiation genes, Runx2, Osx, Col-1al, Tnap, Gjal, Opg, Rankl, Ocn, E11,
Mepe, Phex, Dmpl, Sost and Fgf23. In vitro mineralisation assays were also performed

as a direct readout of osteoblast activity.
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Chapter 2: Materials and Methods

2.1 Materials

2.1.1 Chemicals and reagents

SYBR Gold, Carboxyfluorescein succinimidyl ester (CFSE) dye, 10% buffered formalin
and Triton X 100 were sourced from Life Technologies (Mulgrave, VIC, Australia).
Acetic acid, alizarin red S dye, ammonia hydroxide, ascorbic acid, ascorbate-2-phosphate,
calcium chloride, dimethyl sulfoxide (DMSO), ethylenediaminetetraacetic acid (EDTA),
glycerol, paraformaldehyde, potassium hydroxide, silver nitrite, sodium chloride, sodium
thiosulphate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Calcitriol
(1o,25-Dihydroxyvitamin D3; 1,25D) and Calcifediol (25-Hydroxyvitamin D3; 25D)

were sourced from Wako Pure Chemicals (Osaka, Japan).

2.1.2  Molecular biology reagents

1Q CYBR Green Supermix was sourced from Bio-Rad (Gladesville, NSW, Australia).
Oligo-dT nucleotide primers (designed in-house) and dNTPs for the synthesis of
complementary DNA (cDNA) were sourced from Geneworks (Thebarton, SA, Australia).
TRIzol reagent, DEPC-treated water, Proteinase K, Agarose powder, Polymerase Chain
Reaction kit (including polymerase, 10X buffer, MgCl») and Superscript-III kit (including

0.1M DTT, 5X buffer, Superscript-1I1 enzyme) were sourced from Life Technologies.

2.1.3  Animals

All mice used in this project were backcrossed at least 6 times to pure C57BL/6 genetic
background. Genetically modified models including VDRKO (Vitamin D receptor global
knockout) (124) and OSVDR (Vitamin D receptor overexpressed in osteocalcin
expressing cells) (104) were compared to wild-type controls. VDRKO mice were sourced

from Jackson Laboratory, Bar Harbor, ME, USA. OSVDR mice were generously
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provided by Professor Edith Gardiner from Garvan Institute for Medical Research,
Sydney, NSW, Australia. All animals used were maintained in the animal facility of SA
Pathology. All usage of animals was approved by both the SA Pathology and The

University of Adelaide animal research ethics committees.

2.2 Nucleotide preparations

2.2.1 DNA extraction

Genomic DNA was extracted from both animal tissues and cultured cells. One piece of
soft tissue (approximately 5 mm?) or a minimum 1 x 10° cultured cells was required for
DNA extraction. DNA extraction lysis buffer (consisted 20mM Hepes-KOH (pH 7.9), 25%
Glycerol, 420mM NaCl, 1.5\mM MgCI2, 0.2mM EDTA, 0.5mM Dithiothreitol and
0.2mM PMSF) (500 pl) and proteinase K (final concentration of 200 pg/ml) were added
to soft tissue or cells to produce a lysate that contained released DNA. Soft tissue was
digested by proteinase K with an overnight incubation at 55°C and cultured cells were
digested for 10 minutes at 55°C to release DNA. Lysates were centrifuged at 12,000g for
10 minutes at room temperature to pellet debris. Supernatants were transferred to fresh 2
ml reaction tubes (Eppendorf, North Ryde, NSW, Australia) and mixed with of
isopropanol (500 ul) to precipitate DNA. DNA was pelleted by centrifuging at 8000g for
5 minutes at room temperature. Supernatants were then decanted and 70% ethanol (1 ml)
was added to each tube to wash DNA followed by centrifugation at 8,000g for 5 minutes
at room temperature. Washed DNA was dissolved in an appropriate volume (adjusted
DNA concentration to around 200 ng/ul) of TE buffer (consisted 10mM Tris-HCI1 (pH
7.5), 0.1mM EDTA) and then quantified using a Nanodrop 2000 Spectrophotometer
(Thermo Scientific). Purified DNA samples were stored at 4°C for short term and

preserved at -20°C over long term to avoid DNA denaturing.
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2.2.2 RNA extraction

A minimum of 1 x 10° cultured cells were preserved in 1ml of TRIZOL reagent (Life
Technologies) to generate a lysate containing released RNA. Cell lysates in TRIZOL were
frozen at -80°C for at least 30 minutes and then thawed to room temperature to ensure
complete lysis. Chloroform (1/5 of lysate volume) was added to each thawed lysate and
the solution mixed by gently inverting tubes. Samples were then centrifuged at 12,000g
at 4°C for 15 minutes to separate RNA from debris and genomic DNA. After
centrifugation, 300 pl of the upper phase liquid was transferred to fresh tubes and mixed
thoroughly with 600 ul of isopropanol. Glycogen (4 pg/sample) was added to promote
precipitation and the samples were then snap frozen at -80°C for at least 30 minutes to
precipitate RNA. The mixtures were thawed and centrifuged at 12000g at 4°C for 10
minutes to pellet RNA. RNA pellets were washed by adding 1ml of 70% ethanol and then
centrifugation at 12000g at 4°C for 5 minutes. Resulting RNA pellets were then air-dried
and dissolved in an appropriate (adjusted DNA concentration to around 200 ng/pl)
volume of DEPC-treated water. Dissolved RNA samples were stored at -80°C and always

kept on ice when thawed for experimentation.

2.2.3 ¢DNA synthesis

Reverse transcription (RT) reactions using purified total RNA as the template were
performed to synthesise cDNA. RNA samples were pre-quantified by Nanodrop 2000
Spectrophotometer. A standard amount of RNA from all samples was added to each RT
reaction (1 pg of RNA/20 ul volume of RT reaction). cDNA was synthesised in two steps

followed as per manufacturer’s instruction:

Step one: Identical amounts of RNA from each sample were separately combined with 1
pl oligo-dT primer (1 pg/pl) and 1 pl 10 mM dNTP. Then the volume of each mixture

was adjusted to a total volume of 16 ul with DEPC water in 200ul reaction tubes.
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Mixtures were pulse-centrifuged to ensure the liquid was at the bottom of the tubes and
incubated at 65°C for 15 minutes to denature the RNA and allow access of the oligo dT
primers. Immediately after the programme finished, all tubes were rapidly cooled to 4°C

to promote primer-RNA annealing.

Step two: While the above reaction was running, master-mix for the RT step was prepared
using Superscript-III kit (Life Technologies). Each single aliquot of master-mix contained
4 ul of 5X Superscript buffer, 1 ul of 0.1M DTT and 1 ul of Superscript-11I (200 units/pl)
enzyme. Master-mix (6 ul) was added to each reaction from step one and the mixture was
then allowed to react in a thermocycler with extension at 55°C for 60 minutes,
denaturation at 70°C for 15 minutes and rapidly cooled to 4°C. Synthesised cDNA

samples were stored at -20°C until used for PCR.

2.2.4 Conventional PCR (Polymerase Chain Reaction)

Conventional PCR reactions followed by gel electrophoresis separation were used for the
genotype determination of VDRKO animals. Each single PCR reaction mixture contained
1X PCR buffer, 2 mM MgCl,, 40 nM dNTPs, 250 nM forward and reverse primers (if
more than two primers were required, each primer concentration were identical), SU of
polymerase and 40ng of DNA template. All the reaction mixtures were adjusted to a total
volume of 25ul by DEPC-water. PCR reactions followed a programme consisting of
denaturation at 94°C for 5 minutes, followed by 35 cycles of 94°C for 1 minute, annealing
at a temperature according to each pair of primers used for 30 seconds, and extension at
70°C for 30 seconds, ending with a final extension at 70°C for 5 minutes and cooling to
10°C. PCR products were loaded onto 1% w/v agarose gels casted by TBE buffer
(consisted 90mM Tris, 90mM Boric acid and 2.5 mM EDTA (pH 8.3)) and
electrophoresed at 110V for 30 minutes. Gels were stained with SYBR Gold dye for 15

minutes and DNA products visualised under UV light.
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2.2.5 Real-time PCR

Real-time RT-PCR reactions were performed to determine the copy number of a specific
mRNA species within the cell transcriptome. The mRNA level of the gene of interest was
normalised to that of the housekeeping gene [-actin, which was predicted to be relatively
constant in cells. Each of the real-time PCR reactions contained 5ul of iQ CYBR Green
Supermix (2X), 250nM forward primer and 250nM reverse primer, 1l of cDNA template
directly from each of the RT reaction. All the reagents were added to 100ul PCR tubes
and each of the mixtures were to a 10ul total volume. Amplification was performed in a
Rotor-Gene 2000 thermocycler (Corbett Research) using the programme of 95°C for 5
minutes, [35 cycles of 95°C for 1 minute, annealing temperature (60°C for all the real-
time PCR primer sets used in this study) for 30 seconds, 70°C for 30 seconds], 70°C for

5 minutes, melt curve analysis. The primer sequences and related information for real-

time PCRs are listed in table 2.2.5

Data were analysed using the ACT method (125) formula of 2*-(CT gene of interest)/2"-
(CT B-actin), where the CT value represented the cycle threshold number, being the cycle,

at which log-linear amplification was achieved.

2.3 Isolation of osteoblasts

2.3.1 Osteogenic growth media

Media supporting cell growth without cell differentiation, consisted of a-Minimal
Essential Medium (a-MEM) plus 10% v/v fetal bovine serum (FBS) (Thermo Scientific,
Scoresby, VIC, Australia), tissue culture additives (100 U/ml penicillin, 100 mg/ml
streptomycin and L-glutamine (2 mM), manufactured by SA Pathology media production

unit).
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2.3.2 Osteogenic differentiation media

Media supporting osteogenic differentiation consisted of a-MEM plus 10% v/v FBS (for
differentiation of calvaria-derived cells) or 2% v/v FBS (for differentiation of MLO-AS),
antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin), L-glutamine (2 mM), 10

mM B-glycerol phosphate and 50 pug/ml ascorbic acid.

2.3.3 Isolation of osteoblast-like cells from neonatal mouse calvarial bones

One to three day old mice were used for acquiring primary osteoblast-like cells from
mouse neonatal calvaria following a method kindly provided by Dr. Hong Zhou (ANZAC
Institute, Concord, NSW, Australia). Two pieces of calvariae from the top of the skull
were dissected and gently cleaned by scalpel. Calvariae from 4-7 pups aged 1-3 days of
the same mouse genotype were pooled to perform 6 sequential enzymatic digestions in a
50 ml polypropylene reaction tube, in digestion fluid consisting of 1 mg/ml Collagenase-
I (Life Technologies) plus 2 mg/ml Dispase (Life Technologies) in PBS. The liquid
fractions from each digestion containing released osteoblasts were labelled F1-F6, and

were collected by the following protocol:

Digestion 1: 3ml of digestion fluid was added to calvarial bones in each of the 50 ml tube.
Tubes were incubated in a 37°C shaking water bath at 200 rpm for 5 minutes. Cells
released in F1 are mostly fibroblastic cells associated with the bone surface and hence F1

was discarded.

Digestion 2-6: Further 3ml volumes of digestion fluid were added to bones in each of the
Falcon tubes. Tubes were incubated as above, whereupon the supernatants were collected
and stored on ice until the procedure was completed. This step was repeated 5 times.

Fractions F2-F6 were considered the fractions containing osteoblastic cells.
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Fractions F2-6 were pooled and washed 3 times with PBS and centrifugation at 300g for
5 minutes to completely remove the enzyme solution. Resulting primary osteoblast-like
cells were seeded in 24-well plates at a density of 1 x 10* cells/well or for 6-well plates,
at a density of 5 x 10* cells/well, in 0.5 ml and 1 ml/well, respectively, of osteogenic
growth media. Calvarial osteoblast-like cells were used for experimentation without

passaging to avoid any major changes of cell phenotype.

2.3.4 Cryopreservation and thawing of cells

Cells were frozen for preservation over the long term in liquid nitrogen. Aliquots of 1 x
10° cells were resuspended in 1 ml a-MEM containing 20% v/v FBS and 10% v/v DMSO
at 4°C and distributed into 2 ml cryopreservation ampoules (Thermo Scientific).
Ampoules were placed in a plastic rack at ambient temperature enclosed in a polystyrene
box, which was then placed in a -80°C freezer, an in-house designed protocol which
effectively ‘rate froze’ the cells. For long-term storage, cells were then transferred to
liquid nitrogen. When frozen cells were required for experimentation, a frozen vial was
rapidly thawed in 37°C water bath. Cells were then gently supplied drop-wise with 1 ml
of a-MEM containing 2% v/v FBS and incubated at room temperature for 5 minutes. The
volume of cell suspension was then doubled by PBS drop-wisely. The cell mixture was
washed by PBS 3 times with cells harvested by centrifugation at 300g for 5 minutes to
remove DMSO at each wash. Washed cells were cultured in fresh osteogenic growth

media for experimentation.

2.4 Histochemical staining
2.4.1 Alizarin Red staining
For the analysis of calcium incorporation into the extracellular matrix, Alizarin Red

staining was used. For this, cells in each well of a 24-well plate were washed by PBS
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once, and then fixed at room temperature for 1 hour by 200 ul of 10% v/v buffered
formalin. Formalin was then removed by washing with PBS. Following this, 250 pl 0of 2%
w/v Alizarin Red S solution was added to each well to stain for calcium ions over 5
minutes. Excess dye was removed by washing with water, following which the plates
were photographed. The amount of mineral deposited in each well was quantified by
measuring the level of Alizarin Red staining. For this, 500 ul of 10% v/v acetic acid was
added to each well for 30 minutes at room temperature to dissolve the stain. Supernatant
from each well was transferred to fresh 1.5 ml reaction tubes. Cell debris was pelleted by
centrifugation at 20,000g at 4°C for 15 minutes. Each cleared supernatant was adjusted to
pH 4.1-4.5 using 10% v/v ammonia hydroxide (usually 150 pl of Alizarin Red in 10%
v/v acetic acid required 30pl of 10% v/v ammonium hydroxide) in flat bottomed 96-well
plates. Samples were analysed by a plate spectrophotometer at 405nm. The absorption at
405 nm quantified the Alizarin Red staining for each sample, which represented the level

of calcium deposition in each culture (126).

2.4.2 Von Kossa staining

As an additional readout of mineralisation, cultures were stained using a modified Von
Kossa protocol to visualise deposited phosphate. For this, cultures were fixed in 200 pl
of 10% v/v buffered formalin for 5 minutes. Formalin was then removed by washing three
times in RO water. Following this, 250 ul of 1% w/v silver nitrate solution was added to
each well to stain phosphate for 1 hour under exposure to strong white light (by placing
the plate under a 100 W light bulb). Excess silver nitrite was then removed by gentle
rinsing in RO water and then 250 pl of 2.5% w/v sodium thiosulphate was added to each
well for 10 minutes to precipitate the silver phosphate complex. All wells were finally
rinsed with RO water twice to remove excess staining reagents. The intensity of the silver
sulphide precipitation in brown/black was proportional to the degree of phosphate

deposition in the cultures (127).
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2.5 Osteoblast proliferation assay

In order to assay cell proliferation, a modified CFSE staining technique was used (85), in
which daughter cells each contain 50% of the parental level of CFSE stain, which can be
assessed by flow cytometry (128). For this up to 1 x 107 of MLO-AS cells were
resuspended in a volume of 1 ml PBS containing 0.1% w/v BSA. Note that this reaction
is not cell density dependent but rather volume-dependent. CFSE was supplied to the cells
at a concentration of 20 uM at 37°C for 15 minutes. Staining was quenched by rapidly
transferring the tubes to wet ice. Excess CFSE was removed by washing in PBS (40 ml)
with centrifugation at 300g at room temperature for 5 minutes. Cells were then seeded in
osteogenic differentiation media for experimentation. CFSE labelled MLO-AS5 cells were
cultured under osteogenic differentiation media supplied with 25D or 1,25D treatments,
as indicated, for 5 days. 2 x 10* cells were seeded into each well of a 12-well plate on
Day 1. Fresh media were supplied to all wells on Day 3. On Day 5, media were removed
and the cells rinsed in PBS. Cells were detached in 0.1% w/v trypsin with 5 mM EDTA
and incubation at 37°C for 5 min. Cells from each well were then washed with PBS and
then fixed in of 2% w/v paraformaldehyde (200 pl/well) at 4°C before flow cytometric
analysis (85). 1 x 10° unstained cells were fixed directly in 200ul of 2% w/v
paraformaldehyde as unstained flow cytometry control. Flow cytometry results were
analysed by ModFit 3 software (Verity Software House, Brunswick, ME, USA) to

calculate the percentage of proliferation of each treatment group.

2.6 Osteoblast differentiation and mineralisation assays

Osteoblast-like cells were seeded into 6-well plates for differentiation assays for gene
expression analysis and into 24-well plates for mineralisation assays. Cells were seeded
in growth medium at 50% confluence (5 x 10* cells into each well of a 6-well plate in 2

ml or 1 x 10* cells into each well on 24-well plate in 0.5 ml) for 3 days to just achieve full
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confluence, which was then taken as day 0 of differentiation. At this time, osteogenic
differentiation media were supplemented with the appropriate vitamin D treatment (25D
or 1,25D) combined with appropriate calcium treatment (1.8mM or 2.8mM total Ca*").
All cultures were supplied with fresh media every 72 hours until Day 24. On Days 3, 9,
15 and 24, cultures in 6-well plates were treated with TRIZOL reagent to preserve mRNA;
cultures in 24-well plates were used to perform Alizarin Red and Von Kossa staining to

visualise mineral deposition.
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Chapter 3

Differential effects of 1,25-dihydroxyvitamin D on mineralisation and

differentiation in two different types of osteoblast-like cultures

As published in the Journal of Steroid Biochemistry & Molecular Biology, 2013

With the erratum to “Differential effects of 1,25-dihydroxyvitamin D on mineralisation
and differentiation in two different types of osteoblast-like cultures” [J. Steroid

Biochem. Mol. Biol. 136 (2013) 166—170]

The aim of this chapter was to identify osteoblast culture models that can respond to
1,25D treatment and to address the controversy on the different and apparently
contradictory cellular actions of vitamin D on osteoblasts. The rationale behind this study
was that at least some of the controversy in the field may be due to the different cell
models used in particular studies. Thus, the approach here was to attempt to compare the
response to vitamin D metabolites in both primary calvarial osteoblasts and primary
cortical bone derived osteoblasts. The neonatal calvarial osteoblast model is well
established and the Candidate learned the technique in the laboratory of Prof. Hong Zhou,
ANZAC Research Institute, Concord, NSW, Australia. The long (cortical) bone
osteoblast model was developed in-house by the Candidate, and studies were performed
and the results published in good faith with the assumption that the cortical bone cells
were actually primary long bone osteoblasts. These latter cells were further investigated
by the Candidate and it was noticed that despite possessing the property of differentiation
and in vitro mineralisation, they displayed qualities of a cell line, in that they could be
repeatedly passaged. It should be noted that human bone-derived primary osteoblasts can
also be passaged as many as 7-10 times without markedly changing their phenotype (G.

Atkins, unpublished observations). Subsequent investigations however, outlined in
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Appendix I, confirmed that the cells in question were MLO-AS cells. The findings and
interpretation of the study were considered still valid, since MLO-AS cells were originally
also isolated from a long bone pool of cortical osteoblasts. After consultation with the
Editor-in-Chief of the Journal of Steroid Biochemistry and Molecular Biology, an erratum
was submitted and subsequently published by the journal. The finding of a differential
role of 1,25D on osteogenic differentiation is presented here in published format with the
correction to clarify the termed “Cortical cells” in this study is the cell line MLO-AS, as

shown in Appendix I.
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In osteoblast cultures, 1,25-dihydroxyvitamin D (1,25D) has been shown to play either catabolic or
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1. Introduction

Osteoblastogenesis is essential for bone formation requiring
a sequential process of cell proliferation and maturation [1].
Immature osteoblasts are capable of proliferating and express-
ing genes required for synthesis of extracellular matrix compared
to mature osteoblasts which exhibit activities required for min-
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eral deposition. A proportion of these mature cells will become
embedded in the matrix, forming an osteoid- or pre-osteocyte, and
finally differentiate into mature osteocytes embedded in mineral.
Understanding the process of osteoblast differentiation and miner-
alisation is important for elucidating the cellular activities required
for bone health and a number of in vitro models have been utilised
[2].

Numerous studies have demonstrated an interaction between
vitamin D activity and osteoblast differentiation with the expres-
sion of a multitude of osteoblast genes directly regulated by
1,25-dihydroxyvitamin D(1,25D) [3]. However there remains con-
siderable controversy regarding whether the overall activity of
1,25D s catabolic or anabolic for bone. 1,25D was reported to inhibit
proliferation and enhance differentiation of osteoblasts isolated
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Table 1
Primer sets used for real-time PCR for gene amplification.
Gene Sequence (5'-3")
TNAP Forward: TCCTGACCAAAAACCTCAAAGG
Reverse: TGCTTCATGCAGAGCCTGC
B-Actin Forward: AGGGTGTGATGGTGGGAAT
¢ Reverse: GCTGGGGTGTTGAAGGTCT
! Forward: AGGCATAAAGGGTCATCGTG
Col-IAT Reverse: CGTTGAGTCCGTCTTTGCCA
MEPE Forward: CCTGAAGGTGAATGACGCCAGA
Reverse: TGCTCCTGTCTTCATTCGGCATT
OCN Forward: AGACCTAGCAGACACCATGA
Reverse: GAAGGCTTTGTCAGACTCAG
0SX Forward: GCGTCCTCTCTGCTTGAGG
Reverse: GGCTTCTTTGTGCCTCCTTTC
RANKL Forward: TGAAGACACACTACCTGACTCCTG
Reverse: CTGGCAGCATTGATGGTGAG
RUNX2 Forward: CACAAGGACAGAGTCAGATTACAGAT
Reverse: CGTGGTGGAGTGGATGGAT
VDR Forward: CTGAATGAAGAAGGCTCCGAT

Reverse: AAGCAGGACAATCTGGTCATCA

from rat calvaria in the early 1990s [4]. The response of osteoblasts
to 1,25D appears to depend on the stage of osteoblast matura-
tion, with preferential induction of the catabolic factor, receptor
activator of nuclear factor kappa B ligand (RANKL), in osteoblast
cultures related to an immature phenotype rather than a mature
phenotype [5]. In the osteoblastic cell line MC3T3-E1, 1,25D had
pro-anabolic activity by enhancing the production of matrix vesi-
cles and mineral deposition [6]. Osteogenesis, as measured by
mineral deposition in vitro, is a critical readout of osteoblast differ-
entiation and maturation. In vitro mineralisation by VDR-null mouse
primary calvarial cells was enhanced compared to wild type cells
[7], while mineral nodule formation by primary bone marrow cells
was reduced by the ablation of vitamin D activity [8]. To address
the controversy around the role of vitamin D activity on in vitro
osteogenesis, we examined the effects of 1,25D on two types of
mouse primary osteoblast-like cells either extracted from neona-
tal calvariae or derived from pre-pubertal mouse cortical bone. We
report here that 1,25D acts on these two types of osteoblast popu-
lations distinctly, including effects on mineral deposition and gene
expression.

2. Materials and methods
2.1. Isolation of osteoblasts from juvenile mouse cortical bones

Explant cultures of osteoblast-like cells were derived from
mouse long bones [9]. Femora and tibiae from 4-week old C57BL/6
mice were excised and all connected soft tissue removed with
a scalpel. Bone marrow was removed by flushing with PBS
through a syringe after removal of growth plate regions. Dia-
physeal cortical bone was then minced into ~1mm3 pieces
and digested by 2 mg/ml of collagenase-I (Invitrogen, Australia)
at 37°C for 1h. Cortical bone chips were incubated in o-
Minimal Essential Medium («MEM) (Invitrogen, Australia) with
10% Foetal Calf Serum (FCS) (Hyclone, Australia), antibiotics
and L-glutamine. The osteoblast-like cells which grew from
the bone chips were passaged to provide sufficient cells for
experimentation.

47

5-.
COL-IA1
S
g 1
E
=
5%
<
Z 2
<
g 1 *
[§] I__I__I
0_
CALVARIAL CORTICAL
4x10-2+
TNAP
< —*
Z 3x1074
E
=
G 2x102-
<
=
< 1x102
=
0 CALVARIAL CORTICAL
2.5x10-19
OCN
*%
1 —
< 2.0x10
o
£
Z 1.5x104
==
(8]
<
A 1.0x10"1
=
Q
O 0.5x10"4
0
CALVARIAL CORTICAL

Fig. 1. Calvarial cells express a gene profile consistent with an immature osteoblast
phenotype compared to cortical cells. Ratios of Col-IA1, TNAP and OCN mRNA
species to [3-actin mRNA from calvarial cells (closed bar) and cortical cells (open
bar) (mean & SEM, n=3; *p<0.05; **p<0.01).

2.2. Isolation of osteoblast from mouse neonatal calvarial bones

Calvaria were dissected from 1 to 3 day old C57BL/6 mouse
pups and carefully cleaned with a scalpel [10]. Multiple calvariae
were pooled and subjected to sequential enzymatic digestion
using collagenase-I (1 mg/ml) and dispase (2 mg/ml) (Invitrogen,
Australia) for 10 min at 37°C in a shaking water bath. After this
time, cells were collected and the digestion protocol repeated 6
times in total. Cells pooled from digests 2-6 were used as primary
cultures.

2.3. Differentiation assays

Cells were seeded into 24-well plates at a density of
3 x 10% cells/well and cultured in growth media, comprising of
aMEM (Invitrogen) with 10% FCS (Hyclone), antibiotics and L-
glutamine, for 3 days to reach 100% confluence. Cells were then
cultured in differentiation media comprising growth media con-
taining 50 mg/ml ascorbic acid (Sigma-Aldrich, St Louis, MO, USA)
and 10mM [-glycerol phosphate (Sigma). Fresh differentiation
medium was supplied to cultures every 72 h with either 1,25D
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Fig. 2. mRNA expression of RUNX2 (A) and OSX (B) by calvarial cells (left column) and cortical cells (right column) treated with vehicle (broken line) and 1 nM 1,25D (solid
line) (mean + SEM, n=3).

(1 nM, Wako, Japan) or vehicle (0.1% ethanol final concentration)
added at each media change. In vitro mineralisation was visualised
by staining with Alizarin Red. The alizarin-calcium complex was
dissolved in acetic acid, neutralised to pH 4.2 with ammonium

hydroxide, and quantified by measuring absorption at 405 nm in
a spectrophotometer.

Total RNA was extracted from the cell cultures using the tri-
zol method (Invitrogen) and cDNA synthesised (superscript III) to
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Fig. 3. Calvarial cells deposit less mineral, which is further reduced with 1,25D treatment, compared with cortical cells. In vitro mineralisation by calvarial cells (left) and
cortical cells (right) treated with vehicle (broken line) and 1 nM 1,25D (solid line) (mean -+ SEM, n = 3; effect of 1,25D treatment: **p <0.01; effect of time: ##p <0.01).
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measure the expression of genes of interest using real-time PCR.
The primer sets for each gene are listed in Table 1. Each experi-
ment was conducted in triplicate and repeated on three occasions.
Gene expression was normalised to that of the housekeeping gene,
[B-actin.

2.4. Statistics

All data were analysed by GraphPadPrism 5.04 (Graphpad Soft-
ware, San Diego, USA). t-Tests were used to analyse data from single
time point experiments. Two-way ANOVA, followed by Bonferroni
post-tests, were used to assess the effect of 1,25D treatment in
long-term cultures.
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3. Results
3.1. Characterisation of cells

At 100% confluence, the relative mRNA level of type-I collagen
alpha 1 (Col-IA1) in calvarial cells was 3-fold higher than in cortical
cells (p<0.05), whereas the expression of tissue non-specific alka-
line phosphatase (TNAP) and osteocalcin (OCN) in cortical cells was
5-fold (p <0.05) and 30-fold (p <0.01) higher, respectively, than in
calvarial cells (Fig. 1).

Expression levels of early osteoblast transcriptional factors
RUNX2 and OSX were initially relatively high in cortical cells and
reduced with time, whereas levels in calvarial cultures remained
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unchanged. The expression of RUNX2 and OSX mRNA was unaf-
fected by 1,25D (1 nM) treatment in both cell types (Fig. 2A and
B).

3.2. In vitro mineralisation and response to 1,25D

The level of mineralisation in cortical cell cultures over 21 days
was 6-fold greater than in calvarial cell cultures after 24 days.
Moreover, the mineralisation in cortical cell cultures was not sig-
nificantly impacted by 1,25D treatment while mineral deposition
in calvarial cell cultures was inhibited by 1,25D (p<0.01), and by
day 24 was reduced by 28% (p<0.01) (Fig. 3).

3.3. 1,25D effects on gene expression

In calvarial cell cultures, relative mRNA levels of matrix extra-
cellular phosphoglycoprotein (MEPE) showed a significant increase
over time (p<0.05) while VDR showed a trend to increase over
time (p=0.082). Relative RANKL mRNA levels did not change with
time (p=0.23). VDR and RANKL mRNAs were further significantly
induced by 1,25D treatment (p<0.01) while MEPE mRNA was
unchanged (p=0.13 at 24 days) (Fig. 4A-C). Notably, the relative
level of RANKL mRNA expression in calvarial cultures was 1000-fold
higher than in cortical cells (Fig. 4B).

In cortical cell cultures, the mRNA levels of VDR and RANKL were
detectable but unaffected by incubation with 1,25D (Fig. 4A and B).
The expression of MEPE was undetectable in cortical cultures (data
not shown) in the presence or absence of 1,25D.

4. Discussion

Our results show that two different mouse primary osteoblast
preparations used in this study had different properties prior to
in vitro differentiation, suggesting that the calvarial preparation
represents a more immature osteoblast phenotype than the corti-
cal preparation. Compared to calvarial cells, cortical cells expressed
less Col-IA1 but more TNAP and OCN mRNA. At early stages of
differentiation, osteoblasts express more Col-IA1 mRNA synthesis-
ing extracellular matrix than in the post-matrix producing period,
when the expression of TNAP, an enzyme that degrades the potent
mineralisation inhibitor pyrophosphate, is increased enabling min-
eralisation to proceed [11]. OCN is defined as a mature osteoblast
marker [12,13]. The ability of cortical cells to deposit mineral in vitro
was significantly enhanced compared to calvarial cells consistent
with the difference in their apparent stage of maturation. More-
over, the ability of the pro-catabolic gene RANKL to be induced by
1,25D in calvarial cultures is also consistent with these cells repre-
senting a more immature osteoblast model than the cortical cells
[5].

The osteoblast gene product MEPE, which increased with time
in the calvarial cell cultures, exerts a post-translational, inhibitory
role on osteoblast mineralisation [14,15]. Furthermore when cul-
tures were treated with 1,25D, the levels of VDR and RANKL mRNAs
were increased in calvarial cells but not in cortical cells. This pro-
catabolic, anti-anabolic gene expression profile in calvarial cultures
is consistent with the overall lower levels of mineral deposition by
these cells and the inhibitory effect of 1,25D compared with the 6-
fold greater level of mineral deposition and the absence of a 1,25D
effect in cortical cells.

Our findings suggest that the interpretation of data from in vitro
osteoblast models requires characterisation of the maturation stage
of the cell preparations under study. Each culture type displays
a particular differentiation potential and phenotypic profile. Fur-
thermore 1,25D, an important regulator of osteoblast activity, also
has distinct effects at different stages of osteoblast differentiation.
Thus, interpretation of datarelated to the activities of 1,25D on bone
cells must also be made in the context of the maturation stage of
the osteoblasts. It is possible that at least some of the differential
response to 1,25D was due to the different skeletal sites from which
the cultures originated. It is interesting from this point of view that
the skull is protected from the age-related bone loss observed in
the axial skeleton; it will be of interest in future studies to com-
pare directly the effect of vitamin D on cranial and axial skeletal
bone mass. The findings presented here suggest that the choice of
osteoblast modelis critical to the outcome of studies into osteoblast
differentiation and their response to 1,25D.
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Chapter 4: The regulation of osteogenic differentiation of calvaria-
derived osteoblasts in response to 1,25D and calcium, and the influence

of the level of VDR expression

4.1 Introduction

As described in Chapter 3, neonatal calvarial-derived osteoblast-like cells (Calvarial cells)
respond to chronic 1,25D treatment in a catabolic manner, as indicated by inhibition of
mineral deposition and increased Rankl mRNA expression. In this chapter, data are
reported on the effects of VDR activated by physiological and pharmacological levels of
1,25D on the ability of Calvarial cells to differentiate and deposit mineral under the
standard extracellular calcium concentration (1.8 mM) included in the culture medium
generally used for osteogenesis assays, and media with increased extracellular calcium

(2.8 mM) levels.

Also in this study, Calvarial cells were isolated and examined from two genetically-
modified mouse models, the global VDR knockout (VDRKO) and another mouse strain,
designated OSVDR, in which the human VDR gene is over-expressed under the control

of the human osteocalcin gene promoter.

In VDRKO mice, the Vdr gene, and therefore VDR activity, is globally ablated. Data
from two independent research groups, each of whom contributed to the generation of
one distinct mouse line of this model, confirmed that mice lacking VDR activity
developed osteomalacia after weaning at 3-weeks of age (124,129). At slightly older ages
these mice also developed alopecia. Amling ef al., demonstrated that by feeding animals
a ‘rescue diet’ containing 2% calcium, 1.25% phosphorus, 20% lactose, and 2.2 units/g
vitamin D from weaning until 10 weeks of age, the bone phenotype, including bone

volume and strength, was ‘rescued’ to the level of wild-type littermate controls. This
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rescue was achieved as a result of normalisation of circulating calcium and phosphate
levels (130). Osteoblasts derived from the calvariae of 3-day old VDRKO mice
demonstrated a higher level of osteogenic differentiation and formation of mineral
nodules in vitro, compared to cells from wild-type mice (131). Bone marrow cells from
18-day old VDRKO and wild-type mice were shown to have a similar capacity for
osteogenesis in vitro, with similar levels of alkaline phosphatase enzyme activity and gene
expression of Opn, Bsp and Ocn (132). However, an earlier study by Panda et al. (103)
reported that formation of mineral nodules by bone marrow cells from 4-month old
VDRKO mice was significantly decreased compared to cells from wild-type littermates.
They suggested that VDR activity may be particularly important to bone in older animals.
The controversy surrounding the role of VDR activity in osteoblast differentiation has

continued since discordance between these publications remains unresolved.

The characterisation of the OSVDR mouse model was first published in 2000 (104).This
transgenic model was created in mice with the FVBN genetic background. OCN was
suggested to be a marker of the differentiation and maturation of osteoblasts (133) and
human OCN promoter activity was previously shown to be enhanced by 1,25D
stimulation, acting via a classical VDRE (134). As such, the over-expression of human
VDR in the OSVDR model is presumably restricted to mature osteoblasts and osteocytes,
and the expression is expected to be further up-regulated by 1,25D treatment.
Phenotypically, this model features increased bone volume at cortical and trabecular
bones sites, as well as increased cortical bone strength (104). Thein vivo data for this
model suggested that the bone phenotype at cortical sites was associated with an elevated
periosteal mineral apposition rate that was contributed by the activity of mature
osteoblasts. The transgene was found to be expressed in cuboidal osteoblasts, osteocytes
and lining cells in OSVDR mice. The enhanced VDR production in osteoblasts and/or

osteocytes was proposed to be the factor that altered the attributes of the cortical bone in
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this transgenic model (104). However, in contrast, the trabecular bone phenotype was
attributed to a reduction in osteoclast surface and bone resorption, but with bone
formation rate unchanged in trabecular sites (104). Recently, the OSVDR model has been
characterised by our group on a second genetic background, C57BL/6, and the original
skeletal phenotype has been confirmed (135). This important finding reinforces the
concept that increased VDR activity in mature osteoblasts is responsible for the increased
bone mineral phenotype. Further characterisation of the OSVDR mouse on the original
FVBN genetic background has demonstrated that osteoblasts from OSVDR mice exhibit
reduced capability to support osteoclastogenesis when co-cultured with human
monocytes, compared with wild-type osteoblasts in vitro; in addition, osteoclast activity
was reduced in OSVDR bone in vivo. These observations were attributed to the
maintenance of OPG expression in the face of increased VDR signalling in this model
(136). However, in both previous OSVDR studies, the cellular mechanism, by which
increased VDR activity in osteoblasts modified the osteoblast phenotype was not

elucidated.

In this study, primary, calvaria-derived osteoblast cultures from WT, VDRKO and
OSVDR mouse models, representing normal, depleted and increased levels of Vdr gene
expression, respectively, were utilised to examine the interaction between the
1,25D/VDR system and osteoblast differentiation. This approach offered the ability to
collect data from each model simultaneously, thus eliminating some of the potentially
confounding technical influences (e.g. sample preparation, observer error, variation due

to specific cell culture conditions) on experimental outcomes.

4.2 Experimental methods
The VDRKO mouse line on the C57BL/6 genetic background was fed the ‘rescue diet’,

discussed above, after weaning in the animal facility of SA Pathology (Adelaide, SA,
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Australia). This mouse line was maintained by mating homozygous VDRKO (Vdr”)
males with heterozygous knockout (Vdr*") females. This breeding strategy resulted in
generation of pups only of the Vdr”"and Vdr*-genotypes. The genotype of the pups was
determined by a conventional PCR followed by electrophoresis gel visualisation, as
described in Section 2.2.4.

The following three PCR primers were added to PCR reactions:

1) 5'-CTCCATCCCCATGTGTCTTT-3'

2) 5"-TTCTTCAGTGGCCAGCTCTT-3’

3) 5'-CACGAGACTAGTGAGACGTG-3'

Primers 1) and 2) targeted the intact Vdr genomic DNA sequence by producing an
amplicon of 382 bp. Primers 2) and 3) targeted the mutated Vdr DNA sequence by
producing an amplicon of 500 bp, which included part of the replacement cassette of exon
3 in the Vdr gene. PCR reactions with a single amplicon of 500 bp indicated the Vdr™”"
genotype, as only the mutated Vdr gene sequence was present; PCR reactions with both
500 bp and 382 bp amplicons indicated the Vdr'" genotype, as each of the mutant and
intact alleles of Vdr gene were present (Fig. 4.2A). In addition, Vdr”~ males and females
were mated for the breeding of pure Vdr”" litters, which were used for calvarial cell

isolation.

The OSVDR mouse line on the C57/BL6 background was bred in the same animal facility
(SA Pathology), during which time they were fed a standard chow diet. The mouse line
was maintained by breeding hemizygous (Osvdr'") transgenic male mice with WT (i.e.
Osvdr”") females. This breeding strategy produced only WT and Osvdr*" pups. The
genotypes of the pups were determined by the absence or presence, respectively, of
human VDR mRNA, which was detected by species-specific RT-PCR amplification,
using the oligonucleotide primers 5'-CTCCCTCCACCATCATTCACA-3’ (forward) and

5'-GGACGCCCACCATAAGACCTA-3' (reverse) (Figure 4.2 B). In this study, all
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Mouse DNA
number 1 2 3 4 5 ladder

Figure 4.2 A Genotype determination of Vdr”- and Vdr*- mice
PCRs represented mouse number of 1 and 3 generated 500 bp amplicon only which was a
part of the mutant vitamin D receptor (Vdr) gene sequence. Hence mice 1 and 3 were

confirmed as homologous knockout (Vdr”).

PCRs represented mouse number of 2, 4, 5 generated both 500 bp and 382 bp amplicons

which were a part of the mutant and intact Vdr gene sequence respectively. Hence mice 2, 4,

5 were confirmed as heterozygous knockout (Vdr-).
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Figure 4.2 B Genotype determination of Osvdr”- and Osvdr*- mice
PCRs represented mouse number of 1 and 2 generated a single genuine amplicon
which was a part of the human vitamin D receptor (hVDR) gene sequence. Hence mice 1

and 2 were confirmed as hemizygous transgenic (Osvdr*"-).

PCR represented mouse number 3 did not generate any amplicon. Hence mouse

number 3 was confirmed as wild type (Osvadr’).
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OSVDR transgenic pups used for experiments were hemizygous (i.e.Osvdr*") with only
one chromosome containing the transgene combining with the other chromosome

unchanged from wild type.

Using the neonatal calvarial bone-derived cell preparation method described in Section
2.3.3, osteoblast-like cells were isolated from WT, VDRKO and OSVDR pups for mRNA
samples and in vitro mineralisation assay. Cells were seeded in cell culture plates for 3
days in growth media to allow proliferation followed by 24 days culture in differentiation
media (for detailed methods see sections 2.3.1, 2.3.2 and 2.6). The treatments of vehicle
(0.1% v/v ethanol) and chronic 1,25D (1 nM) were supplied to cell cultures every 72
hours in fresh media throughout the 24-day culture period. Note that a concentration of
30 pM 1,25D was measured in batches of culture media containing FCS used in our
laboratories (personal communication from Dr. Andrew Turner), thus ‘vehicle’
treatments used in this study actually represent a low physiological concentration of
1,25D. A concentration of 1 nM, on the other hand, represents a pharmacological dose of
1,25D, since this is approximately 6 — 20x higher than the normal physiological range
detected in human plasma of approximately 48 — 155 pM (137). Samples of total RNA
for each time point (days 0, 3, 9, 15 and 24) and for each treatment from all three cell
genotypes, were extracted from the cell lysates of two individual culture wells. Each RNA
sampling time point was at the end of one 72-hour media change cycle. All RNA samples
were quantified to ensure that identical quantities of RNA were added to each cDNA
synthesis reaction. The expression of genes of interest was measured by qPCR using
primer sets listed in table 2.2.5. Each gene amplification was normalised for the

housekeeping gene [-Actin, as described in section 2.2.5.

WT and OSVDR calvarial cells were also assessed following acute 1,25D (1 nM)

treatment, which only exposed cells to 1,25D for 24 hours prior to the harvest of RNA.

58



This strategy was utilised to identify direct effects of 1,25D due to the modulation of gene
expression by 1,25D-VDR activity acting through a VDRE, as opposed to possible
indirect effects of 1,25D on mRNA levels resulting from modulation of osteoblast
maturation. In contrast, the chronic 1,25D treatment would measure the combined direct

and indirect effects on gene expression.

Mineralisation assays including vehicle and chronic 1,25D treatments were conducted for
each cell genotype. Mineralisation was visualised by both Alizarin Red staining of
calcium, producing a red stain, and Von Kossa staining of phosphate, which produces a
brown/black colour, on days 6, 9, 15 and 24. The Alizarin Red level was quantified by

light absorption at 405,m (Section 2.4.1).

In addition to measuring effects of acute and chronic 1,25D treatment, experiments were
also performed under conditions of standard (1.8 mM) and elevated (2.8 mM) total
calcium concentration in the culture media. This variation was based on our group’s
observation that calcium enhances in vitro mineralisation by osteoblasts (30), suggesting
that calcium levels in standard culture media are limiting, and also the fact that the major
endocrine function of 1,25D is the maintenance of calcium homeostasis, and as such it
was predicted that the 1,25D response may be modulated by the prevailing concentration

of calcium.

Each cell culture study was carried out in triplicate for 3 independent experiments. The
error bars in gene expression graphs represented the standard errors of the mean (SEM)
of data combined from the 3 experiments. The error bars in mineralisation graphs
represented the SEM of triplicate culture wells within one representative experiment.

Statistical analyses were performed using GraphPad Prism (version 6.05) software using
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two-way ANOVA, followed by a Bonferroni post-hoc test. A value for p less than 0.05

was considered significant.

4.3 Results

4.3.1 Vdr/VDR status and 1,25D metabolism in VDRKO, WT and OSVDR cells
Neither Vdr (mVdr) nor Cyp24almRNA expression was detectable in VDRKO cells,
determined by the lack of the respective qPCR products after 35 amplification cycles.
Consistent with the complete lack of a functional VDR in this genotype, chronic 1,25D
treatment of VDRKO cells had no discernible effect compared to vehicle treatment (see

Appendix II).

In vehicle treated WT and OSVDR cells, endogenous Vdr mRNA expression was similar.
In WT cells, the Vdr mRNA level was transiently increased 2-fold by acute 1,25D
treatment at 9 days before returning to control levels at 24 days. Chronic 1,25D treatment
resulted in the increased Vdr mRNA levels being maintained up to day 24 (Fig. 4.3.1A).
In OSVDR cells, endogenous Vdr mRNA expression was also induced by acute 1,25D
treatment 2-fold, but was unchanged in response to chronic 1,25D treatment (Fig. 4.3.1B).
In vehicle treated OSVDR cells, the mRNA level of human VDR was on average
approximately 6-fold higher than mouse Vdr, based on relative cycle threshold (Cr)
values. Acute 1,25D treatment further increased human VDR expression 2-fold over those
in chronically-treated cells and these levels persisted until 24 days in culture. Interestingly,
chronic 1,25D treatment induced a peak of total ¥DR mRNA (mouse + human) between

days 9 and 15 of culture (Fig. 4.3.1 C).

Cyp24al mRNA expression was elevated by chronic 1,25D treatment in both WT and
OSVDR cells to similar levels. With acute 1,25D treatment, the induction of Cyp24al

mRNA levels in both cell types was markedly increased (>10-fold) compared with levels
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Figure 4.3.1 A-C Vitamin D receptor status in WT and OSVDR cells

The mRNA ratios of mouse vitamin D receptor (mVDR) to fActin by WT (A) and OSVDR (B) cells and the
MRNA ratio of human vitamin D receptor (hVDR) to p-Actin by OSVDR cells only (C), with vehicle (black
line), acute 1,25D (1 nM) (red dots) and chronic 1,25D (1 nM) (blue line) treatments in standard osteogenic
differentiation media (1.8 mM total calcium). Three independent experiments for gene expression analyses
were carried out and the error bars on graphs represent the standard errors of mean data collected from the
three experiments (mean=+ SEM, n = 3; * indicates the effects of 1,25D treatments matching with the color of

treatment groups, actue 1,25D (red), or chronic 1,25D (blue); * p < 0.05; ** p< 0.01; *** p < 0.001).
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Figure 4.3.1 D and E Cyp24al induction in WT and OSVDR cells by 1,25D treatments

The mRNA ratios of 25-hydroxyvitamin D 24-hydroxylase (Cyp24al) to f-Actin by WT (D) and
OSVDR (E) cells, with vehicle (black line), acute 1,25D (1 nM) (red dots) and chronic 1,25D (1
nM) (blue line) treatments in standard osteogenic differentiation media (1.8 mM total calcium).
Three independent experiments for gene expression analyses were carried out and the error
bars on graphs represent the standard errors of mean data collected from the three experiments
(mean+SEM, n = 3; * indicates the effects of 1,25D treatments matching with the color of

treatment groups, actue 1,25D (red), or chronic 1,25D (blue); * p < 0.05; ** p< 0.01; *** p < 0.001).
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evident with chronic treatment. In OSVDR cells, which express approximately 6-fold
more (total) VDR mRNA than WT cells, the induction of Cyp24al mRNA by acute 1,25D
treatment was on average 2-fold higher than in WT cells (Fig. 4.3.1D &E). Although
Cyp27b1 mRNA levels were detectable in both WT and OSVDR cells, 25D (100 nM)
had no discernible biological effect on either cell type, as determined by gene expression
and in vitro mineral deposition analyses (data not shown). Also, Cyp24al was not induced
in either cell type with 25D treatment during the 24-day culture period (data not shown).
Thus, the treatment with the pro-hormone 25D, at least at the concentration of 100 nM,
was demonstrated to be identical to vehicle treatment, presumably because the substrate

was not converted to reactive levels of 1,25D.

4.3.2 Comparison of gene expression profiles of WT and VDRKO cells

Under standard osteogenic differentiation conditions, i.e. with 1.8 mM Ca?" (discussed in
Section 2.3.2), over 24 days of culture in the presence of vehicle, the expression of genes
associated with differentiation of osteoblasts and the presence of osteocytes in WT and
VDRKO cells was measured by qPCR, normalised to the expression of the housekeeping
gene f-actin. The mRNA levels of Collal (type-I collagen), Tnap (tissue non-specific
alkaline phosphatase), Ank (ankylosis protein), Enppl (ecto-nucleotide
pyrophosphatase/phosphodiesterase-1), Ocn (osteocalcin), E11 (gp38), Phex (phosphate
regulating endopeptidase homolog, X-linked), Figf23 (fibroblast growth factor 23), Opg
(osteoprotegerin), Runx2 (runt-related transcription factor) and Osx (osterix), were not
different between WT and VDRKO cells (Fig. 4.3.2A-G and J, M, O, P), strongly
implying that the starting populations of calvarial cells were identical in nature between
genotypes. However, mRNA levels for Mepe (matrix extracellular phosphoglycoprotein)
(Fig. 4.3.2H, p < 0.05), Dmp1 (dentin matrix protein 1) (Figure 4.3.2K, p < 0.01) and

Rankl (receptor activator of NF-kappa-B ligand) (Figure 4.3.2L, p < 0.05), were
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Figure 4.3.2 A-H Comparison of gene expression profile of WT and VDRKO cells

Relative gene expression by wild type (WT) (solid line) and vitamin D receptor
knockout (VDRKO) (broken line) cells over the 24-day culture with standard
osteogenic differentiation media supplied (1.8 mM total calcium). Three independent
experiments for gene expression analyses were carried out and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3).

A: Collal (type-I collagen)

B: Tnap (tissue nonspecific alkaline phosphatase)

C: Ank (ankloysis protein)

D: Enppl (ecto-nucleotide pyrophosphatase/phosphodiesterase-1)
E: Ocn (osteocalcin)

F: E11 (gp38)

G: Phex (phosphate regulating endopeptidase homolog, X-linked)

H: Mepe (matrix extracellular phosphoglycoprotein)

*p<0.05
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Figure 4.3.2 I-P Comparison of gene expression profile of WT and VDRKO cells

Relative gene expression by wild type (WT) (solid line) and vitamin D receptor
knockout (VDRKO) (broken line) cells over the 24-day culture with standard
osteogenic differentiation media supplied (1.8 mM total calcium). Three independent
experiments for gene expression analyses were carried out and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3).

I: Sost (sclerostin)

J: Fgf23 (fibroblast growth factor 23)

K: Dmp1 (dentin matrix protein 1)

L: Rankl (receptor activator of NF-kappa-B ligand)
M: Opg (osteoprotegerin)

N: Rankl/Opg

O: Runx2 (runt-related transcription factor)

P: Osx (osterix)

* p<0.05, ** p<0.01
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Figure 4.3.3 A-H Comparison of gene expression profile of WT and OSVDR cells

Relative gene expression by wild type (WT) (solid line) and over-expressed vitamin D
receptor in osteocalcin expressing (OSVDR) (broken line) cells over the 24-day
culture with standard osteogenic differentiation media supplied (1.8 mM total calcium).
Three independent experiments for gene expression analyses were carried out and
the error bars on graphs represent the standard errors of mean data collected from the

three experiments (mean=SEM, n = 3).

A: Collal (type-l collagen)

B: Tnap (tissue nonspecific alkaline phosphatase)

C: Ank (ankloysis protein)

D: Enpp1l (ecto-nucleotide pyrophosphatase/phosphodiesterase-1)
E: Ocn (osteocalcin)

F: E11 (gp38)

G: Phex (phosphate regulating endopeptidase homolog, X-linked)

H: Mepe (matrix extracellular phosphoglycoprotein)

*p<0.05
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Figure 4.3.3 I-N Comparison of gene expression profile of WT and OSVDR cells

Relative gene expression by wild type (WT) (solid line) and over-expressed vitamin D
receptor in osteocalcin expressing (OSVDR) (broken line) cells over the 24-day
culture with standard osteogenic differentiation media supplied (1.8 mM total calcium).
Three independent experiments for gene expression analyses were carried out and
the error bars on graphs represent the standard errors of mean data collected from

the three experiments (mean®=SEM, n = 3).

I: Sost (sclerostin)

J: Fgf23 (fibroblast growth factor 23)

K: Dmp1 (dentin matrix protein 1)

L: Rankl (receptor activator of NF-kappa-B ligand)
M: Opg (osteoprotegerin)

N: Rankl/Opg

*p <0.05,** p<0.001
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significantly lower in VDRKO cells, as was the ratio of Rankl/Opg mRNA (Fig. 4.3.2N,
p <0.05). There was a trend for increased expression of Sost (sclerostin) mRNA levels in

VDRKO cells, however this did not reach statistical significance (Fig. 4.3.21, p =0.1).

4.3.3 Comparison of gene expression profiles of WT and OSVDR cells

A similar comparison to that above was made between WT and OSVDR cells grown
under standard osteogenic differentiation conditions in the presence of vehicle for 24 days
in culture. As with WT and VDRKO cultures, the normalised mRNA levels of Coll al,
Tnap and Fgf23 were not statistically different between WT and OSVDR cells (Fig. 4.3.2
A, B, J and Fig. 4.3.3 A, B, J). Unlike the WT/VDRKO comparison, however, Mepe,
Dmpl and Rankl mRNA levels were also not different between WT and OSVDR (Fig.
4.3.2 H, K, Land Fig.4.3.3 H, K, L). The expression of Enppl (Figure 4.3.3D, p <0.05),
Ocn (Fig. 4.3.3E, p < 0.05), E11 (Figure 4.3.3F, p < 0.05), Sost (Fig. 4.3.31, p < 0.001)
and Opg (Fig. 4.3.3M, p < 0.001), were all significantly increased in OSVDR cells
relative to WT. Also, the expression of Ank (Fig. 4.3.3C, p = 0.06) and Phex (Fig. 4.3.3G,
p =0.07), demonstrated a strong trend to be higher in OSVDR cells. Interestingly, as was
the case with VDRKO cultures, the ratio of Rankl/Opg mRNA was significantly

decreased in OSVDR cells (Fig. 4.3.3N, p <0.05).

4.3.4 Expression levels of osteogenic differentiation-related genes under acute and
chronic 1,25D treatments at day 24 of WT and OSVDR cell cultures

The pattern of gene expression in either WT or OSVDR cultures differentiated for 24
days treated acutely or chronically with 1,25D is summarised in Table 4.3.4. Following
culture in standard differentiation media (1.8 mM Ca*"), WT cell cultures at day 24
expressed genes Collal ,Tnap, E11, Mepe, and Opg that were not altered by either acute
or chronic 1,25D treatment (Fig. 4.3.4 A, B, F, H, M). The mRNA levels of Ank, Enppl,

Ocn, Phex, Sost and Fgf23 were also not changed by acute 1,25D but were increased by
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WT OSVDR
Gene
ACUTE 1,25D CHRONIC 1,25D ACUTE 1,25D CHRONIC 1,25D

Col-1al --- - - —
Tnap ! 1
Ank 1
Enppl --- 1 1
Ocn i ! !
Ell -—- - - -
Phex --- 1 ! !
Mepe l !
Sost 1 ! 1
Fgf23 [ "
Dmpl ! !
Rankl 1 1 1M
Opg ! l
Rankl/Opg 1"

Table 4.3.4. In comparison of vehicle treatment and acute 1,25D or chronic 1,25D
treatments, ‘---’ indicates the mRNA level of gene of interest not changed; ‘|’ indicates the
mRNA level of gene of interest decreased ; ‘1’ indicates the mRNA level of gene of interest

increased. The numbers of ‘|’ or ‘1’ indicate the proportion of decrease or increase of the

mRNA levels, respectively.
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Figure 4.3.4 A-F Osteogenic differentiation related gene expressions under acute
and chronic 1,25D treatments by Day-24 WT and OSVDR cell cultures

The mRNA ratios of osteogenic differentiation related genes, Collal (A), Tnap (B),
Ank (C), Enppl (D), Ocn (E), E11 (F), Phex (G), Mepe (H) to p-Actin by Day-24 of WT
and OSVDR cell cultures, with vehicle (black bar), acute 1,25D (1nM) (red bar) and
chronic 1,25D (1nM) (blue bar) treatments in standard osteogenic differentiation media
(1.8 mM total calcium). Three independent experiments for gene expression analyses
were carried out and the error bars on graphs represent the standard errors of mean
data collected from the three experiments. (mean=xSEM, n = 3; * indicates the effects
of 1,25D treatments matching with the color of treatment groups, actue 1,25D (red), or

chronic 1,25D (blue); * p < 0.05; ** p< 0.01; *** p < 0.001)
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Figure 4.3.4 I-N Osteogenic differentiation related gene expressions under acute and

chronic 1,25D treatments by Day-24 WT and OSVDR cell cultures

The mRNA ratios of osteogenic differentiation related genes, Sost (I), Fgf23 (J), Dmpl (K),
Rankl (L), Opg (M) to p-Actin and Rankl/Opg (N), by Day-24 of WT and OSVDR cell cultures,
with vehicle (black bar), acute 1,25D (1nM) (red bar) and chronic 1,25D (1nM) (blue bar)
treatments in standard osteogenic differentiation media (1.8 mM total calcium). Three
independent experiments for gene expression analyses were carried out and the error bars on
graphs represent the standard errors of mean data collected from the three experiments.
(mean+=SEM, n = 3; * indicates the effects of 1,25D treatments matching with the color of

treatment groups, actue 1,25D (red), or chronic 1,25D (blue); * p < 0.05; ** p< 0.01; *** p < 0.001)
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chronic 1,25D treatment (Fig. 4.3.4 C, D, E, G, I, J); the mRNA level of Dmpl was
decreased by acute 1,25D treatment but not changed by chronic 1,25D (Fig 4.3.4 K); the

mRNA level of Rankl was increased by both 1,25D treatments (Fig. 4.3.4 L).

In OSVDR cell cultures after 24 days of differentiation, the mRNA level Dmpl was
inhibited by acute 1,25D treatment, however unaffected under chronic 1,25D treatment
(Fig. 4.3.4 K). The mRNA levels of Tnap, Ocn, Phex, Mepe, Sost and Opg were inhibited
by both acute and chronic 1,25D treatments (Fig. 4.3.4 B, E, G, H, I, M). Interestingly,
the mRNA expression of Fgf23 was greatly induced by chronic 1,25D treatment only (Fig.
4.3.4]). Conversely, the mRNA levels of Enpp 1 and Rankl were increased by acute 1,25D
only but unchanged by chronic 1,25D (Fig. 4.3.4 D and L). Finally, the mRNA levels of
Collal, Ank and E11] remained unchanged by either acute or chronic 1,25D treatments

(Fig. 43.4 A, C, F).

4.3.5 Effect of chronic 1,25D treatment on in vitro mineral deposition by VDRKO, WT
and OSVDR cells under conditions of total extracellular calcium at either 1.8 mM or 2.8
mM

Next, the effect of 1,25D on in vitro mineralisation by calvarial-derived cells from WT,
OSVDR and VDRKO mice, was analysed. Since the mineralised matrix is relatively slow
to develop, it was presumed that acute 1,25D treatments would not yield measurable
changes, therefore only the effects of chronic 1,25D treatment were measured, The degree
of in vitro mineralisation by VDRKO, WT and OSVDR cells was visualised by both
Alizarin Red (calcium) and Von Kossa (phosphate) staining, and representative images
of stained day 15 and day 24 cultures are shown in figures 4.3.5A and 4.3.5B. Increasing
the extracellular calcium concentration to 2.8 mM enhanced the mineral deposition
compared to wells containing 1.8 mM. 1,25D treatment inhibited mineral deposition by

both WT and OSVDR cells in the presence of 1.8 mM extracellular calcium but had no
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Figure 4.3.5 A Alizarin red staining of mineralisation assay by VDRKO, WT and OSVDR cells
Visualisation of mineralisation assay of Day 15 and Day 24 cultures of VDRKO, WT and OSVDR
cells with vehicle and chronic 1,25D (1 nM) treatments with 1.8 and 2.8 mM total calcium
presented in culture media, by Alizarin Red staining on calcium in red colour. Three independent
experiments were carried out and a representative experiment is shown. All the treatment groups

showed the similar biological effects within these three experiments.
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Figure 4.3.5 B Von Kossa staining of mineralisation assay by VDRKO, WT and OSVDR cells
Visualisation of mineralisation assay of Day 15 and Day 24 cultures of VDRKO, WT and OSVDR
cells with vehicle and chronic 1,25D (1 nM) treatments with 1.8 and 2.8 mM total calcium
presented in culture media, by Von Kossa staining on phosphate in black/brown colour. Three
independent experiments were carried out and a representative experiment is shown. All the

treatment groups showed the similar biological effects within these three experiments.
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Figure 4.3.5 C-E In vitro mineralisation curve by the quantification of Alizarin Red staining on
mineralisation assays of VDRKO, WT and OSVDR cells

In vitro mineralisation curve by VDRKO (C), WT (D) and OSVDR (E) cells with vehicle (broken lines) and
chronic 1,25D (1nM) (solid lines) treatments with 1.8 mM total calcium (pink) and 2.8 mM total calcium
(blue) presented in culture media reflected by the quantification of Alizarin Red staining on mineralisation
assays. Three independent experiments were carried out and a representative experiment is shown. The
error bars on the graphs represented 4 replicates of cell culture wells for each treatment group. All the
treatment groups showed the similar biological effects within these three experiments (Effect of 1,25D:

***p <0.001, ** p <0.01, * p < 0.05; Effect of calcium: " p < 0.001; Effect of time: ### p < 0.001).
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effect on VDRKO cells. This inhibition of mineral deposition was apparently reduced

when the extracellular calcium concentration was increased to 2.8 mM (Fig. 4.3.5A&B).

The deposited mineral as detected by Alizarin Red stains was quantified following
solubilisation and subsequent measurement of light absorption at 405.m. Mineral
deposition by VDRKO, WT and OSVDR cells increased over the 24-day culture (p <
0.001). However, there were no significant differences between the three genotypes with
respect to relative the levels of mineral deposited overall. The elevated calcium level of
2.8 mM generally enhanced mineral deposition in cell of all three genotypes compared to
1.8 mM (p < 0.001). As expected, in VDRKO cultures, 1,25D treatment had no effect
mineral deposition regardless of the calcium concentration in media (Fig. 4.3.5 C). In WT
cultures, with 1.8 mM Ca?*, 1,25D treatment inhibited mineralisation by 20% (p < 0.001)
at day 15 and by 10% (p < 0.05) at day 24. With 2.8 mM Ca’" in the culture media, 1,25D
treatment inhibited mineralisation on day 15 by 17% (p <0.01) but no effect was observed
at day 24 (Fig. 4.3.5 D). At the standard calcium concentration (1.8 mM), OSVDR
cultures responded to 1,25D in a fashion indistinguishable from WT cells, with inhibition
of mineralisation by 18% (p < 0.001) at day 15 and by 20% (p < 0.001) on Day 24.
Similarly, with 2.8 mM Ca" in the culture media, the deposited mineral levels between

vehicle and 1,25D treatments were not statistically different (Fig. 4.3.5 E).

4.4 Discussion

In this study, the role of VDR in osteoblast differentiation was investigated by exposing
primary osteoblast cultures derived from the calvariae of WT, VDRKO and OSVDR mice
to a pharmacological concentration of 1,25D (1 nM) compared with vehicle treatment.
Cells isolated from these mouse strains expressing different levels of Vdr mRNA
presumably express different levels of VDR protein, as was demonstrated by Demay et

al. for the VDRKO cells (124) and Gardiner et al. for the OSVDR mouse line in vivo
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(104). In each of the cell culture experiments in which WT, VDRKO and OSVDR cells
were cultured under vehicle treatment, 10% v/v foetal bovine serum (FBS) was supplied
in the osteogenic differentiation media for normal cell growth and development, which
constituted a ‘treatment’ of approximately 30 pM 1,25D, measurable by a commercial
assay (personal communication from Dr. Andrew Turner). It was previously reported that
1,25D at a concentration of less than 100 pM was able to enhance osteogenesis (138).
Hence, in this context, even under the vehicle treatment, cells would be exposed to a basal
level of 1,25D within the physiological range. Thus, effectively in this study, 1,25D
concentrations within the low physiological range were compared to a pharmacological

level of 1,25D (1 nM) for their effects on osteoblast differentiation.

Based on real-time PCR quantification targeting the functional motif within mouse Vdr
and human VDR gene sequences (specifically for the OSVDR model), the total Vdr
mRNA level was confirmed to be ablated in VDRKO cells and dramatically elevated (at
least 6-fold based on the comparison of relative mRNA levels) in OSVDR cells compared
to WT cells. The cell properties of the mutant model VDRKO and transgenic model
OSVDR were compared to those of WT cells separately, under vehicle treatment (with a
low physiological concentration of 1,25D). VDRKO cells exhibited a similar capability
for osteoblast differentiation and mineral deposition as WT cells, as evidenced by similar
mRNA levels of osteoblast specific transcriptional factors (Runx2 and Osx), similar
mRNA levels of mineralisation related genes (Collal, Tnap, Ank and Enpp1), and similar
mRNA levels of a number of genes related to osteoblast differentiation (Opg, Ocn, Cx43,
El11, Fgf23 and Phex). These data suggest that VDR is not essential for osteoblastogenesis
and the ability of these cells to deposit mineral. However, the levels of the important
osteocyte marker Dmp1 (35) were markedly lower in VDRKO cells, particularly on Day
9. Messenger RNA levels for the osteoclast differentiation and activation factor Rankl

were also significantly lower in VDRKO cells. These data are consistent with previous
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studies demonstrating that Dmpl and Rankl are directly upregulated by 1,25D, acting
through VDRE’s in the respective gene promoter regions (139,140), and endogenous
1,25D present in the culture medium driving the basal expression of these genes. The
lower mRNA levels of Dmpl and Rankl in VDRKO cultures suggest that VDR activity
may contribute to achieving a mature and normal osteocyte phenotype (35) capable of
supporting osteoclast formation (141). Further, the mineralisation modulating gene, Mepe,
was more lowly expressed in VDRKO cells. Mepe expression has been demonstrated to
be either up- or down regulated by 1,25D under different circumstances. For example, in
a study that utilised the osteocyte-like cell line IDG-SW3 (142), Mepe mRNA expression
was shown to be up-regulated by 1,25D (143). However, in other studies using mouse
osteoblasts and the immature osteoblast-like cell line MC3T3-E1, Mepe expression was
shown to be decreased by 1,25D (144) and a markedly increased Mepe mRNA expression
level was reported in VDRKO mouse calvarial cell cultures compared to WT (145).
However, the exact mechanism, by which 1,25D regulates Mepe is not understood and
therefore further study is required to elucidate why Mepe mRNA levels were lower in

VDRKO calvarial cultures in this study.

In OSVDR cells, in which human VDR is over-expressed, phenotypic differences were
also observed compared to WT cells. Although the mRNA levels of pro-anabolic factors
for mineralisation, Collal and Tnap were not different between the genotypes, the
expression of the mineralisation inhibitors, Ank and Enpp I was increased in OSVDR cells.
This pattern of gene expression was observed under conditions, in which mineral
deposition was equivalent between WT and OSVDR cells. This implies that mRNA levels
of Ank and Enpp1 are increased during differentiation of OSVDR osteoblasts in order to
maintain an ‘appropriate’ level of mineral deposition, perhaps acting as a brake under a
condition where mineral deposition is enhanced by the over-expression of VDR. The

mRNA level of Dmp 1 rose transiently up on Day 9 in OSVDR cultures in a similar pattern
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to that seen in WT cultures. This pattern of mRNA expression again suggests that the
increase in expression of Dmpl during mineralisation and differentiation requires basal
VDR activity. Previous in vivo data suggested that trabecular bone volume (%BV/TV) in
OSVDR transgenic mice increased because of the reduction in the Rankl/Opg mRNA
ratio, in which the Opg level was unchanged and Rankl expression was reduced (136). In
the current study, the lower Rankl/Opg mRNA ratio in OSVDR cells was confirmed by
mRNA measurement, although this was as a result of a markedly increased Opg level
with an unchanged Rankl mRNA level. Thus OSVDR osteoblasts are once again
characterised as less capable of supporting osteoclastogenesis in response to 1,25D within
the physiological range. However, the basis for a different mechanism in the reduction of
the Rankl/Opg mRNA ratio in the two studies requires further investigation. While it is
widely accepted that 1,25D induces Rankl mRNA expression and inhibits that of Opg in
mouse osteoblasts (146), it may be that these genes are co-ordinately regulated and that
ultimately it is the ratio between them that delivers the important functional outcome. For
example, it was previously shown that while RANKL and OPG mRNA levels were not
different between osteoporotic and non-osteoporotic women, the ratio of RANKL:OPG

mRNA was different (147).

The expression of the mature osteoblast and osteocyte products, Ocn, Phex and Sost were
found to be increased in OSVDR cells. This finding suggested that by exposing cells to
physiological level of 1,25D, OSVDR cells achieved a more mature differentiation stage
within the timeframe of the experiment compared to WT cells, by virtue of their increased
VDR expression. Intriguingly, the expression of Sost mRNA in both VDRKO and
OSVDR cells was higher than was seen in WT cells. These data suggest that 1,25D
modulates the expression of Sost indirectly through other factors. One candidate factor
may be RUNX2; an important RUNX2 responsive element in the Sost gene promoter has

been identified (148) and RUNX2 protein has been reported to interact with VDR to
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enhance the nuclear transcriptional capability of 1,25D (149). Alternatively, Sost
expression is induced by BMP4 (bone morphogenetic protein 4) and the induction is
further enhanced in combination with 1,25D (150). However, the exact mechanism, either
direct or indirect, by which 1,25D regulates the Sost gene is not defined. Our data here
indicate that Sost mRNA expression can be up-regulated when 1,25D activity is either
ablated or elevated. Further study is required to elucidate the molecular basis of 1,25D

regulation of Sost expression.

Cultures of osteoblasts from WT, VDRKO and OSVDR mice were also exposed to a
pharmacological level of 1,25D (1 nM) either acutely for 24 hours, to assess the direct
regulation through VDREs over a short period, or chronically throughout the 24 day
culture period, to assess the combination of direct regulation and indirect effects resulting
from osteoblast cell maturation. In VDRKO cultures, there was no detectable induction
of Cyp24al mRNA expression by 1,25D treatment. Also, when VDRKO cell cultures
were treated chronically with 1,25D, no biological effects were seen in terms of either
osteogenesis-related gene expression (shown in Appendix II) or mineral deposition.
These data confirm that the expression of 1,25D-responsive genes, including Cyp24al, is
highly dependent on VDR and therefore the effects of 1,25D reported here on osteoblast
differentiation and mineral deposition in WT and OSVDR cells can all be assumed to be

dependent on VDR.

When the total (i.e. both endogenous and transgenic) VDR mRNA level was markedly
increased in OSVDR cells compared to WT cells, Cyp24al mRNA induction following
24-hour (acute) stimulation by pharmacological levels of 1,25D was around 2-fold higher
in OSVDR cells. This finding indicates, perhaps not surprisingly, that when 1,25D is
present in marked excess, catabolism of 1,25D by osteoblasts is dependent on the level

of VDR. The Cyp24al mRNA expression by both cell types dropped to a similar level by
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the end of a 72-hour period (i.e. chronic treatment) presumably because the 1,25D was
catabolised, following which transcriptional activity was reduced. To fully elucidate the
metabolism of 1,25D in WT and OSVDR cells, a more detailed time course within the 72
hour period would be required to enable the course of Cyp24al mRNA and protein
expression to be closely mapped. The 1,25D residual concentration in culture media at
each of the time points would also be a useful and critical readout as to the metabolic

status of the hormone.

Data describing mRNA levels of target genes associated with differentiation of
osteoblasts at day 24 of culture in both WT and OSVDR cells under acute and chronic
1,25D treatments are presented here as a snapshot of the whole differentiation process for
clarity. The detailed mRNA levels throughout the 24-day time course were consistent
with the day 24 patterns (shown in Appendices II & III). As discussed previously, the
acute 1,25D treatment most likely represents direct regulation of the transcriptional
activities of 1,25D/VDR acting via VDREs. The chronic 1,25D treatment represents a
combination of direct regulation of transcriptional activity (both primary and downstream
responsive genes) and net effects of 1,25D on cell differentiation, i.e. effects due to

induced phenotypic changes in the responding cells.

In WT cells, the levels of a panel of differentiation-related genes including Ocn, Ank, Opg,
Sost, Fgf23 and Phex, were elevated by chronic but not acute 1,25D treatments. The
mRNA level of Rankl was increased by both 1,25D treatments. These findings support
the proposal that prolonged exposure of WT cells to a pharmacological level of 1,25D
promotes osteoblast differentiation and maturation. However, most of the effects of 1,25D
were not observed following acute exposure, indicating that prolonged exposure is
required, which in turn suggests that the effective intracellular level of 1,25D is

maintained at a low level due to the high level of Cyp24al induction and the efficient
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catabolic activity the CYP24 enzyme. The promoting role of 1,25D on WT cells could
therefore be the combination of direct effects on VDREs on some of the key genes (yet
to be identified) in the differentiation process and then the enhancement of the cellular

maturation process by 1,25D.

In contrast to effects in WT cultures, acute 1,25D treatment had inhibitory effects on
mRNA expression of Tnap, Ocn, Phex, Mepe, Sost, Dmpl and Opg in OSVDR cells.
Inhibitory effects on mRNA levels of Thap, Ocn, Phex, Mepe, Sost and Opg were also
seen with chronic 1,25D treatment in OSVDR cultures. Furthermore, OSVDR exhibited
elevated expression of differentiation related genes in response to vehicle (see Section
4.3.3), which contains a physiological 1,25D dose. A possible interpretation of the
difference between OSVDR and WT cultures is that with elevated total VDR expression
(i.e. as in OSVDR), sensitivity to physiological (vehicle) 1,25D levels is enhanced and a
positive effect of these low 1,25D levels on osteoblast differentiation is seen basally.
Under stimulation with pharmacological 1,25D levels however, negative regulation of
gene expression occurs in an attempt by the cells to regulate the differentiation process in
OSVDR cells. These inhibitory effects of 1,25D on gene expression are presumably
working through VDREs directly since effects were seen with acute 1,25D treatment. The
data presented here invokes the concept that VDR in osteoblasts plays the role of
modulating osteoblast activities by either promoting or inhibiting osteogenesis,

depending on the levels of both VDR and 1,25D in the cells.

The genes Enppl, Rankl and Figf23 were all up-regulated in both WT and OSVDR cells
by exogenous 1,25D treatment. In WT cells, Enppl and Rankl trended to increase in
response to acute exposure but were significantly up-regulated by chronic 1,25D
treatment. Consistent with their elevated expression of VDR, the levels of Enppl and

Rankl in OSVDR cultures were greatly induced by acute 1,25D treatment, but were not
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changed by chronic 1,25D exposure, presumably because of the enhanced rate of CYP24-
mediated 1,25D catabolism under these conditions. The finding of Rankl mRNA
induction by 1,25D stimulation here is consistent with previously reported data that
RANKL/Rankl was up-regulated by 1,25D through the multiple VDREs in its promoter
(140). We further propose that the regulation of Rankl expression by 1,25D is tightly
related to the level of VDR activity. However, to our knowledge, there are no available
published data reporting the mechanism of 1,25D regulation of Enppl expression. Based
on our findings here, the pattern of Enppl induction under acute 1,25D treatment in WT
and OSVDR cells appears very similar to that of Rankl induction, suggesting that 1,25D
also acts though potential VDREs within the Enppl promoter; future molecular studies

will be needed to test this hypothesis.

The mRNA expression of Figf23 in both WT and OSVDR cells was not changed by acute
1,25D treatment but was up-regulated 10-fold by chronic 1,25D treatment. FGF23 was
previously shown to be up-regulated by 1,25D through a VDRE-mediated mechanism
(151). Our data indicate that at the concentration of 1 nM, the up-regulation of Fgf23
expression by 1,25D stimulation requires more than 24 hours. Moreover, the proportion
of Fgf23 induction by chronic 1,25D increased by culture time course (referred to
Appendix II. J). This finding also suggests that the up-regulation of Fgf23 expression by

1,25D is related to cell differentiation.

Mineralisation assays were employed in this study as a functional readout of osteoblast
differentiation. With respect to gene expression, the presence of 2.8 mM Ca?" in the
culture media had no apparent effect compared to 1.8 mM (see Appendices I & III). This
was surprising given that a previous study from our group showed a gene expression
effect of calcium in human primary osteoblasts, with calcium up-regulating the

expression of genes such as SOST, OCN and OPG. However, these were human adult
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trabecular bone-derived cells (30) rather than neonatal mouse calvarial cells , and it is
possible that there are species, age and site-specific differences in the osteoblast response
to calcium. In the current study, the elevated calcium concentration significantly
increased mineral deposition by all three genotypes of osteoblasts, including VDRKO.
This observation suggests that calcium plays an independent role in osteoblast
differentiation to that of vitamin D activity in this commonly used model. However,
further studies are required to investigate why gene expression is not changed in this cell
model by an increased calcium concentration and yet mineral deposition is enhanced. In
WT cells, chronic 1,25D treatment inhibited mineralisation under both concentrations of
media calcium. This could be related to the gene expression data from WT cells, that the
mineralisation promoter 7nap was not changed by chronic 1,25D treatment, but
mineralisation inhibitors Ank and Sost (27) and the catabolic factor Rankl, were increased.
Chronic 1,25D treatment also inhibited the mineralisation level in OSVDR cells.
Interestingly, in OSVDR cells, Tnap expression was markedly reduced and the
differentiation process measured at the level of gene expression was apparently inhibited
by chronic exposure to 1,25D. However, we did not observe a corresponding inhibitory
effect of 1,25D on mineralisation in OSVDR cultures. It is possible that direct
comparisons of mineralisation per se as performed here, combined from multiple
independent experiments, are of limited value perhaps because of excessive inter-
experimental variation. An observation in this study was that the measurements of
mineralisation in response to multiple treatments was only useful within each individual
experiment. The experimental variation was likely due to the variation in calvarial cell
isolation and the rates of cell growth. In further studies, the mineralisation could be
normalised for the amount of extracellular matrix production or cell number, to enable
better comparisons to be made. It is also possible that mineralisation as commonly
measured, i.e. total levels of deposited calcium and phosphate, is a relatively early event

and does not capture more subtle, but potentially biologically important, effects on
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mineral composition and quality. Instead, mineralisation per se may not be the most
important feature of osteoblast differentiation and is thus poorly regulated; it may be that
phenotypic effects of 1,25D on the resulting differentiated cells in these cultures are more
important, giving rise to cells (i.e. osteocytes) with various functional capabilities. This
area is worthy of further investigation since osteocytes constitute the majority of all bone
cells and perform many vital functions, functions which are becoming increasingly
elucidated. Of great interest is the ability of mature osteocytes once formed to regulate
their mineralised environment (31) and perform diverse functions such as control of

phosphate homeostasis (152).

4.5 Conclusion

In conclusion, the calvarial osteoblast cell culture model has provided evidence that the
early stage of osteoblast differentiation and mineral deposition are independent of the
1,25D/VDR system. However, VDR could be particularly important at the late stages of
osteoblast/osteocyte differentiation evidenced by the inability to increase mature
osteocyte marker expression in long-term cultures of VDRKO cells and the development
of'a more mature cell phenotype in OSVDR cells. VDR is also known to be important for
osteoblast and osteocyte support of osteoclastogenesis (141,153). Whether the
1,25D/VDR system plays a promoting or inhibitory role in osteoblast differentiation
presumably depends on the level of VDR in osteoblasts. Consistent with studies in human
osteoblasts (30), an increased calcium concentration in culture media enhances mouse
calvarial osteoblast mineralisation. Further studies are warranted to elucidate the

mechanism of the calcium effect.
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Chapter 5

Vitamin D Metabolites and Extracellular Calcium Promote Mineral Deposition by

a Mature Osteoblast Cell Line MLO-A5

Manuscript submitted for publication

The findings in this chapter, presented as a manuscript for publication, describe the
anabolic effects of both endogenous and exogenous sources of vitamin D on osteogenic
differentiation and mineralisation, with an interaction with extracellular calcium. The use
of a cell line was warranted for this study for the purposes of inter- and intra-experimental
reproducibility. The well characterised mouse cell line MLO-AS was chosen for these
studies because our group has shown that it is capable of metabolising 25D into 1,25D,
and for its ability to differentiate under osteogenic conditions and mineralise its matrix in
a manner equivalent to bone in vivo. The findings indicate that extracellular calcium
concentration alone is an important factor that regulates osteogenic differentiation. The
cell line MLO-AS could be a useful model to further investigate the calcium sensing

mechanism during osteogenic differentiation process.
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Abstract

An adequate level of the circulating prohormone form of vitamin D3, 25-hydroxyvitamin D (25D),
is important for both calcium homeostasis and optimal bone health. In order to maintain plasma
calcium homeostasis vitamin D has both catabolic and anabolic effects on bone mineral status. A
current controversy involves vitamin D actions to improve bone mineral status. The mature
osteoblast/pre-osteocyte cell line, MLO-AS was utilised to investigate the effects of both
endogenous active vitamin D hormone, 1,25-dihydroxyvitamin Ds3(1,25D)synthesised from
25Dand exogenously supplied 1,25D at two levels of extracellular calcium on osteoblast
differentiation and mineral deposition. Both 25D and 1,25Dinhibited cell proliferation and
enhanced differentiation and matrix mineralisation in this cell model. Vitamin D dependent-
differentiation and mineral deposition were markedly enhanced at the higher level of extracellular
calcium (ionised calcium 1.5 mM). Mineral deposition was related to the level of mRNA for the
gene coding for nucleotide pyrophosphatase phosphodiesterase 1 (Enppl) induced by 1,25D.
Endogenous and exogenous sources of 1,25D demonstrated differential pharmacokinetics and
pharmacodynamics for mRNA levels of genes coding for 25-hydroxyvitamin D-1a-hydroxylase
and 25-hydroxyvitamin D-24-hydroxylase but not for other genes. These data demonstrate
vitamin D stimulation of osteoblast differentiation and mineral deposition, interacting with
extracellular calcium and acting through regulation of expression of genes for Enppl and tissue

non-specific alkaline phosphatase.
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1 Introduction

Combined vitamin D and calcium supplementation is a common approach in the elderly to treat
age-related bone loss and reduce the risk of fractures (1). The physiological mechanism, by which
this treatment achieves this outcome, is unclear. Importantly, in both human clinical trials (2) and
rodent pre-clinical studies (3), it is the circulating pro-hormone form, 25-hydroxyvitamin D3 (25D)
that is associated with the increase in bone mineral density (BMD) and reduction in fracture risk
rather than the circulating levels of the active hormone, 1,25-dihydroxyvitamin D3 (1,25D). The
effects of 25D on bone metabolism are dependent on conversion to 1,25D locally in bone (4).
Hence, the local production of 1,25D in bone is proposed to be physiologically important and
independent from circulating 1,25D, which is derived from and regulated by renal tissue via an

endocrine pathway (5).

Osteoblastogenesis is essential for bone formation requiring a sequential process of cell
proliferation and maturation. Over the last 20 years or so, multiple cellular and animal model
studies have demonstrated that 1,25D can exert both inhibitory and enhancing effects on
osteoblast differentiation and mineral deposition (6-12). To date, the regulation of these various
actions of 1,25D remains unclear. Current data suggest that the stage of osteoblast maturation is
an important determinant. For example 1,25D stimulates a catabolic action on bone as a result of
induction of the osteoclastogenic cytokine receptor activator of nuclear factor kappa-B ligand
(RANKL) in immature osteoblast-like cells but not in more mature cells (13,14). Extracellular

calcium also promotes osteogenic differentiation in human primary osteoblasts (15).

In the current study, the late osteoblast/early osteocyte cell line MLO-AS (16,17), was used to
investigate the effects of vitamin D metabolites and their interaction with extracellular calcium
levels on the differentiation of mature osteoblast-like cells and in vitro mineral deposition. Recent
data have confirmed that MLO-AS cells have the capacity to convert 25D to 1,25D through the
expression of the gene encoding the 25-hydroxyvitamin D 1a-hydroxylase (CYP27B1) (18). In
order to compare the effects of both endogenous and exogenous sources of 1,25D, both 25D and
1,25D metabolites were investigated, representing endogenous and exogenous sources of the

hormone respectively. Furthermore, the interactions between extracellular calcium levels and
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vitamin D metabolites on osteoblast differentiation were investigated utilising two levels of
culture media total calcium concentrations, 1.8 mM, the basal level in a-MEM culture media, and

an elevated level at 2.8 mM total calcium.

2 Methods and Materials

2.1 Cell culture

The MLO-AS cell line was generously provided by Professor Lynda Bonewald (University of
Missouri-Kansas City, MO, USA) and cultured as previously described (16). For differentiation
experiments, cells were cultured in osteogenic differentiation media consisting of 2% v/v foetal
bovine serum (Thermo Fisher Scientific, Scoresby, VIC, Australia), 10 mM B-glycerol-2-
phosphate (Sigma-Aldrich, St. Louis, MO, USA), 100 uM ascorbate-2-phosphate (Sigma-Aldrich)
and a-MEM (Life Technologies, Grand Island, NY, USA) with and without the treatments of
25D (100 and 200 nM; Wako Pure Chemicals, Osaka, Japan), 1,25D (0.1 and 1 nM; Wako Pure
Chemicals) or vehicle (0.1% v/v ethanol), as indicated. Culture medium containing total calcium
concentration at 2.8 mM was prepared by adding 0.1% v/v of 1 M calcium chloride (Sigma-

Aldrich) to o-MEM.

2.2 Proliferation assay

Cells for the proliferation assay were pre-labelled with carboxyfluorescein succinimidyl ester
(CFSE) by intracellular staining as described previously (4). Fluorescent labelled cells were
cultured in osteogenic differentiation media, as described above, for 5 days. Cells were seeded at
the density of 3 x 10* cells per well in 1 ml media, in 12-well plates. On day 5, 0.1% w/v trypsin
was added to cultures to harvest cells for flow cytometric analysis of CFSE intensity (4).The cell
cycle generations were calculated using ModFit LT 3 (Verity Software House, ME, USA) by

judging the distribution of CFSE dye in each cell cycle.

2.3 Differentiation/mineralisation assay
Cells for differentiation/mineralisation assays were seeded at 3 x 10* cells per well in 0.5 ml media,

in 24-well plates and cultures were allowed to proliferate to 100% confluence. At confluence,
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differentiation media plus 25D (100 nM), 1,25D (1 nM) or vehicle (0.1% v/v ethanol) at two
concentrations of total calcium (1.8 and 2.8 mM) were supplied to cultures every 72 hours until
day 21. Measurement of the ionised calcium concentrations in these media preparations (Siemens
RAPIDLAB 1265 system, Munich, Germany), revealed corresponding levels of 1.1 and 1.5 mM,
respectively. On days 3, 6, 12 and 21 (for long term culturing experiment) and 12, 24 and 72 hours
(for investigating the acute induction of the gene coding for 25-hydroxyvitamin D-24-
hydroxylase (Cyp24al)), total RNA was extracted from triplicate culture wells of 24-well plates
with TRIZOL reagent (Life Technologies) according to manufacturer’s instructions. cDNA
against the total RNA template was synthesised by Superscript-III kit (Life Technologies). The
mRNA expression of genes of interest was then measured using real-time PCR by iQ SYBR
Green Supermix (Bio-Rad Laboratories, Hercules, USA), as per the manufacturer’s instructions.
Oligonucleotide primer sets targeting Cyp27b1, Cyp24al, Gjal, Dmpl, Ank, Enppl, E11 and
Phex gene sequences are listed in Table 1. Primer sets for other genes were described previously
(14). The specificity of primer binding was confirmed by melt-curve analysis after the PCR
reactions. For quantification, gene expression was normalised to that of the housekeeping gene £-
Actin. The levels of 1,25D in media supernatants were measured by the iSYS-1,25D immunoassay

(Immuno Diagnostic Systems, Boldon, UK) in triplicate for each treatment group.

In vitro mineral deposition on days 3, 6, 12 and 21were visualised by Alizarin Red staining of
cultures in 24-well plates. The Alizarin Red-calcium complexes were dissolved in 10% v/v acetic
acid, neutralised to pH 4.2 by 10% v/v ammonium hydroxide and quantified by measuring light
absorption at 405, (19). The chemical composition of the mineral deposited by these cultures
was investigated by analysing the ratio of elemental calcium to phosphorus using energy

dispersive spectroscopy (EDS) analysis, as described previously (20).

2.4 Statistical analyses
One-way ANOVA followed by a Bonferroni post-test was performed to analyse the effects of
vitamin D metabolites on cell proliferation and two-way ANOVA followed by a Bonferroni post-

test were performed to analyse the effects of vitamin D metabolites and extracellular calcium on
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differentiation/mineralisation studies including mRNA levels, using GraphPad Prism 6.05

(GraphPad Software, La Jolla, CA, USA).

3 Results

3.1 Vitamin D receptor activity and vitamin D metabolism in MLO-AS5 cells

Vitamin D receptor (Vdr) mRNA levels reduced with time in all cultures with 1.1 mM Ca** (p <
0.02), but not 1.5 mM Ca?>" and were enhanced with 25D treatment only with 1.1 mM Ca?" (p <
0.05) (Fig. 1A). mRNA levels of Cyp27bIwere significantly suppressed by 25D treatment at both
1.1 and 1.5 mM Ca*" (p < 0.05) and tended to be suppressed by 1,25D with 1.1 mM Ca*" (p =
0.07) (Fig. 1B). On days 3, 6, 12, and 21, mRNA levels of the gene Cyp24alwere at the limits of
detection with vehicle treatment (Fig. 1C). These time points were the end of 72-hour media
feeding cycles, Cyp24almRNA expression was markedly induced by 1,25D and 25D (p < 0.01),
with on average 10-fold higher levels with 25D than with 1,25D. Induction of Cyp24al mRNA
by 1,25D was greater in the presence of 1.5 mM Ca*" compared to 1.1 mM Ca*(p < 0.05). The
inactive vitamin D metabolite 24,25-dihydroxyvitamin D did not demonstrate any induction of

Cyp24al (data not shown).

3.2 Acute Cyp24al induction within 72 hours and 1,25D levels from media supernatants of 25D
and 1,25D treated cultures

The lower induction of Cyp24al mRNA levels over the 21 day cultures with 1,25D compared
with 25D treatment raised the question as to whether exogenous 1,25D demonstrates differential
pharmacodynamics compared with endogenous 1,25D. Therefore the effects of these vitamin D
metabolites on Cyp24al mRNA and media 1,25D levels were investigated at earlier time points
than 3 days (72h). After 12h stimulation, Cyp24al mRNA expression was elevated in response
to 1,25D (1 nM) reaching a maximum at 24h and subsequently declining by 72h (Fig. 2A). There
was no effect of Ca?" on this induction over the shorter time period. Cyp24al mRNA induction
by 25D (100 nM) was delayed, consistent with endogenous synthesis of 1,25D, and continued to
increase up to 72h.Consistent with data shown in figure 1C, Cyp24al mRNA expression was
elevated in response to 25D (100 nM) and 1.5 mM Ca*" (Fig 2A) only at 72h (p < 0.001). With

vehicle treatment Cyp24al mRNA levels were very low, similar to levels in figure 1C (data not
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shown). Measurement of 1,25D in the culture supernatant confirmed that endogenous and
exogenous sources of 1,25D demonstrate marked differences in pharmacokinetics. Hormone
levels in cultures supplied with exogenous 1,25D decreased from the initial level of 1000 pM to
600 pM by 72h (Fig. 2C), indicative of robust induction of CYP24A1 activity unaffected by the
calcium concentration. Treatment with 100 nM 25D produced some 40 pM 1,25D concentrations,
which were maintained over the 72 hour period (Fig. 2D). Treatment with 500 nM 25D increased1,
25D levels to 100 pM at 72hours (Fig. 2E). Media 1,25D levels with 25D treatment demonstrated
a trend for reduced levels at 1.5 mM Ca*'with 500 nM treatment (p = 0.07 at 72h), consistent with

increased induction of Cyp24al mRNA with this treatment.

3.3 Vitamin D inhibition of MLO-A5 proliferation

The percentage of cells which had passed through at least one division by day 5 was significantly
lower with 200 nM 25D and 1 nM 1,25D treatment compared to vehicle group (p<0.001) (Fig.
3A); the percentage of cells that proliferated more than 4 generations was significantly lower in
all vitamin D treatment groups compared to vehicle group (p < 0.001) (Fig. 3B). These findings
indicate that both 25D and 1,25D exert inhibitory effects on the proliferation of MLO-AS5 cells.
The inhibition was dose-dependent with stronger arrest of cell cycling at 200 nM 25D and 1 nM
1,25D treatments compared to 100nM 25D and 0.1 nM 1,25D respectively (p<0.001). This
inhibition of proliferation by vitamin D metabolites was independent of ionised media calcium
concentrations (data not shown). The inactive vitamin D metabolite 24,25-dihydroxyvitamin D
did not demonstrate any inhibition of proliferation (data not shown), suggesting that CYP27B1

activity, rather than CYP24A1, was responsible for the observed effects with 25D.

3.4 Vitamin D metabolites enhance mineral deposition by MLO-A5

Mineral deposition was assessed by Alizarin Red stain (Fig. 4A), which was quantified at 4 time
points over the 21-day culture period (Fig. 4B). EDS analyses indicated that the Ca/P ratio of this
deposited mineral ranged between 1.65 to 1.8, which is similar to the Ca/P ratio (around 1.67) of
in vivo bone mineral, hydroxyapatite (Cas(PO4)3(OH)). During this time period the level of
mineral deposition increased with 1.5 mM Ca*" in the culture media compared with 1.1 mM Ca?*

(p <0.01). The addition of 1,25D (1nM) to medium that contained 1.1 mM Ca*" was associated
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with a slight but significant increase in mineral deposition (p < 0.001). In the presence of 25D,
mineral deposition was only increased at day 21 (p < 0.001). With 1.5 mM Ca*" in the media both
vitamin D metabolites (25D at 100 nM; 1,25D at 1 nM) significantly increased mineral deposition
over vehicle treatment by 30% at day 21 (p < 0.001). The increased mineral deposition induced
by each vitamin D metabolite was also significantly greater in the presence 1.5 mM Ca** than 1.1

mM Ca?* (p < 0.001).

3.5 Effects of vitamin D metabolites and extracellular calcium on mRNA levels of genes related
to osteogenic differentiation and mineral deposition

Expression of the osteoblast maturation-associated gene osteocalcin (Ocn) at 1.1 mM Ca®" was
induced by both vitamin D metabolites (p < 0.01) (Fig. 5A). When media ionised calcium
concentrations were elevated to 1.5 mM, the enhancing effects of 25D and 1,25D on Ocn mRNA
were significantly reduced (p < 0.05). mRNA levels of Gjal, encoding gap junction protein alpha
1/connexin 43, a principal protein component for functional hemi-channels and gap junctions and
a marker of mature osteoblasts and osteocytes (21), was increased by 1.5 mM Ca?" (p < 0.01)
suggesting a maturation effect of elevated extracellular calcium alone. Gjal mRNA levels were
enhanced by both 25D (p<0.01) and 1,25D (p < 0.001) treatments with 1.1 mM Ca*" in culture
media (Fig. 5B) but were no different from vehicle with 1.5 mM Ca®". Gene expression of the
osteocyte marker, dentin matrix acidic phosphoprotein 1 (Dmpl) demonstrated a trend for
increased mRNA levels with elevated calcium alone (p = 0.08) while 25D and 1,25D treatment

groups showed no effects (Fig. 5C).

Levels of tissue non-specific alkaline phosphatase (Trap) mRNA, encoding the enzyme critical
for the initiation of bone mineralisation by degrading pyrophosphate (PPi), decreased with time
with 1.1 mM Ca?" (p < 0.05) and were increased by both 25D (p < 0.02) and 1,25D (p < 0.01) on
day 3 (Fig. 6A). When media ionised calcium was elevated to 1.5 mM, Tnap mRNA levels were
similar to the basal levels with vehicle treatment at 1.1 mM Ca*" regardless of vitamin D
metabolite treatments. The mRNA level of ankylosis protein (4nk), which is responsible for
transporting PPi into the extracellular fluid, was unaffected by either vitamin D metabolite or

calcium concentration variations (Fig. 6B). The mRNA level of ecto-nucleotide
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pyrophosphatase/phosphodiesterase-1 (Enpp1), the enzyme responsible for synthesis of PPi, with
1.1 mM Ca*" was increased slightly but significantly by both 25D (p <0.01) and 1,25D (p <0.001)
treatments from a low baseline level and increased with time by 1,25D (p < 0.05). The elevated
ionised calcium concentration increased the basal level of Enppl mRNA to a minor extent
compared to that with 1.1 mM Ca*" (p < 0.05). However with 25D and 1,25D treatments there
were greater than 2-fold increases in Enppl mRNA levels compared with vehicle at 1.5 mM Ca?*
(p <0.02) and increases compared to 25D and 1,25D treatment levels with 1.1 mM Ca*" (p <

0.01) (Fig. 6C).

Messenger RNA levels of type I collagen alpha chain 1 (Coll al), the major component of bone
organic matrix, £71, the early osteocyte transition related gene, and phosphate regulating
endopeptidase homolog, X-linked (Phex) the osteocyte marker that promotes mineralisation, were
all highly detectable but unaffected by either vitamin D metabolites or the ionised calcium

concentration (supplementary Fig. 1A-C).

4 Discussion

Using the late osteoblast/early osteocyte cell line MLO-AS, we examined the effects of vitamin
D metabolites 25D and 1,25D at two levels of total extracellular calcium concentration (1.8 mM
and 2.8 mM) on in vitro proliferation, osteogenic differentiation and mineral deposition. These
differentiation conditions contained ionised calcium concentrations at 1.1 and 1.5 mM
respectively spanning the physiological range from normal to hypercalcaemia (22).These cells
contain the machinery necessary for vitamin D activity arising from either exogenous or
endogenous sources with expression of Vdr, essential for biological activity of 1,25D (23) and
Cyp27b1 required for conversion of 25D to 1,25D. The addition of 25D reducedCyp27b1 mRNA
levels confirming a previous report of 1,25D reducing Cyp27b1 mRNA at 2-days post treatment
(18). This is a most interesting observation as a proposed inhibitory mechanism reported in the
renal cell line MCT (24) is currently under active discussion. /n vivo data indicate that Cyp27h1
mRNA levels in bone are regulated independently of renal Cyp27b1 mRNA levels (5). Therefore

MLO-AS5cells are potentially a reproducible model to investigate this mechanism.

102



Cyp24al mRNA levels were induced by both 25D and 1,25D. However over the 21 day culture
period, induction by 25D was on average 10-fold higher than 1,25D. Maximum levels with 1 nM
1,25D were reached at 24 hours followed by a marked reduction at 72 hours despite maintaining
high 1,25D levels (600 pM) in the medium. In contrast, with 25D treatment, Cyp24al mRNA
levels were maintained or rose over the 72 hour period while the media 1,25D level was markedly
lower. Interestingly, at the 72-hour time point, the levels of Cyp24al mRNA levels in 25D (100
nM) and 1,25D (1 nM) treatment groups were similar, whereas the media 1,25D concentrations
in 1,25D-treated cultures were still 15-fold higher than 25D-treated cultures. These data indicate
differences between endogenous and exogenous sources of 1,25D in terms of pharmacodynamics
and pharmacokinetics of intracellular 1,25D with effects on the expression of genes coding for
two vitamin D metabolising enzymes, Cyp24al and Cyp27bi. 1,25D induction of Cyp24al
expression is complex with synergism between two vitamin D response elements in the proximal
promoter dependent on levels of 1,25D (25). A novel finding is the effect of extracellular calcium
on Cyp24al mRNA levels. With 1.5 mM Ca*’, the acute induction level of Cyp24al mRNA with
25D treatment was significantly higher than that with basal Ca?* (1.1 mM) and the measured
1,25D at the higher Ca** levels tended to be lower. Similar observations were seen with 1,25D
induction of Cyp24al mRNA at 12 and 21 days suggesting an interaction between extracellular
calcium and vitamin D metabolites with regard to induction of Cyp24al expression with higher

extracellular calcium increasing the clearance of 1,25D.

25D showed similar biological effects to 1,25D on proliferation and differentiation of these cells.
Both 25D and 1,25D dose-dependently inhibited cell proliferation consistent with our previous
report of vitamin D inhibiting the proliferation of human osteoblasts (4). Notably, the inhibitory
effect of 25D at 100 nM was similar to that of 1,25D at 0.1 nM, representing physiological plasma
levels for these metabolites. Both 25D and 1,25D enhanced osteogenic differentiation as
evidenced by the elevated mRNA levels of maturation related genes, osteocalcin (Ocn) (26) and
gap junction protein alpha 1/connexin 43 (Gjal) (27).These vitamin D metabolites equally
promoted mineral deposition by some 30% when combined with 1.5 mM Ca*"and small but

statistically significant effects were detected at 1.1 mM Ca*". These observations are in contrast
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to our finding that 1,25D inhibited in vitro mineral deposition by neonatal calvarial bone-derived

osteoblast-like cultures (14).

To investigate a possible mechanism for such effects of these vitamin D metabolites on vitamin
D-induced mineral deposition, the levels of mRNA for three genes (Tnap, Ank and Enppl)
involved in synthesis and metabolism of pyrophosphate and mineralisation were assessed.
Nucleotide pyrophosphatase phosphodiesterase 1 (NPP1), the enzyme coded by ENPP1/Enppl is
responsible for synthesis of inorganic pyrophosphate (PPi) (28). Progressive ankylosis protein
(ANK) is responsible for transporting PPi (29). In soft tissues ENPPI1/Enppl and ANK/Ank
activities ensure the appropriate extracellular level of PPi to prevent pathological calcification. In
the bone environment, tissue non-specific alkaline phosphatase (TNAP) is co-expressed together
with NPP1 and ANK, metabolising PPi into inorganic phosphate (Pi), a key component of bone
mineral hydroxyapatite. Thus when PPi is transported to the extracellular space, the action of
TNAP generates Pi necessary to initiate the mineralisation process along type I collagen fibrils
(30). In MLO-AS cell cultures, Enppl mRNA levels were slightly up-regulated by the elevated
extracellular Ca** (1.5 mM) and with 25D and 1,25D treatments when combined with 1.1 mM
Ca*". mRNA levels were markedly stimulated by each of the vitamin D metabolites with 1.5 mM
Ca*", consistent with previous data (31). This study has demonstrated a relationship between
ENPP1/Enppl mRNA levels and vitamin D-induced levels of in vitro mineral deposition. nRNA
levels for Tnap and Ank remained detectable and constant under these culture conditions
suggesting adequate levels for mineralisation. Consequently in these cultures, NPP1 appears to
be enhancing mineral deposition by providing the substrate (PPi) for TNAP to generate Pi, thus
promoting mineralisation. NPP1 can also act as an inhibitor of mineral deposition but when TNAP

enzyme is added to such cultures this inhibition of mineral deposition is abrogated (31).

When the ionised calcium level in the media was elevated to 1.5 mM, we found not only an
increase in mineral deposition but an increase in mRNA levels of Gja/and Enppl and a trend for
increased Dmpl mRNA levels, independently of vitamin D treatments. Each of these genes is
related to osteogenic differentiation and therefore it appears that 1.5 mMCa*" can mimic the

effects of vitamin D metabolites to promote differentiation to a more mature phenotype, consistent
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with findings with human osteoblasts (15). Presumably, such calcium effects are mediated
through the calcium-sensing receptor (32) and the interplay with the vitamin D response
represents an interesting area of future research. These data provide evidence for a mechanism by
which the calciotropic effects of 1,25D can directly modulate bone mineral status through an
interaction with extracellular calcium by varying the relative activities of two osteoblastic
enzymes, nucleotide pyrophosphatase phosphodiesterase 1 and tissue non-specific alkaline
phosphatase. While the higher level of ionised calcium used in these experiments represents
hypercalcaemia in humans, we have no knowledge at this time of the minimal level of
extracellular ionised calcium necessary to achieve such stimulation of vitamin D induction of

mineral deposition by osteoblasts.
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Figure legends

Figure 1: Effects of vitamin D metabolites and extracellular calcium on genes coding for vitamin
D receptor and vitamin D metabolising enzymes. The mRNA ratios of Vdr (A), Cyp27b1 (B) and
Cyp24al (C) to f-Actin in MLO-AS, with vehicle (—e—), 25D (100 nM) (--~EF-), or 1,25D
(1nM) ( ) treatments with media containing 1.1 (left) or 1.5 (right) mM Ca*" (mean + SEM,
n = 3); * and { indicate effects of 25D and 1,25D respectively compared to vehicle for specific
time points; one symbol indicates p < 0.05 and two symbols indicate p < 0.01. Three independent
experiments for gene expression analyses were carried out and the error bars on graphs represent

the standard errors of mean data collected from the three experiments.

Figure 2: Short term effects on induction of Cyp24al mRNA levels: The mRNA ratios of
Cyp24al to f-Actin in MLO-AS within the first 72 hours of differentiation assay with 1.1 (—e—)
or 1.5 ( ) mM Ca?"in culture media combined with the treatments of 1 nM 1,25D (A) or
100 nM 25D (B); 1,25D concentrations from the cell culture supernatants with 1.1 (lll) or 1.5
(M) mM Ca?'in culture media combined with the treatments of 1 nM 1,25D (C), 100 nM 25D
(D) or 500 nM 25D (E) (mean + SEM, n = 3); *** indicates the effect of calcium concentration
on 100 nM 25D treatment group with p < 0.001 at 72h. Three independent experiments for gene
expression analyses were carried out and the error bars on graphs represent the standard errors of

mean data collected from the three experiments.

Figure 3: Effects of vitamin D metabolites on cell proliferation: The percentage of divided cells
(A) and cells that proliferated more than 4 generations (B),at day 5 MLO-AS cultures with the
treatments of vehicle, 25D (100 and 200 nM) and 1,25D (0.1 and 1 nM) with 1.1 mM Ca*" in
culture media (mean + SEM, n =4; *** indicates p <0.001). Three independent experiments were
carried out and a representative experiment is shown. The error bars on the graphs represented 4
replicates of cell culture wells for each treatment group. All the treatment groups showed the

similar biological effects within these three experiments.
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Figure 4: Effects of vitamin D metabolites and extracellular calcium on mineral deposition: A:
Day 12 snapshot of the mineralisation assay stained with Alizarin Red on the cell culture with the
treatments of vehicle, 100 nM 25D and 1 nM 1,25D combined with 1.1 (left panel) and 1.5 (right
panel) mM Ca?" in media. B: The level of in vitro mineralisation by MLO-AS5 under the treatments
of vehicle (—e—), 25D (100 nM) (), or 1,25D (1 nM) ( ) combined with 1.1 (left)
and 1.5 (right) mM Ca®" in media (mean = SEM, n = 3); * and 1 indicate the effect of 25D and
1,25D respectively, compared to vehicle at specific time points and three symbols indicate p <
0.001. Three independent experiments were carried out and one experiment was chosen to present
in the graph. The error bars on the graphs represented 3 replicates of cell culture wells for each
treatment group. All the treatment groups showed the similar biological effects within these three

experiments.

Figure 5: Effects of vitamin D metabolites and extracellular calcium on mRNA levels for genes
associated with osteogenic differentiation: The mRNA ratios of Ocn (A), Gjal (B) and Dmp1 (C)
to S-Actin in MLO-AS, with vehicle (—e—), 25D (100nM) (-~EF-), or 1,25D (1nM) ( )
treatments with media containing 1.1 (left) or 1.5 (right) mM Ca®" (mean + SEM, n = 3); *
indicates the effect of 25D at specific time points compared to vehicle and two symbols indicate
p <0.01. Three independent experiments for gene expression analyses were carried out and the
error bars on graphs represent the standard errors of mean data collected from the three

experiments.

Figure 6: Effects of vitamin D metabolites and extracellular calcium on mRNA levels for genes
required for pyrophosphate metabolism: The mRNA ratios of Tnap (A), Ank (B) andEnppl (C)
to S-Actin in MLO-AS, with vehicle (—e—), 25D (100nM) (-~~EF+), or 1,25D (1nM) ( )
treatments with media containing 1.1 (left) or 1.5 (right) mM Ca** (mean + SEM, n = 3); * and {
indicate the effect of 25D and 1,25D respectively at specific time points compared to vehicle; one
symbol indicates p < 0.05 and two symbols indicate p < 0.01. Three independent experiments for
gene expression analyses were carried out and the error bars on graphs represent the standard

errors of mean data collected from the three experiments.
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Supplementary Figure 1: Effects of vitamin D metabolites and extracellular calcium on mRNA
levels of osteoblast and osteocyte genes: The mRNA ratios of Collal (A), E11 (B) andPhex(C)
to f-Actin in MLO-AS, with vehicle (—e—), 25D (100nM) (), or 1,25D (1nM) ( )
treatments with media containing 1.1 (left) or 1.5 (right) mM Ca*" (mean = SEM, n = 3). Three
independent experiments for gene expression analyses were carried out and the error bars on

graphs represent the standard errors of mean data collected from the three experiments.
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Table 1. Primer sets used for real-time PCR for gene amplification

Gene Sequence (5’to 3’) Gene bank accession Amplicon (bp)
number

Cyp27bl | Forward: gaccttgtgcgacgactaa NM 010009.2 167
Reverse: tctgtgtcaggagggacttca

Cyp24al | Forward: ttgaaagcatctgecttgtgt NM_009996.3 130
Reverse: gtcaccatcatcttcccaaat

Gjal Forward: aagtgaaagagaggtgccca NM 010288.3 79
Reverse: gtggagtaggcttggacctt

Dmp1l Forward: gaaagctctgaagagaggacggg NM _016779.2 121
Reverse: tgtcegtgtggtcactatttgect

Ank Forward: tcgctgacgctctgttttgt NM 020332.4 84
Reverse:ggcaaagtccactccaatgatat

Enppl Forward: aagcgcttacacttcgctaaaag NM _008813.3 87
Reverse: tgatggattcaacgcaagttg

Ell Forward: aaacgcagacaacagataagaaagat NM 010329.2 158
Reverse: gttetgtttagetctttagggcga

Phex Forward: gaaaagctgttcccaaaacagag NM 011077.2 156

Reverse: tagcaccataactcagggatcg
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Chapter 6: Concluding Remarks

Since the discovery that vitamin D deficiency is more prevalent in hip fracture patients
(154), the results of numerous combined vitamin D and calcium supplement trials have
suggested a beneficial effect for maintaining bone mineral density, prevention of
osteoporosis and reducing the risk of fracture (56). Some investigators have suggested
that the benefit arises from the endocrine action of 1,25D to improve intestinal calcium
absorption. Despite the reported positive relationship between the circulating 25D level
and bone mineral density, a recent review pointed out that the dietary supplement of
vitamin D has limited benefit for recovering bone mineral density or for treating
osteoporosis (155). Therefore, the actual mechanism of vitamin D effects on bone health
is not understood and the threshold level of 25D for obtaining optimal bone health is yet
to be determined. The studies reported in this thesis have focussed on the interaction
between the vitamin D activities on osteoblast-like cells and osteogenic differentiation.
Over the last 20 years or so, multiple vitamin D related studies have demonstrated that
1,25D plays both inhibitory and enhancing effects on osteoblast differentiation by
modulating gene expression during osteogenic differentiation and mineral deposition
(107,112,156-160). This project has utilised different cell culture models to research the
interaction between 1,25D activity and the proliferation and differentiation of osteoblasts.
These data again confirm the inhibitory effects of 1,25D on osteoblast proliferation. They
also demonstrate an interaction between vitamin D activities (the combination of cellular
1,25D concentration and the level of vitamin D receptor), stage of osteoblast maturation
and concentration of extracellular calcium to either enhance or inhibit effects on

osteogenic differentiation and in vifro mineralisation.

The effects of 1,25D on cell proliferation were assessed using the late osteoblast cell line,

MLO-AS. In these cells, the local production of 1,25D was confirmed and therefore, 25D
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and 1,25D were added to cultures to identify any distinct effects between exogenous and
endogenous 1,25D on these cells. In this cell line model, the biological effects of 25D and
1,25D on cell proliferation and differentiation were found to be identical, as discussed in
chapter 5. Of interest, however, is that the physiological level of the pro-hormone (200
nM 25D) inhibits cell proliferation to a similar degree as a pharmacological level of the
active hormone (1 nM 1,25D). A possible mechanism to explain this observation is the
different pharmacokinetics of 25D and 1,25D being metabolised intracellularly, as
demonstrated in chapter 5. We hypothesise that physiological levels of pro-hormone
provide a lower and more constant level of locally-produced 1,25D to cells; whereas the
pharmacological level of 1,25D initially supplies a high dosage of 1,25D, the availability
of which rapidly declines due to catabolism by the induced CYP24 activity. 1,25D
induction of Cyp24al gene expression is complex, and involves synergism between two
VDRE transcriptional complexes dependent on 1,25D concentrations (161).
Consequently, further studies on the differential pharmacodynamics of endogenous and
exogenous 1,25D on expression of the genes encoding CYP27B1 and CYP24 would be
of great interest to the field. Our data indicate that the MLO-AS cell line would be a

suitable model for such studies.

To further study the relationship between vitamin D activity and osteogenic
differentiation, calvarial cells isolated from three mouse lines, two of which were
genetically-modified with regard to the VDR, were utilised. The mouse lines were the
globally-ablated VDR gene (VDRKO) and the transgenically over-expressed VDR in
mature osteoblasts (OSVDR) mouse lines, which were compared with wild-type (WT)
mice. Calvarial cell cultures from these different genotypes were examined under culture
conditions, in which media containing FCS introduced 1,25D within the physiological
range (30 pM final concentration). VDRKO derived calvarial cells demonstrated reduced

Dmpl, Mepe and Rankl mRNA expression compared to WT cells suggesting that
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inactivation of the VDR delays maturation and reduces the potential support of osteoclast
formation. In contrast, OSVDR cells with physiological levels of 1,25D demonstrated
increases of mRNA levels for a panel of differentiation-related genes as shown in chapter
4, compared to WT cells. These data suggest that increased vitamin D activity enhances
the development of the mature osteoblast phenotype as a result of increased levels of
VDR. These observations imply a positive effect of physiological levels of 1,25D acting

through the VDR to promote osteoblast maturation.

When cells were treated chronically with exogenous 1,25D (at the pharmacological
concentration of 1 nM) every 3 days for 24 days, VDRKO cultures were unaffected, as
expected. However, in WT cells, the differentiation-related genes examined were up-
regulated, as presented in chapter 4. These data again confirm that the effects of 1,25D
act through the VDR to exert effects on osteoblastic differentiation. Interestingly, in
OSVDR cell cultures, the levels of differentiation-related genes were down-regulated
with 1 nM 1,25D treatment. Based on these findings, we conclude that 1,25D activity at
physiological levels and even pharmacological levels with normal VDR expression
promotes osteogenic differentiation; however with a pharmacological level of 1,25D in
association with a high level of VDR expression, leading to an amplification of VDR
activity for a given prevailing concentration of 1,25D, normal osteoblast differentiation

is disrupted.

The acute effects of 1,25D treatment were also studied in Calvarial cells by supplying the
cells with 1,25D just 24 hours prior to sampling for mRNA preparations. As discussed in
chapter 4, the purpose of this acute treatment was to identify the direct effects of 1,25D
on target gene mRNA levels as opposed to the combined effects of direct effects on target
gene transcription and indirect effects arising from 1,25D effects on osteoblast maturation.

Evidence from these acute studies demonstrated that Rankl mRNA is significantly

124



induced within 24 hours of 1,25D treatment in both WT and OSVDR cells (refer to
Appendix III L), which is consistent with the previous characterised mechanism that
1,25D acts directly to promote the transcription of Rankl through interaction of the
1,25D/VDR complex with VDREs (140). Our results show a very similar transcriptional
pattern on Enppl mRNA levels under the acute treatment (refer to Appendix III D).
Recently, a mechanism for activating Enppl transcription through the binding of
1,25D/VDR complex to a VDRE located in the adjacent gene, Enpp3, has been identified
(162). The activation of this VDRE co-activates both Enppl and Enpp3. Whether there is
an independent regulation cassette within the Emppl gene sequence is yet to be
determined. Interestingly, the induction of Rankl mRNA by 1,25D was not detectable in
the MLO-AS study, while the baseline level of Rankl mRNA in MLO-AS is around 1000-
fold lower than Calvarial osteoblasts. Moreover, a recent study from our group
demonstrated that the Rankl mRNA level was inhibited by locally synthesised 1,25D in
cell line MLO-AS cultures (90). These findings raise the most interesting question,
regarding the molecular mechanism(s) by which the direct regulation of gene expression

by 1,25D is modulated by osteoblast cell maturation.

The effects of vitamin D activity on in vitro mineral deposition were assessed in cultures
of osteoblast-like cells at different stages of maturity, as discussed previously. Both
inhibition and promotion of in vitro mineralisation by 1,25D have been observed in these
studies. In chapter 4, the mineral levels deposited by WT Calvarial cells were reduced by
chronic 1,25D treatment. This finding is consistent with published data demonstrating
that osteoblasts from wild-type mice produced less mineral nodules in vitro compared to
osteoblasts derived from VDRKO animals (131). In chapter 5, mineral deposition by the
late stage osteoblast cell line, MLO-AS, was enhanced by 1,25D. This finding is
consistent with the previous study from our group reporting that 1,25D treatment

increased mineral deposition by normal human bone derived osteoblasts (85). To
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investigate the molecular basis for the differential effects of 1,25D on in vitro
mineralisation, two of the mineral regulatory systems (the pyrophosphate metabolism
pathway and the PHEX/MEPE pathway) were examined in these cell models. The
mineralisation inhibitor Mepe (reviewed in chapter 1 as a mineralisation inhibitor secreted
by osteoblasts and osteocytes), is detectable in Calvarial cultures but, is non-detectable at
the mRNA level in MLO-AS cultures. We observed that with physiological levels of
1,25D the quantity of mineral deposited by WT Calvarial cells was consistently lower
than that by MLO-AS cells (5-fold on average increase by MLO-AS cells). The absence
of the mineralisation inhibitor MEPE could be an important mechanism enabling the
MLO-AS cells to deposit an increased quantity of mineral compared to WT Calvarial
cells. With chronic 1,25D treatment, neither the ratio of Phex/Mepe mRNA in WT
Calvarial cells nor the Phex mRNA level in MLO-AS cells was significantly changed. On
the other hand, the mineralisation inhibitor genes Ank and Enppl, which operate on the
pyrophosphate metabolism pathway, were up-regulated by chronic 1,25D treatment in
WT Calvarial cells. The increased mRNA levels of these genes could be one mechanism,
by which 1,25D treatment inhibits mineral deposition by WT Calvarial cell cultures.
Related to this, several important observations were made in treated MLO-AS cultures:
the level of Ank was unchanged by either of the vitamin D metabolites; the level of Enpp!
mRNA was increased by both 25D and 1,25D treatments; mRNA levels of the
mineralisation promoter 7nap in MLO-AS cultures was increased by both 25D and 1,25D
treatments. It is possible that the increase in Enppl mRNA expression in the MLO-AS
cells produces higher enzyme activity of NPP1 and with a higher extracellular production
of PPi, which is a substrate for the enzyme TNAP to produce inorganic phosphate (Pi) to
promote mineralisation. Thus in MLO-AS cells, TNAP activity is sufficient, such that
Enppl 1s playing a promotional role to enhance mineral deposition rather than as an
inhibitor. Hence, at least in the MLO-AS cell line model, the anabolic factor(s) promoting

mineralisation are presumably dominant over the inhibitors. These results support the
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hypothesis that in the two cell models used in this project (WT Calvarial cells and the
MLO-AS cell line), 1,25D exerted differential activities with regard to effects on 1,25D-
dependent in vitro mineralisation via the regulation of the pyrophosphate metabolism
pathway. In order to verify this proposal, further studies on these gene products at the

level of protein activity and the enzyme kinetics are required.

Increasing culture media calcium concentration enhanced mineral deposition in both WT
Calvarial cell and MLO-AS5 cultures. However, with WT Calvarial cells, an elevated
calcium level in culture media did not significantly change the mRNA levels of the target
genes investigated. With the MLO-AS cell line, some effects were evident, including a
reduction of mRNA level of a mature osteoblast marker, Ocn and enhancement of mRNA
levels of the main component of functional gap junction, Gjal and the osteocyte marker
and promoter of mineralisation, Dmpl. All of these effects of calcium on maturing
osteoblasts were independent of vitamin D treatment. This observation is consistent with
the recent report from our group, showing that increasing media calcium promotes the
maturation of human bone-derived osteoblasts towards a mature osteocyte phenotype (30).
The elevated calcium concentration also alters the Cyp27b1 and Cyp24al mRNA levels
and consequently changes the metabolism of 25D and 1,25D, as shown in chapter 5. Our
findings indicate a potential mechanism, by which media ionised calcium and the calcium
sensing receptor in osteoblasts interact with the cellular vitamin D activities. The further
exploration of calcium sensing receptor activities in the MLO-AS5 cell line would be

useful for investigating the role of calcium on osteoblast differentiation.

In all of the assessments of in vifro mineralisation in this study, the quantity of mineral

deposited in culture was measured as a function of the level of Alizarin Red dye, which

binds calcium ions. Furthermore, the calcium/phosphate ratio as assessed by energy-
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dispersive X-ray spectroscopy (EDS) microanalysis was employed and demonstrated that

this ratio was identical to that reported for bone hydroxyapatite formed in vivo.

The findings from this project suggest several exciting directions to further explore the

relationship between vitamin D activity and optimal bone health. Such further studies

include the following:

a)

b)

Research on the physiological roles for 1,25D arising from either endogenous or

exogenous sources can be conducted utilising the cell line MLO-AS.

The molecular mechanisms, by which cell phenotype or stage of osteoblast
maturation modulates the regulation of 1,25D expression of target genes acting
though VDRESs can be investigated using Calvarial cells and cell line MLO-AS.
The measurements of protein levels using Western blot, ELISA,
immunohistochemistry staining, etc., could also be performed to verify the

findings by mRNA analysis.

These cell models would be suitable for investigating the mechanisms, by which
the calcium sensing receptor acts in osteoblast-like cells, the effect of calcium on
osteogenic differentiation and the interaction between the calcium sensing
receptor and VDR pathways to regulate osteoblast proliferation, maturation and

mineral deposition.

d) The role of the Enppl and Tnap gene products in mediating the effects of vitamin

D in the skeletal system represents another exciting area of future research.

The potential new knowledge from these areas of research would significantly improve

understanding of the molecular and cellular basis of the interaction between vitamin D

activities and the skeletal system, and has the potential for clinical translation to improve

therapies for metabolic bone disease.
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Appendix I:

Identification of Cortical cells in Chapter 3 as the cell line MLO-A5

Experimentation:

Using the method of establishing cell cultures from juvenile mouse long bones described
in chapter 3, two distinct cell culture types were generated. The initial cultures (Appendix
I Fig. 1A) featured a cuboidal cell shape, with strong proliferative activity and was
uniform with type I collagen positive cells only. The majority of subsequent preparations
yielded cells (Appendix I Fig. 1B) which demonstrated an elongated and dendritic cell
shape, reduced ability to proliferate and were heterogeneous in culture with both type I
collagen- and the macrophage marker, F4/80-positive cells. Control staining was
performed with a negative control rat IgG1 antibody (Appendix I Fig. 1C). All the cells
termed “Cortical cells” in experimentation within chapter 3 were the cell population with

type I collagen positive only.

At the time of long bone derived cell preparations were being conducted, the immortalised
cell line MLO-AS5 was also cultured for another study. Hence, for the purpose of
investigating whether the Cortical cells used in chapter 3 could be the cell line MLO-AS,
suspended Cortical cell cultures were subjected to flow cytometric cell sorting to generate
single cell cultures. Seven of the resulting clonal cultures were randomly chosen for
expansion and characterisation. Originally, MLO-AS5 was established by transfecting
cortical bone derived cells with a plasmid construct containing the large and small T
antigen cassette from the SV40 virus in front of the rat osteocalcin (Ocn) promoter region
(163,164). Hence, total DNA samples from the 7 individual cultures were compared to a

DNA sample generated from a known MLO-AS5 culture and wild-type mouse tail
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extracted DNA, in a PCR reaction using primer sets targeting the large T antigen (forward:
5’-CCCTCCAGTGCCCTTTACAT-3’; reverse: 5’-
AAGAATGGATGGCTGGAGTTG-3’; amplicon expected to be 287 bp) and the rat Ocn
promoter (forward: 5’-GCACTGGGTGAATGAGGAC-3’; reverse: 5’-
AGGAGATGCTGCCAGGACTA-3’; amplicon expected to be 398 bp). The
transcriptomes from the 7 clonal cultures were also screened for large T antigen mRNA
level in comparison to both known MLO-AS culture and Calvarial cells derived from

wild-type mice.

Results:

All 7 of the clonal cultures (number 1, 4, 5, 6, 7, 8 and 10), as well as the known MLO-
A5 sample, were positive for both large T antigen and rat Ocn promoter sequences within
their total DNA samples, while the mouse tail extracted DNA samples was negative for
both signals (Appendix I Fig. 2). Upon quantification, varied but comparable levels of
large T antigen mRNA levels were measured within all the 7 clones and the known MLO-
AS culture, while the same PCR product was not able to be generated from wild-type

Calvarial cells (Appendix I Fig. 3).

Conclusion:

The cells termed Cortical cells used in chapter 3 contained all the components featuring
of cell line MLO-AS, and hence arose by cross-contamination of primary cultures with
the cell line. Hence, the Cortical cells used in chapter 3 study was confirmed to be the
established cell line MLO-AS, prompting the erratum published in the Journal of Steroid

Biochemistry and Molecular Biology (165).
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Appendix | figure 1 Immunostaining for type | collagen and F4/80 antigens

Cell cultures stained with type | collagen (in red colour) and F4/80 (in green colour)
antibodies and DAPI (in blue colour).

A: Collagen-I positive and F4/80 negative cell population

B: Collagen-l and F4/80 positive cell population

C: Control antibody staining on cells
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MLO-A5
Wild type
mouse tail

Clone number: 1 4 5 6 7 8 10

287 bp PCR product—

398 bp PCR product—»

Appendix | figure 2 PCR products representing Large T antigen sequence and rat Ocn
promoter region from DNA samples

PCR reactions using DNA samples from single clonal cultures 1, 4, 5, 6, 7, 8, 10 and a known
MLO-AS5 culture, generated 287 bp and 398 bp amplicons, representing large T antigen
sequence and rat Ocn promoter region respectively; both amplicons were not able to be
generated using wild-type mouse tail extracted DNA sample. One experiment for gene was
conducted and the error bars on graphs represent the standard errors of mean data collected

from the three PCR replicates.
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Appendix | figure 3 Real-time PCR reactions for measuring the mRNA levels of Large T
antigen from transcriptomes

Real-time PCRs confirmed that similar mRNA levels of large T antigen presented in the
transcriptomes from single clonal cultures 1, 4, 5, 6, 7, 8, 10 and a known MLO-A5 culture, but
large T antigen was absent in transcriptome extracted from wild-type Calvarial cells. One
experiment was conducted and the error bars on graphs represent the standard errors of

mean data collected three PCR replicates.
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Appendix II. A mRNA levels of Collal

The mRNA ratios of Colla/ to f-Actin by WT (left), OSVDR (middle) and VDRKO (right) cells,
with vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent experiments
for gene expression analyses were conducted and the error bars on graphs represent the

standard errors of mean data collected from the three experiments (mean+SEM, n = 3).
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Appendix II. B mRNA levels of Tnap

The mRNA ratios of Tnap to f-Actin by WT (left), OSVDR (middle) and VDRKO (right) cells, with
vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper) and 2.8
mM total calcium (lower) presented in culture media. Three independent experiments for gene
expression analyses were conducted and the error bars on graphs represent the standard errors

of mean data collected from the three experiments (mean=SEM, n = 3; * p<0.05, *** p<0.001).
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Appendix Il. C mRNA levels of Ank

The mRNA ratios of Ank to f-Actin by WT (left), OSVDR (middle) and VDRKO (right) cells, with
vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper) and
2.8 mM total calcium (lower) presented in culture media. Three independent experiments for
gene expression analyses were conducted and the error bars on graphs represent the standard

errors of mean data collected from the three experiments (mean+SEM, n = 3; ** p<0.01).
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Appendix II. D mRNA levels of Enppl

The mRNA ratios of Enppl to f-Actin by WT (left), OSVDR (middle) and VDRKO (right) cells, with
vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper) and 2.8
mM total calcium (lower) presented in culture media. Three independent experiments for gene
expression analyses were conducted and the error bars on graphs represent the standard errors

of mean data collected from the three experiments (mean+SEM, n = 3; * p<0.05, ** p<0.01).
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Appendix Il. E mRNA levels of Ocn

The mRNA ratios of Ocn to f-Actin by WT (left), OSVDR (middle) and VDRKO (right) cells, with
vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper) and 2.8
mM total calcium (lower) presented in culture media. Three independent experiments for gene
expression analyses were conducted and the error bars on graphs represent the standard errors

of mean data collected from the three experiments (mean+SEM, n = 3; * p<0.05, ** p<0.01).
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Appendix Il. F mRNA levels of E11
The mRNA ratios of E11 to fActin by WT (left), OSVDR (middle) and VDRKO (right) cells,
with vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent experiments
for gene expression analyses were conducted and the error bars on graphs represent the

standard errors of mean data collected from the three experiments (mean+SEM, n = 3).
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Appendix II. G mRNA levels of Phex

The mRNA ratios of Phex to f-Actin by WT (left), OSVDR (middle) and VDRKO (right) cells, with
vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper) and 2.8
mM total calcium (lower) presented in culture media. Three independent experiments for gene
expression analyses were conducted and the error bars on graphs represent the standard errors

of mean data collected from the three experiments (mean=SEM, n = 3; * p<0.05, *** p<0.001).
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Appendix Il. H mRNA levels of Mepe

The mRNA ratios of Mepe to g-Actin by WT (left), OSVDR (middle) and VDRKO (right) cells,
with vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent experiments for
gene expression analyses were conducted and the error bars on graphs represent the standard

errors of mean data collected from the three experiments (mean+SEM, n = 3; * p<0.05).
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Appendix II. | mRNA levels of Sost

The mRNA ratios of Sost to fActin by WT (left), OSVDR (middle) and VDRKO (right) cells, with
vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper) and 2.8
mM total calcium (lower) presented in culture media. Three independent experiments for gene
expression analyses were conducted and the error bars on graphs represent the standard errors

of mean data collected from the three experiments (mean=+SEM, n = 3; * p<0.05, *** p<0.001).
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Appendix II. J mRNA levels of Fgf23

The mRNA ratios of Fgf23 to p-Actin by WT (left), OSVDR (middle) and VDRKO (right) cells, with
vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper) and 2.8 mM
total calcium (lower) presented in culture media. Three independent experiments for gene expression
analyses were conducted and the error bars on graphs represent the standard errors of mean data

collected from the three experiments (mean=xSEM, n = 3; * p<0.05, ** p<0.01, *** p<0.001).

165



WT OSVDR VDRKO

o
o
®

©
o
"l

DMPL1 : B-ACTIN mRNA
o o
o o
Y K

2.8 mM calcium

o
o
®

o
o
vl

DM11 : B-ACTIN mRNA
o o
o o
R N

DAYS

&~ VEHICLE -&"CHRONIC 1,25D

Appendix II. K mMRNA levels of Dmp1l

The mRNA ratios of Dmpl to f-Actin by WT (left), OSVDR (middle) and VDRKO (right) cells,
with vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent experiments
for gene expression analyses were conducted and the error bars on graphs represent the

standard errors of mean data collected from the three experiments (mean+SEM, n = 3).
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Appendix II. L mRNA levels of Rankl

The mRNA ratios of Rankl to pActin by WT (left), OSVDR (middle) and VDRKO (right) cells,
with vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper)
and 2.8 mM total calcum (lower) presented in culture media. Three independent experiments for
gene expression analyses were conducted and the error bars on graphs represent the standard

errors of mean data collected from the three experiments (mean+SEM, n = 3; ** p<0.01).
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Appendix Il. M mRNA levels of Opg

The mRNA ratios of Opg to f-Actin by WT (left), OSVDR (middle) and VDRKO (right) cells,
with vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent experiments
for gene expression analyses were conducted and the error bars on graphs represent the

standard errors of mean data collected from the three experiments (mean+SEM, n = 3).
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Appendix [I. N mRNA ratios of Rankl/Opg

The mRNA ratios of Rankl/Opg by WT (left), OSVDR (middle) and VDRKO (right) cells, with
vehicle (solid line) and chronic 1,25D (1nM) (broken line) treatments with 1.8 mM (upper) and
2.8 mM total calcium (lower) presented in culture media. Three independent experiments for
gene expression analyses were conducted and the error bars on graphs represent the

standard errors of mean data collected from the three experiments (mean+SEM, n = 3).
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Appendix Ill. AmRNA levels of Collal

The mRNA ratios of Colla/ to fActin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3).
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Appendix Ill. B mRNA levels of Thap

The mRNA ratios of Tnap to p-Actin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3; ** p<0.01, *** p<0.001).
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Appendix Ill. C mRNA levels of Ank

The mRNA ratios of Ank to fActin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3; * p<0.05, ** p<0.01).
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Appendix Ill. D mRNA levels of Enppl

The mRNA ratios of Enppl to f-Actin by WT (left) and OSVDR (right) cells, with vehicle
(black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper) and 2.8 mM
total calcum (lower) presented in culture media. Three independent experiments for
gene expression analyses were conducted and the error bars on graphs represent the
standard errors of mean data collected from the three experiments (mean+SEM, n =1

with OSVDR under acute 1,25D treated group and n = 3 with all other groups).
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Appendix Ill. E mRNA levels of Ocn

The mRNA ratios of Ocn to f-Actin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3).
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Appendix Ill. F mRNA levels of E11

The mRNA ratios of E11 to pActin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3).
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Appendix Ill. G mRNA levels of Phex

The mRNA ratios of Phex to g-Actin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3; * p<0.05, ** p<0.01).
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Appendix Ill. H mRNA levels of Mepe

The mRNA ratios of Mepe to p-Actin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3; * p<0.05, ** p<0.01).
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Appendix Ill. | mRNA levels of Sost

The mRNA ratios of Sost to f-Actin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3; ** p<0.01, *** p<0.001).
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Appendix Ill. I mRNA levels of Fgf23

The mRNA ratios of Fgf23 to fActin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3).
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Appendix Ill. K mMRNA levels of Dmp1l

The mRNA ratios of Dmp1l to g-Actin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+ SEM, n = 3; * p<0.05).
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Appendix Ill. L mRNA levels of Rankl

The mRNA ratios of Rankl to g-Actin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3; * p<0.05, ** p<0.01, *** p<0.001).
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Appendix Ill. M mRNA levels of Opg

The mRNA ratios of Opg to fActin by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3; * p<0.05).
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Appendix Ill. N mRNA ratios of Rankl/Opg

The mRNA ratios of Rankl/Opg by WT (left) and OSVDR (right) cells, with
vehicle (black lines) and acute 1,25D (1nM) (dots) treatments with 1.8 mM (upper)
and 2.8 mM total calcium (lower) presented in culture media. Three independent
experiments for gene expression analyses were conducted and the error bars on
graphs represent the standard errors of mean data collected from the three

experiments (mean+SEM, n = 3; * p<0.05, ** p<0.01, *** p<0.001).
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