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Abstract

ABSTRACT

The purpose of this thesis is to analyze the structural bone tissue modifications and the alteration of
osteocyte cell-signaling during the repair of experimentally induced bone lesions (in vivo) and in an
immortalized cell model (in vitro) under the treatment of the osteo-protective drug Teriparatide.
Teriparatide is the active fragment (1-34) of the endogenous human parathyroid hormone (PTH).
The physiological effect of PTH is to induce hypercalcemia: this effect is partially achieved by
increasing both the calcium intestinal absorption and the renal tubular reabsorption; however, under
non-physiological conditions the hypercalcemia is mainly resulted by the increase of bone
resorption. Many studies showed that chronic administration of high doses of PTH results in
decreased bone mass while intermittent exposure to PTH activates osteoblast bone deposition. In
particular, it has been shown that intermittent exposure to PTH increases bone density by
stimulating osteogenesis; whereas continued exposure to the same hormone causes strong bone
reabsorption. Most of the structural studies published so far about the effect of Teriparatide focused
their attention on the amount of the newly-deposited bone without investigating the quality of the
newly-formed bone tissue; moreover most of the papers enhance the attention to the osteoblast’s
cellular and molecular involvement during the process of bone repair, ignoring the pivotal role that
the osteocytes play in the bone environment by means of the modulation of their signaling. In many
previously published papers, it has been shown that osteocytes are the main actors of the
communication among bone cells; in particular, they are in close contacts with osteoblasts through
cytoplasmic extensions and specialized gap-junctions, indicative of their guide role. Bone

regeneration retraces the sequence of events occurring in membranous ossification: after a




Abstract

preliminary formation of fibrous tissue and the successive vascular proliferation, two different types
of osteogenesis follow: firstly the process of Static Osteogenesis (SO), which produces preliminary
bony trabeculae with woven texture, under factors/cytokines of vascular origin, and later the
process of Dynamic Osteogenesis (DO), in which osteoblasts, driven by osteocytes, produce a more
ordered (mainly lamellar) bone, more valid by the mechanical viewpoint. At the present state of
knowledge, there are no scientific references focused on the functional relationships among
osteocytes and osteoblasts during the bone repair process.

This doctoral work focused, at first, on the morphological analysis of the qualitative repair of bone
lesions experimentally induced in diaphysis of rats femurs and then on the study of the osteocyte
cell-signaling, both in response to the treatment with Teriparatide in order to deepen the knowledge
of morphological and molecular events that occur in bone regeneration, with particular attention to
the osteocyte signaling. The results obtained showed that intermittent administration of Teriparatide
in the animal model anticipates the beginning of Dynamic Osteogenesis, which is characterized by
the production of a more resistant bone. The molecular biology evaluations were performed on an
osteocyte immortalized cellular model (MLO-Y4) treated with the drug at different time points.
Microarray analysis showed different expression of genes involved in osteocyte signaling compared
with the control condition. These results have encouraged us to plan new and more focused analysis
of proteomics and to use a new bone cell line (IDG-SW3). This cell line is capable of going through
a complete differentiation from pre-osteoblast to late osteocyte, allowing us to better understand the

signaling modifications that may occur during the treatment with Teriparatide.




Introduction

INTRODUCTION

Bone tissue

The bone tissue is a specialized connective tissue formed by mesenchyme-derived cells and
calcified intercellular matrix. It is the mostly represented tissue in skeletal segments, highly
vascularized rigid organs, having multiple functions: support for muscles, locomotion, protection of
vital organs and soft tissues; moreover, they represent the biggest reserve of calcium in the body,
thus contributing to the mineral homeostasis (i.e. the roughly constant balance of serum calcium and

phosphate ions).

The fibrillary component of the organic intercellular matrix of bone tissue, called osteoid, is mainly
made up of Type 1 collagen fibers, that represent about the 30% of the weight of the total bone
tissue. In a smaller fraction, even type III and V collagen can be found in adult bone. Many authors
(Beraudi et al. , 2010; Bou-Gharios & De Crombrugghe, 2008; G. Marotti et al., 1995; Nair et al.,
2013) already demonstrated that the organization of collagen fibers is essential for the bone strength
and mechanical properties. Other proteins such as: glycoproteins, glycosaminoglycan, fibronectin,
proteoglycans, osteopontin, osteocalcin, sclerostin, RANK, alkaline phosphatase, bone sialoprotein,
dentin matrix protein 1 and parathyroid hormone receptors are highly expressed in different bone
cells and are involved in many different bone processes such as: bone growth, regulation of bone
matrix organization, regulation of bone resorption or deposition, cell attachment and proliferation,
various molecular pathways, cellular signaling, mediation of hydroxyapatite deposition and

regulation of mineralization, as widely explained by Ritter et al. (1992) and Gorski (2011). The
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remaining 70% of the total bone weight is characterized by inorganic tissue, particularly calcium
and phosphorus, which combined in crystalline precipitations form hydroxyapatite.

In bone segments, two kinds of architectures are macroscopically identifiable: cortical and
trabecular bone. Cortical bone, also known as compact bone, is extremely dense, hard, with low
porosity and constitutes mainly the diaphysis of long bones. Trabecular bone, also known as
cancellous bone, has various degree of high porosity and mainly constitute the epiphysis of long

bones as well as flat and isodiametric bones.

By the microscopic point of view, in adult subjects, the bone tissue consist of cylindric systems, the
osteons also named Haversian systems. Each osteon is composed of concentric lamellae, about 3 to
7 um of thickness, made up of collagen fibers that regularly embed hydroxyapatite and other
mineral crystals. The center of each system is path longitudinally from a channel containing one or
more vessels perpendicular to smaller channels called Volkmann canals; the interconnection of
those two type of channels accommodate small arteries, arterioles, capillaries, and venules of the
microcirculation system (Buckwalter & Cooper, 1987). Concerning the cancellous bone, it has
wider vascular surfaces with respect the compact one, and the lamellar systems are less organized
inside the trabeculae (Kragstrup & Melsen, 1983) containing less osteons and rare Volkman
channels. Cancellous bone constitutes a three-dimensional, interconnected network of trabecular
rods and plates filling the epiphysis and metaphysis of long bones as well as flat and isodiametric

bones, like sternum and vertebrae, respectively.

The bone tissue, forming the skeleton, is a dynamic tissue that is constantly being remodeled in
response to alterations in physical activity, dietary calcium levels, hormonal changes, and local
paracrine signals within the bone microenvironment. As reported by Sims & Walsh (2012), bone

remodeling is a fundamental mechanism of removing and replacing bone tissue during adaptation of
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the skeleton that occurs through all the time life in maintaining the mechanical and mineral

homeostatis, and this homeostasis is maintained via a balance between bone resorption and bone

formation.
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Bone cells

The bone cell population consists of two distinct lineages: the osteogenic lineage (including stromal
cells, pre-osteoblasts, osteoblast, osteocytes and bone lining cells) and the osteoclastic lincage
(represented by osteoclasts). The maintenance of normal bone structure is driven by the intercellular
cross-talk that occurs among bone cells. As proposed by many authors (Dodds et al., 1993; Marotti
& Palumbo, 2007; Pead et al., 1988; Skerry et al., 1989) and largely demonstrated by Bonewald
(2011) and Nakashima et al. (2011), osteocytes are considered the mechanosensors of bone; they
are actively involved in the orchestration of both bone-forming osteoblasts and bone-resorbing
osteoclasts. Osteoblasts derive from mesenchymal stem cells and, probably based on a

predetermined fate, can become osteocytes or lining cells.
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An overview on Mesenchymal Stem Cells and Osteoblasts

According to the most recent paperwork, mesenchymal stem cells (MSC), derived from both the
bone marrow (BMSC) or the small fraction derived from adipose tissue (ASC), have the capability
to differentiate into three specific cell lines: osteogenic, adipogenic, and neurogenic. This

differentiation results to be modulated by numerous factors.

Mesenchymal stem cells

Osteoblasts Chondrocytes Adipocytes

Co-transplantation of human mesenchymal stem cells promotes human CD34+ cells engraftment

in a dose-dependent fashion in NOD/SCID mice, Park et al. 2007

It has been known for a long time that Bone Morphogenetic Proteins (BMP), a pool of more than 15
proteins (in humans) that belongs to the TGF-f superfamily, play an important role in stem cells
proliferation and differentiation, but, more importantly, different studies showed that BMP play an
important role in osteoblastic differentiation and bone formation. Kang et al. (2009) showed that the
activity of alkaline phosphatase (ALP) can be improved by overexpressing BMP2, 4, 6, 7, and 9 in

a murine BMSC cell line. Chuang et al. (2007) showed that the early gene introduction of BMP2

11
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promoted the ALP activity and mineralization in human BMSCs. A similar result was found in a
study on the gene introduction of BMP2 to Dental Pulp Stem Cells (DPSCs) by Li et al. (2010)
which investigate the repair of a critical size damage in a jaw of a rabbit animal model using gene-
introduced stem cells. The animals were divided into three groups: the first group was implanted
onto the nano-hydroxyapatite/polyamide (nHA/PA) scaffold with BMP7-introduced BMSCs; the
second group were implanted with the scaffold containing only BMSCs and the third was the
control group where only the scaffold was implanted. Excellent-quality of the bone tissue by the
mechanical viewpoint has been showed in the first group after both 4 weeks and 8 weeks compared
with the other two groups; those differences disappeared after 16 weeks, proving that the
introduction of BMP7 could promote the bone formation in early treatments after bone damage. In
many ongoing research studies, other genes have been introduced with BMP for the modulation of
osteoblastic differentiation for effective bone regeneration. Some reports showed that in order to
promote the osteoblastic differentiation and bone regeneration not only needs the gene introduction

of different BMPs such as BMP6/7, but also other factors like VEGF and angiogenesis.

Related with BMPs differentiation, Liu et al. (2011) demonstrated that overexpression of
Angiopoietinl (Angl) in BMSCs could stimulate their osteogenic differentiation increasing the
Alkaline Phosphatase (ALP) Activity. Already Machein et al. (2004) found Angl to be a very

effective growth factor which promotes the regeneration of capillary vasculature.

Another pivotal protein in bone differentiation and regeneration is Runx2, a major transcription
factor that is essential in osteogenic development and modulation of differentiation as demonstrated
by Pan et al. (2010), which transfected a full-length Runx2 and a mutant, non-functional, Runx2(M)
in BMSC showing a high differential expression of genes related to the differentiation of osteoblast

between the two experimental groups. Among all the genes it is important to underscore that
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Runx2(M) group showed high expression of osteocalcin (OC), osteopontin (OPN), collagen I (Col
I), and cementum protein 23 (CP23) compared to the Runx2 group; all those genes are strictly
connected with the cell differentiation. Since Runx2 is regulated via BMP signaling, its over-
expression in murine BMSCs increased osteogenic differentiation during BMP-modulated

osteoblastic differentiation, vice versa mice with the mutant Runx2 reduced the bone formation.

Aquaporins are integral membrane proteins from a larger family of major intrinsic proteins (MIP)
that form pores in the cell membrane, often called water channels. There are 13 known types of
Aquaporins and among them Aquaporin 1 to 4 are the most studied, however recently Aquaporin-5
has been associated with many different roles in a multitude of tissues. Yi et al. (2012) showed an
increased differentiation capability in BMSCs when Aquaporin-5 was silenced observing a
significant difference in bone mineralization, ALP activity, in vivo bone healing, gene and protein
expression of different bone differentiation markers (such as CBFA1 the protein encoded by Runx2

gene).

FGFs are a family of grow factors implied in various endocrine signaling pathways in many
different cell lines and tissues. Among all the proteins of this family, one of the first factor to be
underlined is the Basic fibroblast growth factor (also known as FGF2) that has been showed to
promote the healing of acute and chronic injuries and promote the differentiation of BMSCs into
osteoblasts. The receptor of this family is FGFR and its bind with the related proteins seems to
activate and promote many different signaling pathways including those involved in the
proliferation and differentiation of osteoblasts. One of the most explicative experiment involving
FGF family, and more important FGF2, was conducted by Oh et al. (2012) which cultured BMSC
with a medium containing recombinant FGF2 and performed comparisons with control cells. The

result was an increase of expression of those factors connected with the osteoblast differentiation
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such as Col I, OPN, BSP, and OCN in BMSCs cultured with FGF2 and an increase in

mineralization if compared with controls.

Tumor  Necrosis Factor (or TNF-0) 1s a cytokine mainly produced by
activated macrophages involved in systemic inflammation, cell differentiation, proliferation, and as
already been demonstrated (Cho et al., 2010; Hesset al., 2009; Huang et al., 2011; Paula-Silva et al.,
2009) is involved in osteoporosis pathology. Moreover, as a factor in charge of catabolism, it
promotes the activity of osteoclasts but counteracts the activity of osteoblasts. Up to now, the effect
of TNF-a on MSC has been largely studied, however papers published so far report a different
behavior with a very wide panel of results of this molecule depending on the time and the manner of
administration. For example Li et al. (2007) reported that TNF-a suppressed the osteogenic
differentiation of mesenchymal stem cells, meanwhile Hess et al. (2009) claimed that the osteogenic
differentiation of human BMSCs was promoted by TNF-a. Those authors proposed two different
mechanisms on which TNF-a was acting. Finally, Huang et al. (2011) demonstrated that, depending
on the concentration, the effect of TNF-a could absolutely reverse; they also demonstrated that the
effect of the stimulation with TNF-a changes overtime. In particular, when TNF-a is added for a
short time there is osteoblastic differentiation of MSC but the effect is the opposite when TNF-a is

added for long time.

Some other paracrine factors produced by osteoblasts that has been showed to influence positively
osteoclast formation are ParaThyroid Hormone related Protein (PTHrP), Interleukin (IL)-1beta and

IL-6.

Transforming growth factor beta (or TGF-f) is a secreted protein that controls proliferation, cellular
differentiation, and other functions in many cell lines, including macrophages, but its effect is

localized mostly in the bone matrix. This protein may play two opposite roles as well as TNF-a:

14
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promoting early osteoblastic differentiation and obstructing late osteoblastic differentiation and
mineralization. As showed by de Gorter et al. (2011) when TGF- B receptor is silenced in murine
MSCs the BMP-6-induced ALP activity decreases. They also showed that after 16 days of cell
treatment with TGF- B, depending on which kind of treatment used (continuously or intermittent),
the effect could be either to promote the differentiation or to block it. This suggests that TGF-§ can
promote or suppress osteogenic differentiation according to the culturing condition, period, and

duration.

A protein often associated to bone metabolism is Leptin, which mostly is known to play the role of
adjusting food intake. What is less known about this protein is that it is encoded in the Ob gene and
it is secreted by osteoblasts during bone formation with the effect of suppressing osteoclast activity,
which lead to a reduction of bone resorption and a promotion of bone mineralization (Ducy et al.,

2000; Umet al., 2011; Zhang et al., 2009).

Recently, many other experiments identified several factors that induce osteoblast differentiation,
such as Wnt, or inhibit osteoblast differentiation, like Dlk1/Pref-1 or Noggin. An emerging concept
is that some genes such as dlk1/FA1 could modulate the expression of several pro-inflammatory
cytokines, which could lead to a differentiation via controlling the composition of the micro-

environmental ‘‘niche”.

Among the Wnt family, the focus should be given to Wnt5a that seems to have been implicated
in oncogenesis and in several developmental processes, including regulation of cell fate and
patterning during embryogenesis (Peng et al., 2010). Recently, the journal Nature published an
article of Okamoto et al. (2014) aimed to demonstrate that Wnt5a-deficient mice exhibited reduced
Wnt/B-catenin signaling, which impaired osteoblast differentiation and enhanced adipocyte

differentiation. Later, Yu et al. (2015) showed that TRIB3 seems to modulate the sustained
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expression of Wnt5a in osteoblasts stimulated by some lipopolysaccharides found in periodontal
and periapical diseases, meanwhile other reports have described that TRIB3 is critically involved in
a novel negative feedback control pathway of NF-kB-induced gene expression (Duggan et al.,

2010).

The role of Pleiotropin (PTN), also called osteoblast-specific factor 1, has been studied for over 70
years. Recently Lamprou et al. (2014) published a review that summarize the existing evidence on
the role of PTN in bone repair going through over 200 published articles. Apparently, PTN plays a
complex role in bone repair; it seems to promote endothelial cells proliferation, to down-regulate
the stimulatory effect of VEGF, to stimulate in vivo angiogenesis and to have chemotactic effects
on both human osteoblastic and endothelial cells. Moreover, it was been shown that PTN serum
levels are related with fracture healing. In a recent clinical study on 530 postmenopausal women,
with and without hip fractures (Mencej-Bedra et al. 2011), a PTN gene promoter polymorphism
could contribute to the genetic background of osteoporosis, affecting bone mass density values in
the lumbar spine and in the femoral neck. The relevance of PTN implication in skeletal homeostasis
and diseases is currently under investigation. PTN is thought to affect osteoblast rather than

osteoclast functions; however, the mechanisms involved are not yet fully elucidated.

Plasminogen Activator Inhibitor-1 (PAI-1 or Serpinel) is the principal inhibitor of plasminogen
activator; Daci et al. (2000) reported that PAI-1 deficiency partially protects against bone loss in
estrogen-deficient mice, meanwhile Tamura et al. (2013) demonstrated that PAI-1 deficiency
protects against diabetic bone loss in female mice; finally Mao et al. (2014) showed that PAI-1 is
involved in the impaired bone repair process induced by the diabetic state in part through a decrease
in the number of ALP-positive cells, and that PAI-1 deficiency restores bone formation by

promoting the differentiation of mesenchymal stem cells into osteoblasts instead of adipocytes.
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Connective Tissue Grow Factor (CTGF or CCN2) is part of the CCN protein family and it has
important roles in many Dbiological processes, includingcell adhesion, migration,
proliferation, angiogenesis and skeletal development as already demonstrated by Wang et al.
(2009). Recently, Aoyama et al. (2015) in a complete and well described article found a novel role
of CCN2 as an OPG inhibitor; as the authors show in their article, CTGF has the ability to bind
RANK enhancing his effect, as already suggested by some other authors (Shuiet al., 2002;
Takigawa, 2013), but at the same time to block directly OPG, enhancing a RANKL-induced
osteoclast differentiation. Aoyama et al. (2015) proposed CTGF as a candidate of the fourth key

molecule working in RANK/RANKL/OPG signaling.

Another gene of the CCN family recently related with bone differentiation is Wisp2 (or CCNY)
which encodes for the WNT1-inducible-signaling pathway protein 2. In a study on dentinogenesis,
Sagomonyants & Mina (2014) showed that continuous exposure of primary dental pulp cultures to
FGF2 during the proliferation phase were associated with increased expression of the components
of the Wnt (Wisp2, Wnt10a) and BMP (Bmp2, DIx5, Msx2, Osx) pathways, and decreased the
expression of an inhibitor of the Wnt signaling, Nkd2; the paper brought new evidences about the
relation of Wisp2 with the differentiation of primary dental pulp cultures into odontoblasts and the

correlation with the FGF2 stimulation.
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The Osteocyte

Osteocytes are the permanent and most numerous cells in the bone tissue, with a life span up to 25
years. They came from osteoblasts, which derive from a specific differentiation of MSC. Osteocytes
are dendritic cells easy to identify in a bone section since they are embedded in the bone matrix
inside spaces called lacunae. According quantitative estimation, their cell surface could be 400-fold
larger than the total Haversian and Volkmann system, and more than 100-fold larger than the
trabecular bone surface. Each osteocyte possesses up to 50 long and branched cytoplasmic
processes that extend throughout the bone inside a network of interconnecting canaliculi that put in
communication adjacent osteocyte lacunae; inside canaliculi the cytoplasmic processes can
communicate each other by means of gap junctions (Marotti, 2000; C. Palumbo et al., 1990) in
order to exchange molecular signals. Another interesting communication path is achieved by the
interstitial fluid (Marotti & Palumbo, 2007) that flows through the osteocytes canaliculi. This

network is essential in coordinating the response of bone to mechanical and biological signals.
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Connections through gap junctions (red circles) among bone cells (pOC = pre

Osteocyte, OB = Osteoblast, ST = Stromal cell, EN = Endotelial cell)

The embedding in which the osteocytes are buried makes them really difficult to be isolated and to
be studied; this is one of the reasons why for a long time researchers preferred to focus their
attention on the more accessible osteoblasts, located on the bone surfaces. Moreover, for a long time
osteocytes were considered “sleeping cells” without any active role in bone physiology. Thanks to
the development of new technologies, such as electron microscopy, new animal models, cell lines,
molecular imaging and bio-informatic approaches, we are now able to perform new studies which

may show us much more about these amazing cells.
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In a first and old review, Franz-Odendaal et al. (2006) indicate how osteocytes could originate from
osteoblasts. In their review, they were able to propose five recognizable stages of osteocyte
differentiation: type I preosteocyte, type Il preosteocyte, type III preosteocyte, young osteocyte and
old osteocyte. Those different stages were identifiable thanks to the morphological analysis of the
ultrastructure of the osteocyte during bone formation, in which an osteoblast subpopulation starts its
differentiation route to become functionally osteocytes. Palumbo et al. (1986 and 1990b) clearly
described the successive steps of osteoblast-to—osteocyte transformation: the first step of the
osteocyte differentiation is characterized by its location inside the osteoblastic lamina (type I
preosteocyte); then the body is completely encased in the osteoid seam (type II preosteocyte). Once
the cell body is totally detached from the osteoblastic lamina the osteocyte starts to reduce its size,
which consequently shows higher nucleus-to-cytoplasm ratio; the cytoplasmic processes start to
emerge from the cell body according the spreading of osteoid mineralization. At this stage, the
endoplasmic reticulum and Golgi apparatus are reduced whit a consequent decrease in protein
synthesis and secretion. This latter differentiation stage could be further divided in 2 steps, the first
when osteocyte matrix is not completely mineralized (type III preosteocyte) and the second when

the matrix is mineralized and the young osteocyte is formed.
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Representation of the 3 different types of Preosteocytes — Structure-function relationship in the

osteocyte, Marotti et al., 1990

At the stage of mature osteocyte, many of the previously expressed osteoblast markers, including
OCN, BSPII, collagen type I and ALP are downregulated or switched off, while osteocyte markers,
such as dentine matrix protein 1 (DMP1) and Sost are highly expressed. Studies on osteoblast-to-
osteocyte differentiation were extensively performed during last decades and many new information
were added to our knowledge of bone cells, such as that the amount of time required for a complete
differentiation in vivo is about three days or the fact that the synthesis of the extracellular matrix
triplicate its own volume during this time. In the most recent years many studies have shown that,
according to the type of bone formed, the newly embedded osteocytes may be different in size and

shape if compared with older, more mature osteocytes already embedded in bone matrix. As an
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example, in primary bone, which is formed rapidly with randomly oriented collagen fibers, the
osteocytes show spherical-like shape, while in the lamellar bone osteocytes are ellipsoidal and
polarized towards the vascular surfaces. Our group of research to further investigate this topic
performed many experiments demonstrating that the two different types of bone texture (woven and
lamellar) derived from two different steps of osteogenesis, occurring in sequence during bone
formation: firstly Static Osteogenesis (SO) and later Dynamic Osteogenesis (DO) (Ferretti et al.,
2002) which will be described below in a specific section. Once the osteocyte achieves maturation
and is completely embedded inside the bone mineralized matrix it starts to communicate with other
cells by gap junctions, as previously described. Their shape, distribution and spatial organization are
consistent with their sensing and signaling functions. Thanks to the many studies published in the
last decade, it has been accepted the concept that osteocytes are involved in the transduction of
mechanical stimuli into biochemical signals and can orchestrate bone formation and bone resorption
acting on osteoblast and osteoclast recruitment depending on different mechanical and metabolic
conditions (Pead et al., 1988). However, the role of osteocyte in osteoblast regulation under
physiologic conditions is controversial and not fully characterized. Some evidences indicates that
osteocytes negatively regulate osteoblast differentiation and bone tissue. Many investigations
demonstrated that in vivo target ablation of osteocytes severely reduces bone formation (Tatsumi et
al., 2007) and many recent studies correlated the survival of the osteocytes with the success of
prosthesis osseo-integration increasing the adhesion with the bone surface and reducing the

resorption of the adjacent bone (Albertini et al., 2015).

One of the most important markers of the osteocyte seems to be E11 (also known as podoplanin),

which seems to regulate the morphology of the late osteocyte (Schulze et al., 1999; Wetterwald et
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al., 1996). E11 was firstly detected on the cell surface of osteocytes in rat bone and odontoblasts in
rat teeth (Zhang et al. 2006; Schwab et al. 1999). Studies tried to correlate the effect of E11 with
the formation of new dendrites; in fact, blocking E11 on osteocyte-like MLO-Y4 cells it results a
reduction in growth of dendrites. /n vivo studies showed that the conditional deletion of the protein

in bone cells resulted in decreased canaliculi and increased trabecular bone (Guo et al. 2009)

In addition to E11, organized expression of tubulin, vimentin, and actin in osteocyte cell bodies and

dendrites is crucial to maintain their dendritic morphology (Tanaka-Kamioka et al., 1998).

Differences in distribution of fimbrin, villin, filamin, and spectrin have been described to be
expressed during the differentiation from osteoblast to osteocyte (Kamioka et al., 2004), as well as

CapG and destrin, molecules necessary for cytoskeletal rearrangement (Guo et al., 2010).

One of the proteins that better follows the differentiation from osteoblast to osteocyte is Alkaline
Phosphatase (ALP), which is reduced during the process; totally opposite behavior has the casein
kinase II which increases during differentiation likewise osteocalcin (Mikuni-Takagaki et al., 1995).
Additional markers are expressed on osteocytes, including phosphate-regulating gene with
homologies to endopeptidases on the X chromosome (PHEX), matrix extracellular
phosphoglycoprotein (MEPE), dentin matrix protein 1 (DMP-1), fibroblast growth factor 23, (FGF-

23), sclerostin, and ORP150 (a factor that is thought to be protector against hypoxia).

Surprisingly, osteocytes can also express markers of osteoclasts, such as acid phosphatase and
cathepsin K, under certain conditions such as lactation to remodel their perilacunar matrix (Zhao et

al., 2002).

RANK ligand (RANKL) has been shown to be expressed on dendritic processes. The expression of

this factor lead to the conclusion that osteocytes may play a role in orchestrating bone resorption
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through osteoclast activation (Wijenayaka et al., 2011). Conditioned medium from the MLO-Y4
cells also supports osteoblast differentiation and, surprisingly, mesenchymal stem cell
differentiation (Zhao et al., 2002), supporting the theory that osteocytes could be orchestrators of

bone remodeling.

Another important aspect of osteocytes is their capability to stimulate the bone remodeling even
during their death process. Dying osteocytes are in fact able to recruit osteoclast and to produce
both pro-apoptotic and anti-apoptotic molecules (Kogianni et al., 2008). When an osteocyte starts
the apoptotic process, it releases apoptotic bodies expressing RANKL in order to recruit osteoclasts.
However, few is known about necrosis and differences that may occur between those two processes.
In fact, many of the papers published in available literature use the term of cell death to describe the
process of osteocyte ablation. Regardless of the kind of cell death, many studies demonstrated that
ablation of osteocyte, caused either by toxin injection (Tatsumi et al., 2007) or by deletion of b-
catenin in a mouse model in vivo (Kramer et al., 2010) — in which animal’s osteocyte death cause a
phenotype with a ‘‘moth-eaten appearance’’-, leads to an increase of osteoclast recruitment with a
consequent generation of a porous bone phenotype followed by an increased skeletal fragility.
Osteocyte cell death can occur in association with pathologic conditions as osteoporosis and
osteoarthritis or with menopause, leading to an increased skeletal fragility characterized by micro-
fractures. Such fragility is to be considered due to loss of the capability to sense micro-damage by

the osteocyte and/or to perform signaling for bone repair.

A not commonly associated gene to osteoporosis is SCARA3 which in a study conducted by Balla
et al. (2009) on osteoporotic and not-osteoporotic bone segments showed a differential expression

between the two groups, proposing SCARA3 as a novel gene for the study of osteoporosis.
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SCARA3 is a scavenger gene that may bind exogenous ligands, e.g. peptide nano-complexes (Ezzat

et al., 2012) and protect against oxidative stress (Han et al. 1998).

A commonly used method to induce osteocyte apoptosis is the administration of glucocorticoids.
Recent studies demonstrated how mechanical loading can block the glucocorticoid-induced
apoptosis through the release of prostaglandin, which activated the Wnt/b-catenin pathway (Kitase
et al., 2010). Other studies hypothesized that glucocorticoids may have an opposite effect to
mechanical loading because of the effect that mechanical loading and prostaglandins have on the
family of focal adhesion kinases (FAKSs) and the proline-rich tyrosine kinase 2 (Pyk2) (L I Plotkin

et al., 2005; Lillian et al., 2007).

In the last two decades, various researchers pointed out the physiological effect of autophagy as a
mechanism of self-preservation in many different cell types. On bone field, and specifically on
osteocyte, few has been described about this mechanism; however, autophagy seems reasonably to
be a valid mechanism that may preserve the cell survival, maintaining bone homeostasis and

integrity (Xia, et al., 2010).

Negative regulators of the Wnt/b-catenin pathway such as Dkk1 and sclerostin are highly expressed
in osteocytes. Dkkl is expressed throughout the body, but sclerostin is expressed mainly in

osteocytes.

Sclerostin, a protein encoded by the SOST gene, is one of the most typical markers of mature
osteocyte because of its specificity for this cell type. Among with Dkk1l, SOST gene seems to
regulate the Wnt pathway. In a first time Sclerostin was believed to be an antagonist of BMP
proteins family but recently was demonstrated that is actually an antagonist against lipoprotein

receptor 5 (LRPS), a positive regulator of bone mass (Li et al., 2005; van Bezooijen et al., 2004);
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that’s why mutations of SOST gene causes high bone mass in humans (Collette et al., 2012).
Interestingly, it has been reported that mechanical loading reduce sclerostin expression, as well as
parathyroid hormone (PTH), which may account for some of the anabolic effects of PTH on bone

formation (Bellido et al., 2005; Keller & Kneissel, 2005; Robling et al., 2008).

To better understand the topic, MLO-Y4 cells were mechanically loaded using the fluid-flow shear
stress technique. The effect of this mechanical loading was to protect the cells against
dexamethasone-induced apoptosis, and the mechanism for this protective effect appeared to be
mediated through prostaglandin E2 (PGE2) crosstalk with b-catenin signaling. The mechanism of
action was described as follows: shear stress, through PGE2 release, activates both PI3K/Akt and
cAMP-PKA signaling, which converge to inactivate GSK-3, leading to the increase in nuclear
accumulation of b-catenin (Bonewald & Johnson, 2008; Kamel et al., 2010). Moreover, b-Catenin
has been showed to bind the Cx43 promoter, stimulating Cx43 expression and functional gap
junctions between osteocytes (Xia et al., 2010); this fact ascribes to this protein another important
role in osteocyte communication. Surprisingly, it has been showed that osteocytes express RANKL
and OPG at levels comparable with or exceeding those of osteoblasts. These data support previous
findings that osteocytes recruit osteoclasts and that osteocytes are key regulators of bone

homeostasis.

Osteocytes appear also to regulate phosphate and mineralization through molecules such as PHEX,
DMP-1, MEPE, and FGF-23 which are all highly expressed in osteocyte (Bonewald 2007;
Thompson et al. 2002; Nampei et al. 2004; Liu et al. 2006). Other suggestions about the activity of
the osteocyte in bone were given by many different scientists in their studies. In 1967, Belanger and
coworkers coin for the first time the term “osteocytic osteolysis” suggesting that osteocyte was able

to remodel the lacunar wall lysing its peri-lacunar matrix under the stimuli either of PTH or low-
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calcium diet. Another evidence in support of the osteocyte-mediated osteolysis, was obtained from
the histomorphometric analysis of human iliac crest bone biopsies of patients affected by
hyperparathyroidism versus patients affected by hyperthyroidism. This analysis revealed that PTH,
but not thyroid hormones stimulated periosteocytic osteolysis. Later, both Baylink et al. (1971) and
Zambonin-Zallone (1980) suggested that mature osteocytes have also the ability to form bone inside

the lacuna.

A deep gene analysis of osteocyte during lactation in mammals revealed a surprisingly elevate
expression of some genes normally associates to osteoclast activity during bone erosion. Among
those genes, it is important to underscore the presence of tartrate-resistant acid phosphatase and
cathepsin K. Therefore, the osteocyte is a peculiar cell expressing genes of both the mesenchymal
and hemapoietic lineages. These observations suggest that the healthy osteocyte can both add and
remove mineral from its lacunae and canaliculi. Such remodeling would be mediated through the
PTH type 1 receptor because (since in lactating animals this gene was lacking), osteocytes failed to
remodel their perilacunar matrix. Activation of PTH type 1 receptor in osteocytes results in elevated
bone remodeling and elevated bone mass (O’Brien et al., 2008). This fact suggest that PTH type 1

receptor could play an important role is osteocyte viability and function.

The importance of aging is fundamental. The dimension of the lacunae reduces with age due of a
hyper-mineralization of its perilacunar matrix which leads to cell death and higher bone fragility
(Augat & Schorlemmer, 2006; Schnitzler, 1993). Another hypothesis about the reason why during
age the mechanical resistance of the bone and the response to mechanical stimuli is reduced could
be linked to this reduction of the dimension of the lacunae that could affect the dynamics of bone

fluid flow through the osteocyte lacunar-canalicular network.
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Little is known about the bone fluid that flows through the osteocyte lacunar-canalicular system; it
is quite easy to identify by means of a single injection of a fluorescent dye into the tail vein of the
mouse or in the sub-cutaneous tissue, that would result in a complete diffusion throughout the
lacunar-canalicular system. However, there are still many unanswered questions about the
magnitude, frequency, and type of flow (such as pulsatile or oscillatory), to which the osteocyte
may be subjected. MLO-Y4 osteocyte-like cells, as previously mentioned, were extensively used in
this field of research to study osteocyte function; those cells are particularly sensitive to fluid-flow
shear stress which induces the release of prostaglandin from them; but shear stress has many effects
on MLO-Y4 cells. A wide range of effects includes: the release of nitric oxide, adenosine
triphosphate (ATP), and prostaglandins; the opening of hemi-channels and the activation of gap
junctions; the promotion of dendrite elongation; the prevention of apoptosis; the triggering of
signaling pathways such as the Wnt/bcatenin, protein kinase A (PKA), and other signaling
pathways; the induction of b-catenin translocation to the nucleus; the activation of some gene

transcription and translation, and so on.

Recently the mechano-transduction of the osteocyte has been questioned and some authors showed
how just the dendritic processes, but not the cell body, would play a role in mechano-sensing
through the glycocalyces on the surfaces (Burra et al., 2010; Han et al., 2004). It has also been
noticed that osteocyte possesses some single flagellar-like structures called cilia that may been use

to release prostaglandin in response to sense different stimuli (Cherian et al., 2005; Forwood, 1996).

Other not canonical osteocyte-related proteins that have been studied in recent years were found to
be involved with bone metabolism, bone resorption and bone growth; for example, lack of

polycystin 1 (PC-1) seems to be directly related with osteopenia caused by a downregulation during
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bone formation (Xiao et al., 2006). This shows that PC-1 in osteocytes is essential for the bone

anabolic response to load.

Nitric oxide (NO) is a mechanical mediator that is released by dendrites of osteocytes almost
simultaneously to PGE2. Its effect it is to inhibit resorption and promote bone formation. Both
osteoblasts and osteocytes release NO in response to mechanical strain (Bakker et al., 2001; Zaman
et al., 1999). ATP and intracellular calcium also can be released from osteocytes in response to

extracellular calcium or mechanical stimulation (Genetos et al., 2005; H Kamioka et al., 1995).

P2X7 is a nucleotide receptor (an ATP-gated ion channel) that may play a role in mechano-
sensation because its deletion resulted in 70% reduction of bone anabolic response in mice (Li et al.,
2005). Inhibitors of P2X7 receptors suppress prostaglandin release, whereas agonists enhance the
release in bone cells, suggesting that the P2X7 receptor is necessary for release of prostaglandin in
response to mechanical load. Accordingly to Adamczyk et al. (2015), P2X7 receptor activation
regulates the externalization of transglutaminase-2 (TGM2), which is a an enzyme with a pivotal
role in stabilizing extracellular matrices and modulating cell-matrix interactions in tissue repair.
Yanik et al. (2011) already demonstrated that a forced adipogenesis differentiation of BMSCs leads
to an increase of the expressions of TGM2. Since adipocyte differentiation in bone marrow is
potentially deleterious to both bone integrity and lymphopoiesis, it could be supposed that the
expression of TGM2 by bone cells could be a negative signal of aging or pathological condition;
however, really few has been described and is known about this protein, and its molecular

mechanisms are still unclear.
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Static vs Dynamic Osteogenesis

As postulated long time ago by Jeansonne et al. (1979) and then deepen by Palumbo et al.
(1990a,b), the bone matrix deposition during osteon formation, as previously and briefly described,
depends on the secretory activity of monostratified osteoblastic laminae connected each other by
gap junction. Those cells appear to be polarized towards the osteogenic surface. During this process
some selected osteoblasts proceed to transform into osteocytes remaining entrapped in the newly
formed matrix as Marotti et al. (1992) and Palumbo et al. (1990a,b) clearly showed. Meanwhile,
the osteoblast not committed to transform into osteocyte later transform into bone lining cells
covering the bone. Indeed, the process of bone formation occurring at the onset of bone histogenesis
(as during intramembranous ossification) has been showed to occur by means of two distinct
successive phases (Ferretti et al. 2001). The first phase was named Static Osteogenesis (SO) since it
is due to the immovable stationary osteoblasts that transform into osteocytes at the same site where
they had differentiated. The second phase is the canonical and well known osteogenesis occurring
during bone compaction described by Marotti et al. in 1990 and later named Dynamic Osteogenesis

(Ferretti et al. 2001) since it is due to the classical movable osteoblastic laminae.

To better understand those two different types of osteogenesis we have to give a closer look to the
events that occurs during intramembranous ossification, which is the process that we normally find

during the bone regeneration.

The mesenchyme, where bone formation starts, is a highly cellular and vascularized tissue full of
elongated and flattened cells arranged in layers inside the perichondrium/periostium of the
preliminary cartilaginous shaft. Stimulated by oxygen tension as well as by different factors

released by the abundant vessels, like grow factors and endothelial-cell-derived cytokines, some of
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the MSCs (that were previously described) start to differentiate into osteoblasts. Apparently, pre-
osteoblasts “sense” the position of the vessels. Those newly formed osteoblasts are arranged in
cords, have not a polarized organization and never form the typical monostratified osteogenic
laminae. These osteoblast, called “stationary” because of their direct transformation into osteocytes
at the same site where they had differentiated without migration, secrete a matrix that soon
undergoes mineralization and start radiating cytoplasmic processes. At the end of the
mineralization, tiny trabeculae containing 2-3 layers of osteocytes enclosing blood vessels are
formed. Those small trabeculae with their supporting function (as much as those made up of
calcified cartilage in endochondral ossification) are necessary for the next step of osteogenesis, in
fact movable osteoblasts, all polarized in the same direction, differentiate along the surface of the
trabeculae allowing the onset of the dynamic osteogenesis. These movable osteoblastic laminae lay
down concentric layers of bone, thus filling the primary haversian spaces with primary haversian
systems (or osteons). It seems that static osteogenesis is mainly devoted to create a rigid scaffold at
the onset of the ossification center activation and to introduce the bone mechanosensor (i.e.
osteocyte), whereas dynamic osteogenesis is mainly involved in bone compaction or, at least, in
thickening the primitive trabeculae. The mechanism used during static osteogenesis by osteoblast to
become osteocyte is commonly called “self-burial”’, meanwhile in dynamic osteogenesis the
osteoblasts committed to transform into osteocytes are embedded within the bone by the secretory
activity of the adjacent movable osteoblasts. This fact explains why clusters of osteocytes within

“confluent lacunae” can only form during static osteogenesis.

The main difference between the two types of osteogenesis is the distribution, arrangement and
polarization of the osteoblasts, that during static osteogenesis cannot be driven by pre-existent

osteocytes.
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Parathyroid hormone

Parathyroid hormone (PTH) is a hormone secreted by the cells of the parathyroid glands with the
aim to increase the concentration of serum calcium. The secretion of parathyroid hormone is
controlled by calcium-sensing receptors located on parathyroid cells sensible to serum calcium

concentration through negative feedback (Coburn et al., 1999).

PTH essentially acts upon the parathyroid hormone 1 receptor, which is present at high levels in

bone (Vilardaga et al., 2011).

PTH half-life is approximately 4 minutes in human bloodstream (Bieglmayer et al., 2002). In bone,
it stimulates the release of calcium from the large reservoir contained in bones through the bone
resorption performed by osteoclasts, which are indirectly stimulated by the hormone (Poole &
Reeve, 2005). Stimulation is indirect since osteoclasts do not have a receptor for PTH, but it has
been widely demonstrated that PTH receptors are present on osteoblasts, the cells responsible for
producing bone, that by means of the “reversal phase” can trigger the osteoclast formation (Datta &
Abou-Samra, 2009). In particular, by the molecular point of view, PTH has been demonstrated to
act stimulating osteoblasts to increase their expression of RANKL and inhibit their expression
of Osteoprotegerin (OPG). OPG compete with RANKL from interacting with RANK (the receptor
for RANK-Lingand). If RANKL binds to RANK osteoclast precursors are stimulate to fuse,
forming new osteoclasts, thus enhancing bone resorption (Silva & Branco, 2011). We previously
mentioned that PTH receptor is also expressed on osteocyte, notwithstanding this relation and the

possible effects of PTH on osteocytes are still unclear.
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Teriparatide

PTH(1-34), also known as Teriparatide, is an FDA approved anabolic drug for osteoporosis
treatment (Riek & Towler, 2011); it’s effect is to enhance the bone growth and reduce the risk of
fractures (Saag, 2007). However, it has been demonstrated that, notwithstanding the net effect of its
intermittent daily administration is to increase the bone mass, PTH(1-34) under some conditions can
also stimulate bone resorption. In particular, the effect of this drug seems to be strictly dependent on
the timing of administration. Several studies reported that the intermittent administration of PTH(1-
34) leads to bone deposition and bone growth (Neer et al.,, 2001) meanwhile continuous
administration of PTH(1-34) produces a catabolic effect characterized by osteoclast activation and

increased bone resorption (Guimaraes et al., 2013; Poole & Reeve, 2005).

In 2008 Cherian et al. showed the importance of the timing of administration of PTH(1-34) on
mineralization using the osteoblast-like cell line MLO-AS5 that rapidly mineralizes in culture. They
suggest that the overall expression of Cx43 (the protein that leads to the formation of gap
junctions), and its presence on the cell surface are differentially regulated by intermittent or
continuous PTH(1-34), implying the involvement of Cx43 and Cx43-forming channels in mediating

the effects of PTH on bone formation.

The paper of lida-Klein et al. (2005) was one of the first and few studies reporting the catabolic
effect of continuous treatment of PTH(1-34) in mice and showing a significant decrease in the

density of trabecular connectivity after 2 weeks of treatment.

Keller & Kneissel (2005) studied the effect of PTH on SOST regulation showing a reduced

expression of Sost gene in 8-months-old mice in calvaria and femurs when treated intermittently
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with PTH; they also confirmed their experiments with an in vitro model of osteoblasts, suggesting

that SOST regulation may play a role in mediating PTH action in bone.

An absolutely opposite report was published by Bellido et al. (2005) showing that chronic
administration of PTH in mice dramatically decreases the expression of Sost in osteocytes,
suggesting that the PTH-induced suppression of Sost secretion by osteocytes unleashes the actions
of pro-osteoblastogenic cytokines that cause the commitment of multipotential mesenchymal
progenitors towards the osteoblast lineage. They also showed that, in contrast to the effects of
continuous PTH elevation, intermittent PTH only transiently affected Sost mRNA levels,
concluding that decreased sclerostin expression does not substantially contribute to the increase in

osteoblast number resulting from daily injections of PTH.

PTH(1-34) can be used to improve fracture healing although this may be dependent on severity and

location of bone injury as well as on individual’s overall bone health.

PTH(1-34) was widely used in osteoporotic patients and bone lesions repair in humans, as shown
by many papers on clinical studies (Borba & Maiias, 2010; Zanchetta et al., 2003; L. Zhang et al.,
2012); this notwithstanding, a better knowledge on some aspects of PTH(1-34) action on bone
tissue could be argued mostly studying the sequence of the events occurring during bone healing in
experimental lesions on animal models under PTH (1-34) treatment. Up to now, most investigations
on transcortical bone lesions reported in literature aimed at quantifying bone mass formed during
bone repair, rather than analyzing the quality of the newly-secreted bone in relation to the type of

osteogenesis (static or dynamic) that is occurring in the meantime.

Really few is known about the molecular mechanisms occurring in osteocytes during treatment with

PTH; many reports published so far are often in contrast each other and the activity of PTH on
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osteocytes has not been elucidated yet; moreover, the effect of osteocytes and their guidance over
the other bone cells, the bone cell communication and the osteocyte-signaling have never been
deepened, thus erroneously mostly enhancing the only the role played by the osteoblasts in bone

regeneration.
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AIM OF THE STUDY

The quantification of changes in bone deposition and bone density in subjects under intermittent
administration of Teriparatide (PTH 1-34) has been widely described in both human and mice.
Much less is known about the quality of the newly-formed bone; indeed, it is already well known
that higher amount of bone doesn’t necessarily correspond with higher resistance to strength. Many
factors concur to determine the resistance of the bone such as collagen organization, mineralization
and osteocyte survival. This aspect acquires particular importance in the problem of fracture
healing during which, as normally occurs during bone histogenesis, static and dynamic osteogenesis
are temporally correlated and follow each other.

PTH (1-34) is the only anabolic agent clinically approved for the treatment of osteoporosis and
more sporadically it is used for fracture healing. The molecular mechanism whereby PTH mediates
these anabolic effects has been studied for years mainly focusing on the effects that (PTH 1-34)
exerts on osteoblasts; less is known about the effects on osteocytes and the role that those cells may
play in cell-signaling during bone healing and regeneration. However, high doses of PTH
continuously administered are known to increase the bone resorption, diminishing the bone mass
and enhancing the bone fracture risks. The catabolic actions of PTH has been recognized in patients
with hyperparathyroidism, or with acute infusion of the Teriparatide (PTH 1-34). Contrary to the
anabolic actions of daily injection with PTH that have been well studied in both humans and mice,
the catabolic actions of PTH on human and murine bone remain to be defined.

As previously mentioned, some studies already described the molecular response of osteoblasts to
Teriparatide, however very few is known about the effect of Teriparatide on osteocytes; moreover,

nobody ever concerned to look for molecular signaling changes that occurs when osteocytes are

38



Aim of the study

treated with Teriparatide at different time points (simulating a long continuous treatment —anabolic
effect- versus a short and intermittent effect —catabolic effect-).
To better understand and deepen some of the aspects that has not been enlighten yet about the effect
of Teriparatide on bone we set up a double experiment.
The first part of the study was focused on investigations on time and manner of bone healing in rat
femur, after drilling transcortical holes, with/without administration of Teriparatide. The novelty
and the importance of this investigation is the evaluation of the drug effect during the sequential
occurrence of the two types of osteogenesis (static versus dynamic) on:

1. the time in which it is mostly effective

2. the type of microscopic structure of the newly-formed bone tissue, lamellar or woven bone,

more or less suitable to loading, respectively.

The final goal is to identify the phase of osteogenesis (static versus dynamic) in which Teriparatide
can mostly exert its effect, to determine how and when using the drug with the maximum efficacy
in improving bone lesion repair strategies.
In the second part of the study we investigate the effect that Teriparatide exerts on osteocytes; in
particular, we focused on the effect that the drug shows at different time points of treatment, to
simulate the effect of the two types of in vivo treatment (continuous vs intermittent); moreover, it
has been investigated how the osteocyte gene expression would be consequently modified by the
different administration (continuous versus intermittent) of the drug. We used, as cellular model,
the MLO-Y4 osteocyte-like cell line described by Bonewald (1999) and Kato et al. (1997) and, as
cellular treatment, the same Teriparatide used in the in vivo experiments adjusted for cell culture.
The goal of the experiment was to evaluate:

1. Eventual gene expression differences among the time points selected.
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2. Identification of those gene that may be up- or down-regulated, by means of protein

analysis.
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MATERIAL AND METHODS

In vivo model

Experimental Animals and Treatment

Twenty-eight Sprague -Dawley male rats of 3 months of age were divided into 6 groups (after 7
days of acclimation to housing conditions) in which transcortical holes, simulating bone fractures,
were drilled by means of a dental bur (1.5mm in diameter) at the mid-diaphysis of the lateral aspect
of right femurs. All rats were housed individually in single cages and maintained under laboratory
controlled conditions (22 + 1°C, 55-60% humidity, 12-h light:12-h dark). Since the day after the
experimental bone lesion, some animals were also treated with PTH(1-34), supplied by Eli Lilly and
Company (U.S.A.), solubilised in saline (40 pg/ml) and subcutaneously injected in a volume of 100

ul/100gr body weight per rat, according to the following scheme:

GROUP 1 (n=5): animals fractured (as fractured control) and sacrificed after 10 days.
GROUP 2 (n=5): animals fractured and treated with PTH(1-34) for 10 days and then sacrificed.
GROUP 3 (n=5): animals fractured (as fractured control) and sacrificed after 28 days.
GROUP 4 (n=5): animals fractured and treated with PTH (1-34) for 28 days and then sacrificed.
GROUP 5 (n=4): animals fractured (as fractured control) and sacrificed after 45 days.

GROUP 6 (n=4): animals fractured and treated with PTH (1-34) for 45 days and then sacrificed.

The animals of groups 3, 4, 5 and 6 underwent a subcutaneous injection of 15mg/kg calcein (Fluka,

St Louis, MO, USA) at day 10 after hole-drilling, to highlight the actual newly-formed bone.
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All experiments were carried out according to the Bioethical Committee of the Italian National
Institute of Health and authorized with Decrees of the Italian Ministry of Health Animal care,
maintenance, and surgery were conducted in accordance with Italian law (D.L. no. 116/1992) and

European legislation (EEC no. 86/609).

Histology and Histomorphometry

Soon after euthanasia, femora were harvested, fixed in 4% buffered paraformhaldeide, dehydrated
in a graded series of ethanol and embedded in methylmetacrylate resin (Sigma Aldrich, Milan,
Italy). Transversal sections (Sum thick) of the femora in the region containing the hole were
obtained by means of a Reichert-Jung 1150/Autocut microtome (Walden, Austria) and stained with
a Masson trichrome solution. Some sections were also observed under Transmitted Polarized Light
(TPL). Sections for fluorescence microscopy were not stained. The sections were photographed
using a NIKON Eclipse 90i microscope equipped with a DS-Fil Nikon digital camera and driven
by the Nikon ACT-2U software; histomorphometry was performed by means of the software
Image-J (NIH, Bethesda, USA). The amount of bone deposited within the hole area was evaluated
in all experimental groups and expressed as BV/TV in percentage value. In those animals sacrificed
at 10 days, the surface of prismatic osteoblast laminae with respect to the bone surface of healing
hole (Ob.S/BS expressed in percentage value) was measured, to evaluate the amount of dynamic
osteogenesis. In those animals sacrificed at 28 days both the values of calcein labelled bone area (L
B Ar) and the amount of cortical compact bone (Ct B Ar) were measured with respect to the hole
area (hole Ar), both expressed in percentage values. The fluorescent calcein labels were selected

with the threshold function of Image-J and then measured as area fraction within the hole area.
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Micro-hardness

The micro-hardness (HV) of the newly-formed bone inside the holes was evaluated in 28 and 45
days in all control and treated animals by means of a Leitz-Durimet micro-hardness tester
(Germany) equipped with a Vickers indenter. After obtaining the histological sections (see above),
the remaining part of the specimens were polished with Alumina Yellow Solution; then, six
imprints were performed under a load of 50 grams for each specimen in the newly-formed bone,
and the length of the diagonals of each imprint was measured by means of a screw micrometric eye-
piece at an enlargement of 400X. The micro-hardness number (expressed in Kg/mm?) was
computed according to the formula HV=1854.4*L/d2 where (L) is the load in grams and (d) is the

mean length of the diagonals of the imprint measured in micron.

Scanning Electron Microscopy - SEM

To visualize the collagen texture of the newly-formed bone, some sections (previously used for
micro-hardness evaluation) were observed with the ESEM Quanta-200 Scanning Electron

Microscope under low vacuum condition and in backscattered mode.

Serum Biochemical Analysis

After death, blood samples were collected by cardiac puncture and serum was immediately
separated by centrifugation (4°C) at 1,500 g for 15 min, and then aliquoted into small volumes and
stored at -20°C for successive analyses. The levels of total calcium (Ca) and inorganic phosphorus
(P) in serum were determined using the high performance Beckman Coulter analyzer AU680
Chemistry System. The immune-metric assays for the determination of levels of Osteoprotegerin

(OPG), specific bone alkaline phosphatase (BALP), CTX (Beta CrossLaps) and Bioactive-intact-
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PTH (1-84) in rat serum were provided by Pantec s.r.l. (Italy); all kits are intended for research use
only. In particular, Rat-OPG and Rat-BALP are two ELISA kits produced by SunRed Hotecnology
Company (China); RatLaps is an EIA kit produced by Immunodiagnostic Systems Ltd, (UK); Rat
Bioactive-intact-PTH is an ELISA method produced by Immunotopics Inc. (USA). The small
amounts of reagents supplied in the kits prevented the possibility to perform automated procedures
on laboratory analytical platform. To minimize the variables influencing the test, all good
laboratory practice principles were applied: immediate storage of samples after serum separation at
-20°C; manual execution of tests in close agreement to the manufacturer's instructions; execution of

all tests over two consecutive days in order to avoid repeated freeze/thaw cycles of samples.

Statistical Analysis

Student’s T test, using the Software STATA 11.0 (StataCorp, Texas, USA), was performed to
compare means of treated and control groups, according to the time of sacrifice. Values of p<0.05

were considered significant.
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In vitro model

Cell line

Murine long bone osteocyte Y4 (MLO-Y4) cell line was used in order to perform the in vitro test on
osteocyte response to Teriparatide. This cell line was derived from a transgenic mouse in which the
immortalizing T-antigen was expressed under control of the osteocalcin promoter. MLO-Y4 cells
exhibit properties of osteocytes including high expression of osteocalcin, connexin 43, the antigen
E11/gp38. In contrast, expression of the osteoblast marker, alkaline phosphatase, is low. In addition,
the dendritic morphology of MLO-Y4 cells is similar to that of primary osteocytes (Kato et al.,
1997).

Briefly, the cells were cultured on collagen - coated (rat tail type I collagen, GIBCO -
Thermofisher, MA, USA) plastic ware and grown at 37°C, 5% CO2, 95% air using DMEM
(Euroclone, Italy) containing ribonucleosides, deoxyribonucleosides, and L-glutamine,
supplemented with 5% fetal bovine serum (FBS), 5% bovine calf serum (CS) and
penicillin/streptomycin at 100 U/ml. Cells were initially defrosted and plated at a concentration of

150.000 cells/ware then splitted once they reached the 80% of confluence.

Experimental conditions

For these experiments, the cells were cultured for 6, 9 and 12 hours with and without Teriparatide at
37°C in atmosphere of 5% CO2 and controlled humidity. We previously tested the Teriparatide and
decided to use a concentration of 10® M. The drug was added into the media; the same amount of

PBS was added in the media used for control samples.
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Samples were then collected and processed for the Microarray analysis (3 treated samples for 6
hours, 3 samples as controls for the 6 hours treatment, 3 treated samples for 9 hours treatment and 3
samples as controls for the 9 hours treatment) or the Western Blot analysis (3 treated samples for 6,

9 and 12 hours and 3 samples as controls for each time point).

Gene expression

Total cellular RNA was isolated form the samples previously collected using RNeasy RNA
isolation kit (Qiagen, USA) following the manufacturer’s recommendations. Disposable RNA chips
(Agilent RNA 6000 Nano LabChip kit) were used to determine the concentration and
purity/integrity of RNA samples using Agilent 2100 bioanalyzer. cDNA synthesis, biotin-labeled
target synthesis, GeneChip® Mouse Genome 430 2.0 Array (Affymetrix, USA) arrays
hybridization, staining and scanning were performed according to the standard protocol supplied by
Affymetrix. The amount of a transcript mRNA (signal) was determined by the MAS 5.0 absolute
analysis algorithm. All expression values for the genes in the MAS 5.0 absolute analyses were
determined by using the global scaling option. Alternatively, probe level data were converted to
expression values using robust multi-array average (RMA) procedure. Perfect match values were
background adjusted, normalized using invariant set normalization and log transformed. The RMA-
generated data were uploaded onto GeneSpring software version 7.2 using the log 2 transformation
procedure. A ‘per gene’ normalization was achieved by dividing each signal by the median of its
values in all samples. A low-level filter in GeneSpring filtered out all those probe-sets called
‘Present’ in less than 10% of samples or whose normalized expression levels were always between

0.5 and 2 across all of the samples. Affymetrix MAS 5.0 comparison algorithm was used for
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supervised analysis selecting those transcripts showing a change call ‘I’ or ‘D’ in at least 90% of the
pairwise comparisons. Supervised analyses were performed using an analysis of variance (one-way
ANOVA) test (Welch ANOVA at a confidence level of 0.01) with the Benjamini and Hochberg
correction of the false discovery rate, and using dChip Compare Sample procedure. Briefly, the
comparison criteria utilized in dChip require the fold change and the absolute difference between
two groups means to exceed user-defined thresholds (in the present study, 3 and 200, respectively).
The “use lower 90% confidence bound” has been selected to use the lower confidence bound of fold
changes for filtering. The lower confidence bound is intended as a conservative estimate of the real
underlying fold change. False discovery rate (FDR) has been used to adjust P-value for multiple
comparisons by 100 random permutations of the group labels. The GeneSpring advanced filtering
options were used to combine gene lists generated from different analyses. Hierarchical
agglomerative clustering of the selected probe list was performed using GeneSpring. Class
prediction analyses were performed using the Support Vector machine algorithm as implemented in

GeneSpring (Polynomial Dot Product (Order 1) Kernel Function. Diagonal Scaling Factor: 0).

Sample preparation and SDS-PAGE

Samples previously collected were followed frozen-thaw cycles in order to break the cell
membranes; then, an additional lysis was performed with a Lysis Buffer. Proteins extracted were
quantified with the Bradford method using BSA as standard and rehydration buffer as blank.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
according to Laemmli’s procedure. In brief, 5 ng of total proteins for each sample were mixed with
the Laemmli sample buffer with the addition of B-mercaptoethanol as reducing agent. Samples were

then boiled at 95 °C for 5 min and subsequently loaded onto 12 % SDS polyacrylamide gel. To
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ensure optimal band resolution, the electrophoretic run was carried out in a minigel slab apparatus
(Bio-Rad), using TGS running buffer (25 mM Tris—HCI, 192 mM glycine, 0.1% SDS, pH 8.3).
Electrophoresis was run firstly at 100 V for 30 min, followed by an increase up to 200 V, until the

dye front reached the bottom of the gel.

Western Blot

A total of 5 pg of proteins were separated on 12 % SDS-PAGE and blotted onto nitrocellulose
membranes. Membranes were stained with Rosso Ponceau to verify the correct migration of the
proteins from the gel to the membranes that were then blocked with 5 % non-fat milk and
subsequently incubated overnight at 4 °C with the following primary antibodies (all from Santa
Cruz Biotechnology, USA): anti-Pleiotropin (rabbit polyclonal, 1:250); anti-Connective Tissue
Growth Factor (rabbit polyclonal, 1:250); anti-WNT1 Inducible Signaling Pathway Protein 2
(rabbit monoclonal, 1:250); anti-Serpinel (rabbit polyclonal, 1:250), anti-cathepsin K (rabbit
polyclonal, 1:250). Then, the membranes were incubated with a solution containing 1:2000 dilution
of horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (DakoCytomation,
Denmark). Target bands were visualized using a mix of peroxidase solution plus a luminol enhancer
solution (WesternSure™ PREMIUM Chemiluminescent substrate). Results acquisition and band
densitometric analysis (represented by arbitrary units, AU) were performed using the C-DiGit®
Blot Scanner (LI-COR Biosciences, NE, USA) and the Image Studio Lite 5.0 software (LI-COR

Biosciences, NE, USA).
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RESULTS

In vivo model

The histological observations performed in the rat model during hole repair have showed, going
from the periosteal side towards the endosteal one, the same successive phases occurring during
fracture healing: after the hematoma and inflammatory stages, (i) the gap is filled with highly
vascularized connective tissue; afterward, (ii) cords of stationary osteoblasts differentiate in
between the blood capillaries, giving origin to a trabecular bony framework laid down by SO; (iii)
typical laminae of movable osteoblasts differentiate successively on the surfaces of such SO-

trabeculae and thicken them by DO (Fig. 1).

10 days after drilling

After 10 days from hole drilling, in both untreated and treated animals, the bone gap is filled by
trabecular bone, mostly laid down by means of static osteogenesis (Fig. 2). The total amount of
newly-formed trabecular bone (expressed as BV/TV%) recorded in the areas of healing hole doesn’t
vary in the two animal groups (Table 1). Notwithstanding the same amount of newly-formed bone,
different histological features are detectable in control and treated groups. In control animals, within
the fibrous tissue separating the forming bony trabeculae, cords of pluristratified stationary
osteoblasts are abundant and well visible (circles in Fig. 2A). In treated animals, instead, close to
the surfaces of trabecular bone deposited by static osteogenesis, well developed laminae of movable

osteoblasts (typical feature of dynamic osteogenesis) were clearly observed (arrows in Fig. 2B).
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Concerning the amount of dynamic osteogenesis, the surface of prismatic osteoblast laminae with
respect to the bone surface of healing hole (Ob.S/BS%) is significantly higher in treated animals

(group 2) than in untreated ones (group 1) (Fig. 3).

28 days after drilling

Within the same amount of bone tissue that completely fills the trans-cortical hole in both animal
groups (Table 1), a higher amount of compact bone (at the periosteal side) compared to trabecular
bone (at the endosteal side) is present in treated animals with respect to control ones (Fig. 4); in
fact, histomorphometric parameter Ct B Ar is about 70% in treated animals (group 4), about 53% in
untreated animals (group 3), though without statistical significance (Fig. 5). The percentage value of
the total amount of calcein-labeled newly-formed bone (L B Ar) does not show significant
differences between treated and control animals (about 9% in both groups), but the areas of calcein-
label in the treated animals appear to be developed in length with linear shape (in accordance with
the typical arrangement in laminae of movable osteoblasts acting during dynamic osteogenesis);
otherwise, in untreated animals, the areas of labeled bone appear to be developed in thickness with
irregular profile (in accordance with the typical organization in cords of stationary osteoblasts
acting during static osteogenesis) (Fig. 6). Concerning micro-hardness evaluation, slight differences
were observed in the newly-formed bone inside the holes between control and treated groups: the
micro-hardness was higher (64 Kg/mmz) in treated animals versus the control ones (59 Kg/mmz),

though the difference does not reach levels of statistical significance.
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45 days after drilling

The total amount of bone tissue that fills the trans-cortical hole (BV/TV%) does not vary in both
animal groups, as also observed after 10 and 28 days from hole drilling (Table 1). This
notwithstanding, the observations of bone sections both under Transmitted Polarized Light and
Scanning Electron Microscopy show a birefringence pattern (evident by means of TPL) typical of a
ordered-fibered texture (well recognizable also by SEM) well evident in treated animals with
respect to the untreated ones, thus indicating a texture made up of more ordered bone tissue, instead
of woven bone, in the sites of repaired lesions during administration of PTH(1-34) (Figs. 7 and 8).
Concerning micro-hardness evaluation, trivial differences were observed between control and

treated groups in the bone filling the holes.

Serum biochemical analysis

In Table 2 are reported the values of parameters from sera collected at the end of the experiment.
Mean values of Ca, P, OPG and BALP do not show statistically significant differences between the
groups after 10, 28 and 45 days. Concerning the values of CTX and PTH (1-84) it is to be noticed
the wide variability among the animals inside each group; also for these parameters, no difference

were recorded in the mean values among all groups.
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In vitro model

The osteocyte-like cell line selected (MLO-Y4) was selected for the study since it shows almost
complete expression of all the classical osteocyte differentiation markers, the typical osteocyte
dendritic shape and the capability of responding to specific stress (such as shear-stress) following
osteocyte behaviors. In this study, we treated this cell line with the same Teriparatide used for the in
vivo model, adjusting the concentration and the time exposure for the cell culture. Two time points
crucial on the different gene expression of MLO-Y4 under Teriparatide stimulation were firstly
identified and confirmed through the Gene Array analysis. Among all the genes differently
expressed, we selected by an accurate research on Pubmed the few that have been already clearly
know to be involved in different bone processes. Then, we then proceed to validate them with a

Western Blot analysis.

Gene Expression profiling of MLO-Y4 under Teriparatide treatment

A genome-wide analysis of gene expression in MLO-Y4 osteocyte-like cell line was carried out
using cRNA from cells treated with 10™® Molar Teriparatide (PTH 1-34), hybridized on Affymetrix
Mouse Expression Array 430 GeneChip set. This approach allowed the evaluation of the levels of
expression of more than 39,000 transcripts following hybridization with approximately 45,000
probe sets. RNA was isolated from a total of 12 samples, 3 samples were treated with Teriparatide
for 6 hours and 3 samples were used as controls; 3 samples were treated with Teriparatide for 9
hours and 3 samples were used as controls. The transcriptomes of treated versus not treated samples
at both selected time points revealed some differences that were not statistically significant,

however a comparison among the two different time points selected (Teriparatide-6 hours vs
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Teriparatide-9 hours) showed and inversion of gene expression for some genes. Genes with a
consistent differential gene expression (Teriparatide-6 hours vs Teriparatide-9 hours) of more than
4-fold (log2 ratio <—2.0 or >2.0) were selected. This restriction give us a panel of 40 genes that
were differentially regulated among the samples (Table 3). The fold change was kept intentionally
high to restrict the field and avoid possible bias. Among those genes, we selected the 13 ones that
showed biological/molecular function on bone (reported by Pubmed) and 5 of them were selected

for further investigation (Table 4). Gene names and symbols were reported in Table 5.

Protein expression in Western Blot analysis of CTGF, PAI-1, CATK,

PTN and WISP-2

In order to validate the results of the gene array and precisely verify the different expression of
some factors, we evaluated the levels of CTGF, PAI-1, CATK, PTN and WISP-2 by Western blot.
We took in consideration the time that elapses from gene expression and protein synthesis, so we
added a 12-hours-time-point fully to evaluate the protein expression in our samples.

As shown in Fig. 9a, all protein levels followed the predicted expression by gene array. Band
intensities were converted by Li-cor Software into arbitrary numbers values and then compared.
CTGF showed a drastic reduction of expression after 6 hours of treatment (6380) if compared to
control (33000), meanwhile after 9 hours of Treatment the expression lever was comparable to the
control (29000); the expression then increased after 12 hours of treatment (40700) if compared to

control.

53



Results

PAI-1 expression was drastically reduced after 6 hours (not determined-ND) if compared to control
(2460); after 9 hours of treatment, the intensity of the band was comparable to the control (2380)
but after 12 hours of treatment, the intensity value doubled (4990) if compared to control.

CATK presented a double band that we interpreted as a dimerization, so we selected both bands for
the comparison. Interestingly, the expression of CATK at different time points was reduced to a
value that wasn’t determinable (ND) after 6 hours of treatment, meanwhile at 9 hours-time point the
intensity was increased to almost twice (8390) if compared to the control (4620); after 12 hours of
treatment with Teriparatide the expression level was comparable to the control (4370).

PTN expression was higher in control (13800) compared to all the time points selected. However, it
is interesting to observe that even if the expression was reduced after 6 hours of treatment (5620),
the expression after 9 hours of treatment was higher (8430) compared to the 6 hours treatment, and
the expression after 12 hours of treatment slightly higher (8920) if compared with the 9 hours of
treatment.

WISP-2 expression drastically increased after 6 hours of treatment (45300) compared to control
(2530). After 9 hours of treatment (6820) protein expression level was decreased compared to the 6
hours of treatment but still higher if compared to the control, meanwhile the band intensity was
similar after 12 hours of treatment (2720) compared to the control.

All the western blots run just one time so far. This study is still in development and we are currently

repeating every western to have a technical triplicate that could give us a statistical significance.
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DISCUSSION

The first point to discuss is the adequacy of the animal model proposed, in which the consecutive
phases occurring during the filling of the holes are well recognizable as during bone fracture repair.
In the early healing process (10 days), interestingly, the production of the newly-formed trabecular
bone occurs in different time and pattern depending on the administration of Teriparatide. The more
significant aspect to be underlined is that, unlike the simultaneous beginning of static osteogenesis
in treated and control groups, the onset of dynamic osteogenesis starts earlier in treated than in
untreated animals. In fact, concerning the differentiation of dynamic osteoblasts, already at 10 days,
the number of movable osteoblast laminae is significantly higher in animals with PTH(1-34)
administration rather than in untreated ones (Fig. 2). The increased osteoblast number after
intermittent administration of parathyroid hormone was also shown by Jilka et al. (2009) in an
investigation on murine models. Our observations on osteoblastic laminae, significantly different
between treated and untreated animals, fully match with the different morphology of bone areas
labeled at 10 days by calcein and observed in treated versus untreated animals sacrificed at 28 days
after drilling. In particular, in treated animals the labeled bone areas appear to be developed in
length with linear shape, thus resembling the typical arrangement of movable osteoblastic laminae
acting during dynamic osteogenesis; otherwise, in untreated animals, the areas of labeled bone
appear to be developed in thickness with irregular profile, thus resembling the typical organization
of stationary osteoblast cords acting during static osteogenesis. This critical observation strongly

suggests the mere/crucial effect of Teriparatide, that is to anticipate the formation of bone tissue (by
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means of dynamic osteogenesis) with an ordered collagen texture (i.e. lamellar instead of woven-
fibered bone), recognized to be more valid by the mechanical viewpoint. Our results at 28 days
from drilling, concerning the higher percentage of compact bone in treated animals with respect to
trabecular bone is in line with the evaluation of micro-hardness showing higher values in treated
animals with respect to the untreated ones; this strengthens our suggestion that Teriparatide
anticipate the process of dynamic osteogenesis that produces a mechanically more valid bone tissue.
Moreover, 45 days after hole drilling the newly-formed bone of treated animals with PTH(1-34)
shows a birefringence pattern typical of a more ordered collagen fiber texture, notwithstanding the
micro-hardness is similar in treated and control animals, probably because at diaphyseal level
(respect to other skeletal regions) the bone compaction is almost complete. Such more ordered bony
texture in treated animals, clearly visible under SEM (Fig. 8), strongly indicates the qualitative
(instead of quantitative) effect of PTH(1-34) in improving bone repair. Such observations are in line
with those of various authors according to whom PTH(1-34) increases cortical bone mass by
stimulating bone formation on bone surfaces (Arita et al., 2004; Jiang et al., 2003; Ejersted,
Andreassen, Nilsson, & Oxlund, 1994; Mashiba et al., 2001).

Analyzing in detail the two processes of osteogenesis, it is to be underlined that SO is an osteo-
inductive process occurring without pre-existing osteocytes: i.e. without mechano-receptors, that
make useless mechanical strains (likely already existing during static osteogenesis) since they
cannot be sensed. In fact, SO is responsive to cytokines, as endothelin I and/or vascular growth
factors (ECGF) released by the endothelium or by platelets, which are mitogens for osteoprogenitor
cells. The primary function of SO is to provide to DO-osteoblastic laminae a rigid scaffold
containing osteocytes; therefore, in DO mechanical factors can play a crucial role in transducing
mechanical stresses into biological signals. The results here reported strongly suggest that such

transduction seems to be amplified by PTH(1-34). These our recent preliminary observations are in

56



Discussion

agreement with those of Jilka et al. (2009) showing that intermittent administration of PTH(1-34)
indirectly stimulates bone formation on the surface of trabecular bone, enhancing the cell signaling
pathways involved in anti-apoptotic phenomena, that in turn bring to the increase of the osteoblast
number. Moreover, observing the histologic images in the paper of Jilka & coworkers (2009) and
analyzing their results in particular detail, in the light of our evidences on static versus dynamic
osteogenesis, we strongly highlight that the conclusions obtained by the authors (i.e. <<in
periosteal bone where the rate of osteoblast apoptosis is low, PTH must exert pro-differentiating
and/or pro-survival effects on post-mitotic pre-osteoblasts>>) refer precisely to the dynamic
osteoblastic laminae, standing the fact that PTH(1-34) acts on precursors of osteoblasts lining the
SO-bony trabeculae already containing osteocytes. Therefore, once again, the results of Jilka and
coworkers (2009) are in line with our suggestion that Teriparatide affects dynamic osteogenesis
only.

As already reported by some authors, bone quality strongly depends by the rate of bone remodeling:
Chiang et al. (2013) refer that 6-month Teriparatide treatment of patients was associated with
increased bone remodeling and partial or complete healing of atypical fractures. In this context, it is
important to underline that bone remodeling is exclusively due to dynamic osteogenesis, viz. just
the osteogenic process we demonstrate to be enhanced by PTH(1-34) administration. This is also in
line with evidences by Ma et al. (2006) showing that Teriparatide promotes the differentiation,
activity and lifespan of osteoblasts in both already-occurring and newly-triggered bone remodeling
processes.

As far as serum parameters are concerned, it is not surprisingly to observe that Ca and P levels are
similar in all groups, as a consequence of the mineral homeostasis in which the skeleton, as well as
other systems, is involved. Also BALP does not show differences between control and treated

animals, probably since Teriparatide does not affect the quantity of newly-formed bone, but the
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quality of bone tissue, which is, as previously mentioned, more orderly laid down by the anticipated

process of dynamic osteogenesis.

The hypothesis previously formulated that during DO, under PTH(1-34) treatment, mechanical
factors can play a crucial role in transducing mechanical stresses into biological signals it seems to

partially agree with the data that we present in the second part of this thesis.

The data obtained by the in vitro model, using the osteocyte-like MLO-Y4 cell line, revealed that
Teriparatide stimulation may induce a change in the genetic and proteomic expression of several
factors involved in bone metabolism. MLO-Y4 cell-line was selected to conduct this experiment for
multiple reasons: first of all, the cell line express most of the characteristic markers of fully
developed, mature and differentiated osteocytes; moreover, it doesn’t express the typical osteoblast
markers; finally, it was already widely described its use in mechanical related experiments of shear-
stress and its response to induced stresses. Any other cell lines that matched those requirements
weren’t available when we started the experiments; however, in 2011 Woo & Coworkers described
and developed a new innovative cell line. This cell line, IDG-SW3, derives from long bones of mice
such as MLO-Y4, but unlikely MLO-Y4 the IDG-SW3 has the capability to go through a complete
differentiation from early osteoblast to late osteocyte if cultured with differentiating media. Another
interesting feature about this new cell line is that it has the capability to produce extracellular matrix
that undergoes mineralization. IDG-SW3 cell line has been started to be used for many porpoises
since in the last two years it has replaced MLO-Y4 for many aims. However, MLO-Y4 is still the
favorite choice for shear-stress experiments and mechanical-stress related experiments by many

authors (Liu et al., 2015; Wu et al., 2015).

In the present investigation we exclusively used MLO-Y4 but our intention is to validate our data in

the new IDG-SW3 cell line that seems to be a valid model even for more sophisticated studies.
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Even if we didn’t perform any shear-stress experiments, we are convinced about the importance to
have a cellular model able to respond to mechanical stress; as reported above, Teriparatide seems to
play a crucial role during DO, suggesting a possible molecular effect on osteocytes that are
constantly under the physiological mechanical stress. We strongly believe that during bone
recovery, as already demonstrated by many authors, the physiological mechanical stresses together
with Teriparatide are essential for bone health in enhancing the deposition of bone tissue more
resistant by the mechanical viewpoint; thus, it is still important to have a cellular model that has
been demonstrated to be able to respond to mechanical stress. Once we demonstrated the effect of
Teriparatide on the osteogenesis and hypothesized the involvement of osteocytes and the role they
may play in this process, we decided to investigate the molecular changes that occurs during the
treatment with Teriparatide. To better understand which factors may be involved in the process of
osteocyte cell signaling, we took in consideration the differential effect of PTH reported in literature
on osteoporotic subjects and on fracture healing in both human and mice, depending on time and
manner of administration. Considering that the physiological PTH half-life is approximately 4
minutes in human bloodstream, it can be hypothesized that to exert its anabolic effect the PTH has
to act quickly and to be removed quickly as well. In fact, it is already been demonstrated that
intermittent administration of PTH(1-34) leads to bone deposition and bone growth, meanwhile
continuous administration of PTH(1-34) exerts a catabolic effect characterized by an increased
osteoclast activation and bone resorption. Concerning to the in vitro model, we selected different
time points to study how the exposition to Teriparatide may change the molecular expression on

osteocytes over time, mimicking the intermittent vs continuous treatment.

The microarray analysis performed on MLO-Y4 showed an alteration of the gene expression

whenever the cells were treated with Teriparatide if compared to controls, although with not
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statistically significant difference. Indeed, differences become significant if we compare the two
different time points selected; many of the genes regulated by Teriparatide showed an inversion of
expression if we compared samples treated for 6 hours to samples treated for 9 hours. Apparently,
the expression of some genes were inverted when the treatment with Teriparatide was prolonged till
9 hours. In fact, the expression of many genes that were down-regulated under 6 hours of treatment
(compared to the control) showed an up-regulation under 9 hours of treatment. Vice versa, many
other genes showed an up-regulation under 6 hours of treatment but a down-regulation under 9
hours of treatment. To avoid any possible bias, we selected just the genes that showed a fold change
higher than 8; this selective restriction give us just the panel of 40 genes that showed this “inversion
of expression”. Our hypothesis was that among those genes there could be included some genes

related with the osteocyte cell-signaling stimulated by Teriparatide.

This particular “inversion of expression” may suggest that those genes could be some of the factors
that may regulate the changes occurring when the treatment of Teriparatide changes from
intermittent to continuous (i.e. anabolic to catabolic); whereby, our hypothesis is that in our model
the treatment for 6 hours with Teriparatide mimics the (short) intermittent administration in vivo
with Teriparatide, meanwhile under 9 hours of treatment the osteocyte response to Teriparatide is

similar to that induced in vivo by the continuous administration.

A closer look to those 40 genes revealed that 13 of them already had a well-known
biological/molecular function on bone. We started validating (by Western Blot) 5 of those 13 genes
(Ctgf, Pai-1, Wisp-2, Ctsk and Ptn) previously selected and, in the meantime, we planned to

validate the remaining 8 genes in the next months.

Firstly, we started evaluating the expression of the Connective Tissue Grow Factor (Ctgf o CCN2)

recently described by Aoyama et al. (2015) that showed a novel role of CCN2 in inhibiting OPG
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besides the capability to bind RANK (enhancing its effect), showing a RANKL-induced osteoclast
differentiation. By means of Western Blot analysis we found that the level of expression of Ctgf
was drastically reduced after 6 hours of treatment compared to the control (values comparable to
controls after 9 hours of treatment), and increased after 12 hours of treatment if compared to the
control. If we translate those results to the in vivo model (as we previously suggested), it may hint
that a short treatment of Teriparatide (6 hours - intermittent) reduces the levels of Ctgf which means
a reduction of osteoclast differentiation and, consequently, a less bone resorption, meanwhile a
longer exposition to Teriparatide (12 hours — continuous) leads to an increase of the level of Ctgf, in

turn enhancing osteoclast differentiation which stimulates the bone resorption.

Another gene evaluation concerned the Plasminogen Activator Inhibitor-1 (Pai-1 or Serpinel);
some authors (Canecki-Varzi¢ et al., 2016; Tamura et al., 2013) showed that the loss or reduction of
Pai-1 protects against bone loss, in particular Li Mao et al. (2014) demonstrated that the reduction
of Pai-1 levels restores bone formation by promoting the differentiation of mesenchymal stem cells
into osteoblasts instead towards adipocytes. Once again, our data confirm our suggestion about
different effects depending on the time treatment: any appreciable level of Pai-1 was not found after
6 hours of treatment; after 9 hours of treatment with Teriparatide the level of expression of Pai-1
was comparable with the control; meanwhile, after 12 hours its level of expression was drastically
increased. This evidences seem to confirm our hypothesis that 6 hours of in vifro treatment is
comparable to the short-intermittent administration in vivo and 9 hours of in vitro treatment is
comparable to the long-continuous administration of Teriparatide in vivo. After 6 hours of treatment
(condition comparable to intermittent administration), levels of Pai-1 are not determinable, for the
high reduction of its expression; this situation in vivo leads to a protection of bone loss through an

increase of differentiation of MSC into osteoblasts. Vice versa, the levels of Pai-1 are rapidly
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recovered after 9 hours of treatment and then drastically increased after 12 hours of treatment

(condition comparable to the continuous administration of Teriparatide).

Similarly to the first two proteins, the expression of WNT1-inducible-signaling pathway protein 2
(Wisp-2 or CCNS5) confirmed the gene array analysis. Wisp-2 is a member of the CCN family and a
factor of the Wnt pathway that positively regulate the osteoblast differentiation. We found an
increment of its expression level after 6 hours of treatment of almost 18 times higher compared to
the control and more than 6 times higher compared to 9 hours of treatment; just after 12 hours of
treatment with Teriparatide its level of expression was similar to the control. Considering this result
in the light of the model proposed, we can observe how a short (intermittent) administration of
Teriparatide leads to an increase of production of the Wisp-2 protein which in vivo stimulates
osteoblast differentiation. However, the levels of Wisp-2 protein do not decrease respect to controls
in both 9 and 12 hours of treatment with Teriparatide; it seems to occur the gradual decrease until
reaching the basal level after 12 hours. This observation may be explained by the hypothesis that: i)
other factors may concur in the Wnt pathway to prevent the total ablation of the protein which is an
important factor for newly-bone formation; ii) the decrease of the protein expression wasn’t stop
after 12 hours of treatment and cells may take longer to remove the protein previously produced. If
this second hypothesis would be correct, it may be necessary to investigate the protein expression of

Wisp-2 after 12 hours of treatment to verify whether the expression level may decrease.

Interestingly, levels of Cathepsin K (Ctsk) were also altered. Cathepsin K is a typical osteoclast
marker which is a protease secreted by differentiated osteoclasts in order to
catabolize elastin, collagen, and gelatin. Since osteoclasts are derived from the hematopoietic
lineage, it is interesting to be noted not only that osteocytes produce this protein but also that it

seems to be able to modify its production under the stimulus of Teriparatide. Our results showed

62



Discussion

how Cathepsin K levels were drastically reduced after 6 hours of treatment (no signal was detected
by the software) compared to the control (4620); after 9 hours of treatment, the expression level has
reached almost twice the value (8390) but after 12 hours of treatment the level of expression (4370)
was similar to the control. In this case, it is difficult to understand the trend of the expression; the
initial ablation would be easily linked to a reduction of bone resorption caused by the reduction of
the enzyme itself as a result of a short interaction with the Teriparatide, meanwhile the increased
production of the enzyme (that would cause an increase of in vivo bone resorption) probably occurs
after a longer exposure of Teriparatide (9 hours), though it is reduced after 12 hours of treatment. A
possible explanation of this evidence could be that, since Cathepsin K is not a cell-signaling
molecule but an enzyme involved in perilacunar matrix remodeling and resorption, the expression
of this protease is not continuously performed by osteocytes and other factors may concur to its
regulation. However, the data collected so far are not enough to speculate any further involvement
of this protein in bone resorption and more investigations need to better understand the possible

involvement of Chatepsin K in bone remodeling triggered by Teriparatide.

Pleiotropin (Ptn) is also known as Osteoblast-specific factor 1; it has been demonstrated being
involved in many processes during bone repair, from promoting endothelial cells proliferation to
stimulating in vivo angiogenesis and it was already demonstrated its chemotactic effects on human
osteoblasts and endothelial cells. Our Western blot results don’t match with the gene array
evaluations which showed a reasonably overexpression after 6 hours of treatment and a
downregulation after 9 hours of treatment. It is reasonable to imagine that, in the model we propose,
a short and intermittent stimulation with Teriparatide (6 hours) would lead an increase of Ptn which,
in turn, stimulates different anabolic processes involved in bone regeneration, meanwhile long

treatments (continuous — 9 hours) would lead to a decrease of those levels, as shown by the gene
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array. Western blot analysis showed a different trend of the protein expression. After 6 hours of
treatment, the protein expression level was reduced more than half compared to control and, even
after 9 and 12 hours, protein levels were not restored. Many hypotheses could be made to explain
this mismatching of results. If those data would be confirmed, we should consider that Ptn is a
protein that plays a wide range of roles in bone regeneration, in particular involved in the
preliminary steps such as vascularization and chemotaxis; it could be hypothesized that, just after a
quick increase of the gene expression and protein production, some epigenetics factors (such as
miRNAs) may drastically reduce the production of the protein, even in early stages. However,
probably it’s too soon to make any assumption about the role of this protein under the stimulation of

Teriparatide.

Among the genes that we didn’t start yet to evaluate, however, it is interesting to notice their
potential involvement in bone remodeling under the stimulation of Teriparatide. Further eight genes
with a known role in bone metabolism were regulated by Teriparatide in our experiment; 6 genes
(Aqp5, Scara3, Efempl, Pdkl, Angptl and Col6al) were found to be upregulated after 6 hours of
treatment and downregulated after 9 hours of treatment, meanwhile two of them were found to
express the opposite trend (Tgm2 and Trib3). However, really few is known about the real role
exerted by those genes in bone metabolisms and most of the papers published so far just started to
argue about their involvement in bone processes; moreover, those genes are frequently expressed in
many other tissues and are not specific for bone or osteocyte functions. We preferred to focus firstly
on those genes that could be more interesting since their role on bone was already been suggested

by different authors and papers.
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CONCLUSIONS

In conclusion, by means of the animal model here proposed, we have been able to evaluate in which
phase of bone healing the Teriparatide administration is crucial and more efficacious to improve the
quality of skeletal repair. We demonstrate, for the first time, that the main effect of PTH(1-34)
concerns an anticipated occurrence of dynamic osteogenesis, i.e. the deposition of bone more
suitable to loading. This finding could be of crucial importance in further translational clinical
research in humans to define the best therapeutic strategies to be applied by the orthopedic surgeons

in recovering severe skeletal lesions, particularly in terms of time of administration of PTH(1-34).

We also showed an interesting behavior expressed by the in vitro osteocyte-like cell line model
MLO-Y4 treated with Teriparatide at different time points to mimic the two different types of
Teriparatide administration. The model we have proposed is aimed to represent the in vivo
characteristic effects under the (short) intermittent administration versus the (long) continuous
administration of Teriparatide. When the MLO-Y4 cell line was exposed for a short period of time
to Teriparatide some genes were up- or down-regulated but when the drug exposition was
prolonged the gene expression was inverted. We analyzed the genes that showed an “inversion of
expression” caused by the Teriparatide treatment at different time points and found that many of
them were involved in bone metabolism. Those findings demonstrate that not only the osteocyte-
like cell line MLO-Y4 is sensitive to Teriparatide but also that such behavior is in line with the in
vivo bone response to the drug. These two findings let us to hypothesize that osteocyte-cell-

signaling sensitiveness to the PTH(1-34) may be crucial during bone remodeling or bone healing
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and motivate us to continue investigating other evidences about the possible modifiable

involvement of osteocytes during bone remodeling.
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Fig. 1. Representative LM micrographs passing through the hole center, from a control rat 10 days
after drilling, showing in A, from periosteal side (left) towards the endosteal one (right): highly
vascularized connective tissue (enlarged in B), trabecular bony framework laid down by cords of
stationary osteoblasts (enlarged in C), typical laminae of movable osteoblasts (arrows)
differentiating on the surfaces of such SO-trabeculae (enlarged in D). B, C, D enlargements of the

squared areas in A. Scale bars: A=630um; B,C,D=50um.
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Fig. 2. Micrographs showing new bony trabeculae inside the hole in control (A) and treated (B)
animals, 10 days after drilling. The cords of static osteoblasts are encircled by dotted white lines

(A); the laminae of movable osteoblasts are pointed by black arrows (B). Scale bars: A,B=100um.
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Fig. 3. Histogram (A) reporting the values of the extent of the surface of prismatic osteoblast
laminae with respect to the bone surface (Ob.S/BS) in the drilled control (group 1) and the

drilled/treated with PTH(1-34) (group 2), at 10 days from drilling. Histogram (B) reporting mean

values for the same parameter; a=p<0.05
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Fig. 4. Micrographs of transverse sections of the rat femurs passing through the center of the hole in
drilled control (A) and drilled/treated with PTH(1-34) (B), at 28 days after drilling. The dotted
yellow lines in A and B point the limit between compact (left) and trabecular (right) bone. The
repaired holes are included between the dotted white lines. Note the greater amount of compact
bone in drilled/treated with PTH(1-34) (B) with respect to drilled control (A). Scale bars:

A,B=630pm.
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Fig. 5 Histogram reporting the amount of cortical compact bone (Ct B Ar) with respect to hole area
(hole Ar), both expressed in percentage values in untreated animals (group 3) and in treated animals
(group 4). Ct B Ar is about 70% in treated animals (group 4), about 53% in untreated animals

(group 3), though without statistical significance.
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Fig. 6. Fluorescence micrographs of transverse sections of the rat femurs passing through the center
of the hole in drilled control (A) and drilled/treated with PTH(1-34) (B) 28 days after drilling. The
dotted blue lines indicate the borders of the hole. Green label shows the newly-formed bone at 10
days after drilling. The dotted white circles indicate the different morphology of labeled bone areas

in the two animals (irregularly-shaped in A, linear in B). Scale bars: A,B=630um.
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Fig. 7. Sections from drilled control and treated animals, 45 days after drilling, observed under

TPL; in the central part of the hole, note in drilled control the abundance of extinguished woven-
bone among the primary haversian spaces (A). Note also in drilled/treated with PTH (1-34) the
abundance of birefringent lamellar bone outlining the primary haversian osteons (B). Scale bars:

A,B=250pm.
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Fig. 8. Sections from drilled control and treated animals, 45 days after drilling, observed under
SEM; note in drilled treated animals (C, D) the abundance of lamellar bone (arrows) with respect to

the drilled control ones (A, B). Scale bars: A-D=400pm.
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Fig. 9. Western Blots on 5 ug of MLO-Y4 extracted proteins, quantified by Bradford standard
method. MLO-Y4 cell line was treated for 6, 9 and 12 hours with Teriparatide and tested for 5
different proteins: CTGF, PAI-1, WISP-2, PTN and CATHEPSIN K. Signal intensity of Western’s

bands were analyzed with Image Studio Lite 5.0 software (LI-COR Biosciences, NE, USA) and

reported in graph.
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Table 1. Histomorphometric parameter (BV/TV%) of newly-formed bone in healing holes in

sections of femur diaphysis.

Time of sacrifice after drilling 10 days 28 days 45 days
BV/TV% - drilled control 49.9+£8.4 68.7+£7.4 72.6£5.3
BV/TV% - drilled/treated with PTH(1-34) 46.0+4.8 65.1£9.3 73.0+11.2

All values are expressed as mean+sd. Student’s T test, using the Software STATA 11.0 (StataCorp,
Texas, USA) was performed to compare means of treated and control groups, according to the time

of sacrifice (10, 28, 45 days).
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Table 2. Serum parameters (Ca, P, OPG, BALP, CTX, PTH) at the end of the experiments.

Group Ca mg/dL P mg/dL OPG ng/ml | BALP ng/ml CTX ng/mL PTH pg/ml

1 10.35+0.29 5.64+0.48 0.84+0.11 7.70+0.62 49.42+8.10 | 88.17+73.89
2 10.03+0.43 6.74+1.45 0.73+0.04 7.13+0.54 | 47.64+20.84 | 51.94+32.34
3 10.16+0.18 6.93+1.29 0.67+0.10 6.54£1.25 | 56.31£19.20 | 67.82436.17
4 9.87+0.34 6.59+1.26 0.73+0.03 6.79+0.37 | 50.06+21.70 | 52.29+20.30
S 10.17+0.26 6.84+0.41 0.69+0.05 6.34+1.43 47.59+7.79 | 77.85+35.81
6 10.25+0.22 6.40+0.42 0.67+0.03 6.72+0.28 64.7438.48 |  55.94+23.98

Mean values +standard deviation of serum parameters at the end of the experiments. Ca=total

calcium, P=inorganic

phosphorus,

OPG=Osteoprotegerin,

BALP=specific

bone

alkaline

phosphatase, CTX=Beta CrossLaps; PTH= bioactive-intact PTH(1-84). Group 1: drilled control-10

days; Group 2: drilled/treated with PTH(1-34)-10 days, Group 3: drilled control-28 days; Group 4:

drilled/treated with PTH(1-34)-28 days; Group 5: drilled control-45 days; Group 6: drilled/treated

with PTH(1-34)-45 days.
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Table 3. Gene expression in MLO-Y4, 6 versus 9 hours of treatment with Teriparatide.

Gene Symbol |p-value(T6vs.T9) ‘ Fold-Change(T 6 vs. T 9) ‘ Fold-Change(T 6 vs. T 9) Description
Ptn 0,00111009 6,13175 T 6upvsT 9
Trp53inpl 0,000599073 -5,39765 T 6downvsT_9
Ctgf 1,65E-06 -8,35315 T 6downvsT 9
Ptgs2 0,000264633 -5,71823 T 6downvsT_9
Ddit3 2,95E-06 -5,82632 T 6downvsT_9
MIf1 0,000193185 -4,89741 T 6downvsT 9
Agp5 0,000110353 4,86473 T 6upvsT 9
Ms4add 2,60E-05 4,26664 T 6upvsT 9
Wisp2 0,000766724 5,48605 T 6upvsT 9
Serpinel 0,000639025 -4,5177 T 6downvsT_9
Slc7all 0,00028404 -4,49664 T 6downvsT_9
Car6 0,000427259 -4,45215 T 6downvsT 9
Lcelg 0,00309292 -7,59097 T 6downvsT_9
Adam23 0,00259201 4,56705 T 6upvsT 9
Col6a3 6,14E-08 3,91329 T 6upvsT 9
Scara3 0,000108654 7,19625 T 6upvsT 9
Efempl 4,51E-05 4,56942 T 6upvsT_ 9
Eid3 0,000386376 -12,3754 T 6downvsT_9
Pdlim5 1,17E-05 -4,8986 T 6downvsT_9
Tchhll 7,21E-05 -11,8671 T 6downvsT_9
Plscr4 6,61E-05 4,09527 T 6upvsT 9
Plcxd2 0,000246052 -4,3352 T 6downvsT_9
Actr3b 0,000204675 6,78236 T 6upvsT 9
Pdk1 2,94E-06 4,09838 T 6upvsT 9
Dusp5 0,0010696 -5,5596 T 6downvsT_9
Bpifc 7,22E-06 -8,74302 T 6downvsT_9
Tgm2 9,70E-07 -10,8307 T 6downvsT 9
Foxql 1,53E-06 -4,03438 T 6downvsT_9
Angptl 0,00328868 4,63389 T 6upvsT9
Enpp2 9,81E-06 -4,95172 T 6downvsT 9
Col6al 7,92E-06 6,19945 T 6upvsT 9
Cd68 0,000129271 -4,52759 T 6downvsT_9
Ctsk 2,00E-08 -4,08632 T 6downvsT 9
Chacl 7,10E-06 -4,60005 T 6downvsT_9
Havcr2 8,12E-05 -5,83701 T 6downvsT_9
Col6a2 2,61E-06 5,15838 T 6upvsT 9
Tspanl?7 7,13E-05 4,36627 T 6upvsT_9
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Trib3 5,00E-08 -6,35465 T 6downvsT 9
Coxba2 6,61E-05 -5,10223 T 6downvsT 9
P2rx3 0,000345796 -4,45986 T 6downvsT_9
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Table 4. Gene expression of selected genes with proved bone metabolism functions.

Gene

Symbol p-value(T_6vs.T_9)| Fold-Change(T_6vs.T_9)| Fold-Change(T_6 vs. T_9) (Description)
Ptn 0,00111009 6,13175 T 6upvsT_ 9
Ctgf 1,65E-06 -8,35315 T 6downvsT_9
Agp5 0,000110353 4,86473 T 6upvsT 9
Wisp2 0,000766724 5,48605 T 6upvsT_ 9
Serpinel 0,000639025 -4,5177 T 6downvsT_9
Scara3 0,000108654 7,19625 T 6upvsT 9
Efempl 4,51E-05 4,56942 T6upvsT 9
Pdk1 2,94E-06 4,09838 T 6upvsT9
Tgm2 9,70E-07 -10,8307 T 6downvsT_9
Angptl 0,00328868 4,63389 T 6upvsT 9
Col6al 7,92E-06 6,19945 T6upvsT 9
Ctsk 2,00E-08 -4,08632 T 6downvsT_9
Trib3 5,00E-08 -6,35465 T 6downvsT 9

Table 3 shows the 40 genes with a Fold-change higher than 4, regulated by Teriparatide in MLO-

Y4 cell line. 6 hours of treatment were compared with 9 hours of treatment. Table 4 shows the 13

genes (selected among the initial 40) that have been reported in literature to be involved in bone

metabolism. Highlighted in blue are the genes selected for further investigation. All the analyses

were performed using the analysis of variance (one-way ANOVA) test.
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Table 5. Gene names and symbols

Gene Symbol |Gene Title

Ptn pleiotrophin

Trp53inpl transformation related protein 53 inducible nuclear protein 1
Ctgf connective tissue growth factor

Ptgs2 prostaglandin-endoperoxide synthase 2

Ddit3 DNA-damage inducible transcript 3

MIf1 myeloid leukemia factor 1

Agp5 aquaporin 5

Msdadd membrane-spanning 4-domains, subfamily A, member 4D
Wisp2 WNT1 inducible signaling pathway protein 2

Serpinel serine (or cysteine) peptidase inhibitor, clade E, member 1
Slc7al11 solute carrier family 7 (cationic amino acid transporter, y+ system), member 11
Carb6 carbonic anhydrase 6

Lcelg late cornified envelope 1G

Adam23 a disintegrin and metallopeptidase domain 23

Col6a3 collagen, type VI, alpha 3

Scara3 scavenger receptor class A, member 3

Efempl epidermal growth factor-containing fibulin-like extracellular matrix protein 1
Eid3 EP300 interacting inhibitor of differentiation 3

Pdlim5 PDZ and LIM domain 5

Tchhll trichohyalin-like 1

Plscr4 phospholipid scramblase 4

Plcxd2 phosphatidylinositol-specific phospholipase C, X domain containing 2
Actr3b ARP3 actin-related protein 3B

Pdk1 pyruvate dehydrogenase kinase, isoenzyme 1

Dusp5 dual specificity phosphatase 5

Bpifc BPI fold containing family C

Tgm?2 transglutaminase 2, C polypeptide

Foxql forkhead box Q1

Angptl angiopoietin 1

Enpp2 ectonucleotide pyrophosphatase/phosphodiesterase 2
Col6al collagen, type VI, alpha 1

Cd68 CD68 antigen

Ctsk cathepsin K

Chacl Cha(, cation transport regulator 1

Havcr2 hepatitis A virus cellular receptor 2

Col6a2 collagen, type VI, alpha 2

Tspanl7 tetraspanin 17
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Trib3 tribbles homolog 3 (Drosophila)
Cox6a2 cytochrome c oxidase subunit Vla polypeptide 2
P2rx3 purinergic receptor P2X, ligand-gated ion channel, 3

84



Bibliography

BIBLIOGRAPHY

Adamczyk, M., Griffiths, R., Dewitt, S., Knduper, V., & Aeschlimann, D. (2015). P2X7 receptor
activation regulates rapid unconventional export of transglutaminase-2. Journal of Cell
Science, (November). http://doi.org/10.1242/jcs.175968

Albertini, M., Fernandez-Yague, M., Lazaro, P., Herrero-Climent, M., Rios-Santos, J. V., Bullon,
P., & Gil, F. J. (2015). Advances in surfaces and osseointegration in implantology. Biomimetic
surfaces. Medicina Oral, Patologia Oral Y Cirugia Bucal, 20(3), e316—e325.
http://doi.org/10.4317/medoral.20353

Aoyama, E., Kubota, S., Khattab, H. M., Nishida, T., & Takigawa, M. (2015). CCN2 enhances
RANKUL-induced osteoclast differentiation via direct binding to RANK and OPG. Bone, 73,
242-248. http://doi.org/10.1016/j.bone.2014.12.058

Arita, S., Ikeda, S., Sakai, A., Okimoto, N., Akahoshi, S., Nagashima, M., ... Nakamura, T. (2004).
Human parathyroid hormone (1-34) increases mass and structure of the cortical shell, with
resultant increase in lumbar bone strength, in ovariectomized rats. Journal of Bone and
Mineral Metabolism, 22(6), 530-540. http://doi.org/10.1007/s00774-004-0520-4

Augat, P., & Schorlemmer, S. (2006). The role of cortical bone and its microstructure in bone
strength. In Age and Ageing (Vol. 35). http://doi.org/10.1093/ageing/afl081

Bakker, a D., Soejima, K., Klein-Nulend, J., & Burger, E. H. (2001). The production of nitric oxide
and prostaglandin E(2) by primary bone cells is shear stress dependent. Journal of
Biomechanics, 34(5), 671-677. http://doi.org/10.1016/S0021-9290(00)0023 1-1

Balla, B., K??sa, J. P., Kiss, J., Podani, J., Tak??cs, L., Laz??ry, ??ron, ... Lakatos, P. (2009).

85



Bibliography

Transcriptional profiling of immune system-related genes in postmenopausal osteoporotic
versus non-osteoporotic human bone tissue. Clinical Immunology, 131(2), 354-359.
http://doi.org/10.1016/j.clim.2009.01.004

Baylink, D., Wergedal, J., & Stauffer, M. (1971). Formation, mineralization, and resorption of bone
in hypophosphatemic rats. Journal of Clinical Investigation, 50(12), 2519—-2530.
http://doi.org/10.1172/JC1106328

Bellido, T., Ali, A. A., Gubrij, L., Plotkin, L. L., Fu, Q., O’Brien, C. A., ... Jilka, R. L. (2005).
Chronic elevation of parathyroid hormone in mice reduces expression of sclerostin by
osteocytes: A novel mechanism for hormonal control of osteoblastogenesis. Endocrinology,
146(11), 4577-4583. http://doi.org/10.1210/en.2005-0239

Beraudi, A., Stea, S., Bordini, B., Baleani, M., & Viceconti, M. (2010). Osteon classification in
human fibular shaft by circularly polarized light. Cells Tissues Organs, 191(3), 260-268.
http://doi.org/10.1159/000240045

Bieglmayer, C., Prager, G., & Niederle, B. (2002). Kinetic analyses of parathyroid hormone
clearance as measured by three rapid immunoassays during parathyroidectomy. Clinical
Chemistry, 48(10), 1731-1738.

Bonewald, L. F. (2007). Osteocytes as dynamic multifunctional cells. In Annals of the New York
Academy of Sciences (Vol. 1116, pp. 281-290). http://doi.org/10.1196/annals.1402.018

Bonewald, L. F. (2011). The amazing osteocyte. Journal of Bone and Mineral Research, 26(2),
229-238. http://doi.org/10.1002/jbmr.320

Bonewald, L. F., & Johnson, M. L. (2008). Osteocytes, mechanosensing and Wnt signaling. Bone.
http://doi.org/10.1016/.bone.2007.12.224

Borba, V. Z. C., & Maiias, N. C. P. (2010). The use of PTH in the treatment of osteoporosis.

Arquivos Brasileiros de Endocrinologia E Metabologia, 54(2), 213-219.

86



Bibliography

http://doi.org/10.1590/S0004-27302010000200018

Bou-Gharios, G., & De Crombrugghe, B. (2008). Type I Collagen Structure, Synthesis, and
Regulation. In Principles of Bone Biology, Two-Volume Set (Vol. 1, pp. 285-318).
http://doi.org/10.1016/B978-0-12-373884-4.00034-3

Buckwalter, J. A., & Cooper, R. R. (1987). Bone structure and function. Instructional Course
Lectures, 36, 27-48. Retrieved from http://europepmc.org/abstract/med/3325555

Burra, S., Nicolella, D. P., Francis, W. L., Freitas, C. J., Mueschke, N. J., Poole, K., & Jiang, J. X.
(2010). Dendritic processes of osteocytes are mechanotransducers that induce the opening of
hemichannels. Proceedings of the National Academy of Sciences of the United States of
America, 107(31), 13648—13653. http://doi.org/10.1073/pnas.1009382107

Canecki-Varzi¢, S., Prpi¢-Krizevac, 1., & Bili¢-Curtié, 1. (2016). Plasminogen activator inhibitor-1
concentrations and bone mineral density in postmenopausal women with type 2 diabetes
mellitus. BMC Endocrine Disorders, 16(1), 14. http://doi.org/10.1186/s12902-016-0094-x

Cherian, P. P., Siller-Jackson, A. J., Gu, S., Wang, X., Bonewald, L. F., Sprague, E., & Jiang, J. X.
(2005). Mechanical Strain Opens Connexin 43 Hemichannels in Osteocytes: A Novel
Mechanism for the Release of Prostaglandin. Molecular Biology of the Cell, 16(July), 3100—
3106. http://doi.org/10.1091/mbc.E04

Cherian, P. P., Xia, X., & Jiang, J. X. (2008). Role of Gap Junction, Hemichannels, and Connexin
43 in Mineralizing in Response to Intermittent and Continuous Application of Parathyroid
Hormone. Cell Communication and Adhesion, 15(October 2007), 43—54. http://doi.org/DOI:
10.1080/15419060802310208

Chiang, C. Y., Zebaze, R. M. D., Ghasem-Zadeh, A., Iuliano-Burns, S., Hardidge, A., & Seeman, E.
(2013). Teriparatide improves bone quality and healing of atypical femoral fractures associated

with bisphosphonate therapy. Bone, 52(1), 360-365. http://doi.org/10.1016/j.bone.2012.10.006

87



Bibliography

Cho, H. H., Shin, K. K., Kim, Y. J., Song, J. S., Kim, J. M., Bae, Y. C., ... Jung, J. S. (2010). NF-
kappaB activation stimulates osteogenic differentiation of mesenchymal stem cells derived
from human adipose tissue by increasing TAZ expression. Journal of Cellular Physiology,
223(1), 168-77. http://doi.org/10.1002/jcp.22024

Chuang, C.-K., Sung, L.-Y., Hwang, S.-M., Lo, W.-H., Chen, H.-C., & Hu, Y.-C. (2007).
Baculovirus as a new gene delivery vector for stem cell engineering and bone tissue
engineering. Gene Therapy, 14(19), 1417-24. http://doi.org/10.1038/sj.gt.3302996

Coburn, J. W., Elangovan, L., Goodman, W. G., & Frazag, J. M. (1999). Calcium-sensing receptor
and calcimimetic agents. Kidney International. Supplement, 73, S52—S58.
http://doi.org/10.1046/j.1523-1755.1999.07303.x

Collette, N. M., Genetos, D. C., Economides, A. N., Xie, L., Shahnazari, M., Yao, W., ... Loots, G.
G. (2012). Targeted deletion of Sost distal enhancer increases bone formation and bone mass.
Proceedings of the National Academy of Sciences of the United States of America, 109(35),
14092-7. http://doi.org/10.1073/pnas.1207188109

Daci, E., Verstuyf, a, Moermans, K., Bouillon, R., & Carmeliet, G. (2000). Mice lacking the
plasminogen activator inhibitor 1 are protected from trabecular bone loss induced by estrogen
deficiency. Journal of Bone and Mineral Research : The Official Journal of the American
Society for Bone and Mineral Research, 15(8), 1510-1516.
http://doi.org/10.1359/jbmr.2000.15.8.1510

Datta, N. S., & Abou-Samra, A. B. (2009). PTH and PTHrP signaling in osteoblasts. Cellular
Signalling. http://doi.org/10.1016/j.cellsig.2009.02.012

de Gorter, D. J. J., van Dinther, M., Korchynskyi, O., & ten Dijke, P. (2011). Biphasic effects of
transforming growth factor B on bone morphogenetic protein-induced osteoblast

differentiation. Journal of Bone and Mineral Research : The Olfficial Journal of the American

88



Bibliography

Society for Bone and Mineral Research, 26(6), 1178-87. http://doi.org/10.1002/jbmr.313

Dodds, R. a, Ali, N., Pead, M. J., & Lanyon, L. E. (1993). Early loading-related changes in the
activity of glucose 6-phosphate dehydrogenase and alkaline phosphatase in osteocytes and
periosteal osteoblasts in rat fibulae in vivo. Journal of Bone and Mineral Research : The
Official Journal of the American Society for Bone and Mineral Research, 8(3), 261-267.
http://doi.org/10.1002/jbmr.5650080303

Ducy, P., Amling, M., Takeda, S., Priemel, M., Schilling, aF., Beil, F. T., ... Karsenty, G. (2000).
Leptin inhibits bone formation through a hypothalamic relay: a central control of bone mass.
Cell, 100(2), 197-207. http://doi.org/10.1016/S0092-8674(00)81558-5

Duggan, S. P., Behan, F. M., Kirca, M., Smith, S., Reynolds, J. V., Long, A., & Kelleher, D.
(2010). An integrative genomic approach in oesophageal cells identifies TRB3 as a bile acid
responsive gene, downregulated in Barrett’s oesophagus, which regulates NF-kB activation
and cytokine levels. Carcinogenesis, 31(5), 936-945. http://doi.org/10.1093/carcin/bgq036

Ejersted, C., Andreassen, T. T., Nilsson, M. H. L., & Oxlund, H. (1994). Human parathyroid
hormone(1-34) increases bone formation and strength of cortical bone in aged rats. European
Journal of Endocrinology, 130(2), 201-207. http://doi.org/8130897

Ezzat, K., Helmfors, H., Tudoran, O., Juks, C., Lindberg, S., Padari, K., ... Langel, U. (2012).
Scavenger receptor-mediated uptake of cell-penetrating peptide nanocomplexes with
oligonucleotides. The FASEB Journal, 26(3), 1172—1180. http://doi.org/10.1096/1].11-191536

Ferretti, M., Palumbo, C., Contri, M., & Marotti, G. (2002). Static and dynamic osteogenesis: Two
different types of bone formation. Anatomy and Embryology, 206(1-2), 21-29.
http://doi.org/10.1007/s00429-002-0265-6

Forwood, M. R. (1996). Inducible cyclo-oxygenase (COX-2) mediates the induction of bone

formation by mechanical loading in vivo. Journal of Bone and Mineral Research : The Official

89



Bibliography

Journal of the American Society for Bone and Mineral Research, 11(11), 1688—1693.
http://doi.org/10.1002/jbmr.5650111112

Franz-Odendaal, T. A., Hall, B. K., & Witten, P. E. (2006). Buried alive: How osteoblasts become
osteocytes. Developmental Dynamics. http://doi.org/10.1002/dvdy.20603

Genetos, D. C., Geist, D. J., Liu, D., Donahue, H. J., & Duncan, R. L. (2005). Fluid shear-induced
ATP secretion mediates prostaglandin release in MC3T3-E1 osteoblasts. Journal of Bone and
Mineral Research : The Official Journal of the American Society for Bone and Mineral
Research, 20(1), 41-49. http://doi.org/10.1359/JBMR.041009

Gorski, J. P. (2011). Biomineralization of bone: a fresh view of the roles of non-collagenous
proteins. Frontiers in Bioscience (Landmark Edition), 16, 2598—621.
http://doi.org/10.2741/3875

Guimaraes, G. N., Stipp, R. N., Rodrigues, T. L., De Souza, A. P., Line, S. R. P., & Marques, M. R.
(2013). Evaluation of the effects of transient or continuous PTH administration to odontoblast-
like cells. Archives of Oral Biology, 58(6), 638—645.
http://doi.org/10.1016/j.archoralbio.2012.11.011

Guo, D., Keightley, A., Guthrie, J., Veno, P. A., Harris, S. E., & Bonewald, L. F. (2010).
Identification of osteocyte-selective proteins. Proteomics, 10(20), 3688—3698.
http://doi.org/10.1002/pmic.201000306

Han, H. J., Tokino, T., & Nakamura, Y. (1998). CSR, a scavenger receptor-like protein with a
protective role against cellular damage causedby UV irradiation and oxidative stress. Human
Molecular Genetics, 7(6), 1039—1046. http://doi.org/10.1093/hmg/7.6.1039

Han, Y., Cowin, S. C., Schaffler, M. B., & Weinbaum, S. (2004). Mechanotransduction and strain
amplification in osteocyte cell processes. Proceedings of the National Academy of Sciences of

the United States of America, 101(47), 16689-94. http://doi.org/10.1073/pnas.0407429101

90



Bibliography

Hess, K., Ushmorov, A., Fiedler, J., Brenner, R. E., & Wirth, T. (2009). TNFalpha promotes
osteogenic differentiation of human mesenchymal stem cells by triggering the NF-kappaB
signaling pathway. Bone, 45(2), 367-76. http://doi.org/10.1016/j.bone.2009.04.252

Huang, H., Zhao, N., Xu, X., Xu, Y., Li, S., Zhang, J., & Yang, P. (2011). Dose-specific effects of
tumor necrosis factor alpha on osteogenic differentiation of mesenchymal stem cells. Cell
Proliferation, 44(5), 420—427. http://doi.org/10.1111/j.1365-2184.2011.00769.x

lida-Klein, A., Lu, S. S., Kapadia, R., Burkhart, M., Moreno, A., Dempster, D. W., & Lindsay, R.
(2005). Short-term continuous infusion of human parathyroid hormone 1-34 fragment is
catabolic with decreased trabecular connectivity density accompanied by hypercalcemia in
C57BL/J6 mice. Journal of Endocrinology, 186(3), 549-557.
http://doi.org/10.1677/joe.1.06270

Jeansonne, B. G., Feagin, F. F., McMinn, R. W., Shoemaker, R. L., & Rehm, W. S. (1979). Cell-to-
cell communication of osteoblasts. J Dent Res, 58(4), 1415-1423.
http://doi.org/10.1177/00220345790580042101

Jiang, Y., Zhao, J. J., Mitlak, B. H., Wang, O., Genant, H. K., & Eriksen, E. F. (2003).
Recombinant human parathyroid hormone (1-34) [teriparatide] improves both cortical and
cancellous bone structure. Journal of Bone and Mineral Research : The Official Journal of the
American Society for Bone and Mineral Research, 18(11), 1932—1941.
http://doi.org/10.1359/jbmr.2003.18.11.1932

Jilka, R. L., O’Brien, C. A., Ali, A. A., Roberson, P. K., Weinstein, R. S., & Manolagas, S. C.
(2009). Intermittent PTH stimulates periosteal bone formation by actions on post-mitotic
preosteoblasts. Bone, 44(2), 275-286. http://doi.org/10.1016/j.bone.2008.10.037

Kamel, M. A., Picconi, J. L., Lara-Castillo, N., & Johnson, M. L. (2010). Activation of ??-catenin

signaling in MLO-Y4 osteocytic cells versus 2T3 osteoblastic cells by fluid flow shear stress

91



Bibliography

and PGE2: Implications for the study of mechanosensation in bone. Bone, 47(5), 872—881.
http://doi.org/10.1016/j.bone.2010.08.007

Kamioka, H., Miki, Y., Sumitani, K., Tagami, K., Terai, K., Hosoi, K., & Kawata, T. (1995).
Extracellular calcium causes the release of calcium from intracellular stores in chick
osteocytes. Biochemical and Biophysical Research Communications, 212(2), 692—6.
http://doi.org/10.1006/bbrc.1995.2024

Kamioka, H., Sugawara, Y., Honjo, T., Yamashiro, T., & Takano-Yamamoto, T. (2004). Terminal
differentiation of osteoblasts to osteocytes is accompanied by dramatic changes in the
distribution of actin-binding proteins. Journal of Bone and Mineral Research : The Official
Journal of the American Society for Bone and Mineral Research, 19(3), 471-478.
http://doi.org/10.1359/JBMR.040128

Kang, Q., Song, W.-X., Luo, Q., Tang, N., Luo, J., Luo, X., ... He, T.-C. (2009). A comprehensive
analysis of the dual roles of BMPs in regulating adipogenic and osteogenic differentiation of
mesenchymal progenitor cells. Stem Cells and Development, 18(4), 545-59.
http://doi.org/10.1089/s¢d.2008.0130

Keller, H., & Kneissel, M. (2005). SOST is a target gene for PTH in bone. Bone, 37(2), 148—158.
http://doi.org/10.1016/j.bone.2005.03.018

Kitase, Y., Barragan, L., Qing, H., Kondoh, S., Jiang, J. X., Johnson, M. L., & Bonewald, L. F.
(2010). Mechanical induction of PGE2 in osteocytes blocks glucocorticoid-induced apoptosis
through both the ??-catenin and PKA pathways. Journal of Bone and Mineral Research,
25(12), 2381-2392. http://doi.org/10.1002/jbmr.168

Kogianni, G., Mann, V., & Noble, B. S. (2008). Apoptotic bodies convey activity capable of
initiating osteoclastogenesis and localized bone destruction. Journal of Bone and Mineral

Research : The Official Journal of the American Society for Bone and Mineral Research,

92



Bibliography

23(6), 915-27. http://doi.org/10.1359/jbmr.080207

Kragstrup, J., & Melsen, F. (1983). Three-dimensional morphology of trabecular bone osteons
reconstructed from serial sections. Metabolic Bone Disease and Related Research, 5(3), 127—
130. http://doi.org/10.1016/0221-8747(83)90013-9

Kramer, 1., Halleux, C., Keller, H., Pegurri, M., Gooi, J. H., Weber, P. B., ... Kneissel, M. (2010).
Osteocyte Wnt/beta-catenin signaling is required for normal bone homeostasis. Molecular and
Cellular Biology, 30(12), 3071-85. http://doi.org/10.1128/MCB.01428-09

Lamprou, M., Kaspiris, A., Panagiotopoulos, E., Giannoudis, P. V., & Papadimitriou, E. (2014).
The role of pleiotrophin in bone repair. Injury. http://doi.org/10.1016/j.injury.2014.10.013

Li,J., Li, Y., Ma, S., Gao, Y., Zuo, Y., & Hu, J. (2010). Enhancement of bone formation by BMP-7
transduced MSCs on biomimetic nano-hydroxyapatite/polyamide composite scaffolds in repair
of mandibular defects. Journal of Biomedical Materials Research - Part A, 95(4), 973-981.
http://doi.org/10.1002/jbm.a.32926

Li, J., Liu, D., Ke, H. Z., Duncan, R. L., & Turner, C. H. (2005). The P2X7 nucleotide receptor
mediates skeletal mechanotransduction. Journal of Biological Chemistry, 280(52), 42952—
42959. http://doi.org/10.1074/jbc.M506415200

Li, X., Zhang, Y., Kang, H., Liu, W., Liu, P., Zhang, J., ... Wu, D. (2005). Sclerostin binds to
LRP5/6 and antagonizes canonical Wnt signaling. Journal of Biological Chemistry, 280(20),
19883—-19887. http://doi.org/10.1074/jbc.M413274200

Li, Y., Li, A., Strait, K., Zhang, H., Nanes, M. S., & Weitzmann, M. N. (2007). Endogenous
TNFalpha lowers maximum peak bone mass and inhibits osteoblastic Smad activation through
NF-kappaB. Journal of Bone and Mineral Research : The Official Journal of the American
Society for Bone and Mineral Research, 22(5), 646-55. http://doi.org/10.1359/;bmr.070121

Liu, C., Zhang, X., Wu, M., & You, L. (2015). Mechanical loading up-regulates early remodeling

93



Bibliography

signals from osteocytes subjected to physical damage. Journal of Biomechanics, 48(16), 4221—
4228. http://doi.org/10.1016/j.jbiomech.2015.10.018

Liu, S., Zhou, J., Tang, W., Jiang, X., Rowe, D. W., & Quarles, L. D. (2006). Pathogenic role of
Fgf23 in Hyp mice. American Journal of Physiology. Endocrinology and Metabolism, 291(1),
E38-49. http://doi.org/10.1152/ajpendo.00008.2006

Liu, X., Zeng, B., & Zhang, C. (2011). Osteogenic and angiogenic effects of mesenchymal stromal
cells with co-transfected human Ang-1 gene and BMP2 gene. Biotechnology Letters, 33(10),
1933-1938. http://doi.org/10.1007/s10529-011-0654-0

Ma, Y. L., Zeng, Q., Donley, D. W., Ste-Marie, L.-G., Gallagher, J. C., Dalsky, G. P., ... Eriksen,
E. F. (2006). Teriparatide increases bone formation in modeling and remodeling osteons and
enhances IGF-II immunoreactivity in postmenopausal women with osteoporosis. Journal of
Bone and Mineral Research : The Official Journal of the American Society for Bone and
Mineral Research, 21(6), 855-864. http://doi.org/10.1359/jbmr.060314

Machein, M. R., Knedla, A., Knoth, R., Wagner, S., Neuschl, E., & Plate, K. H. (2004).
Angiopoietin-1 promotes tumor angiogenesis in a rat glioma model. The American Journal of
Pathology, 165(5), 1557-70. http://doi.org/10.1016/S0002-9440(10)63413-X

Mao, L., Kawao, N., Tamura, Y., Okumoto, K., Okada, K., Yano, M., ... Kaji, H. (2014).
Plasminogen activator inhibitor-1 is involved in impaired bone repair associated with diabetes
in female mice. PLoS ONE, 9(3). http://doi.org/10.1371/journal.pone.0092686

Marotti, G. (2000). The osteocyte as a wiring transmission system. Journal of Musculoskeletal &
Neuronal Interactions, 1(2), 133—136.

Marotti, G., Ferretti, M., Muglia, M. A., Palumbo, C., & Palazzini, S. (1992). A quantitative
evaluation of osteoblast-osteocyte relationships on growing endosteal surface of rabbit tibiae.

Bone, 13(5), 363-368. http://doi.org/10.1016/8756-3282(92)90452-3

94



Bibliography

Marotti, G., Muglia, M. A., & Palumbo, C. (1995). Collagen texture and osteocyte distribution in
lamellar bone. Italian Journal of Anatomy and Embryology = Archivio Italiano Di Anatomia
Ed Embriologia, 100 Suppl , 95-102.

Marotti, G., & Palumbo, C. (2007). The mechanism of transduction of mechanical strains into
biological signals at the bone cellular level. European Journal of Histochemistry.
http://doi.org/10.4081/1403

Mashiba, T., Burr, D. B., Turner, C. H., Sato, M., Cain, R. L., & Hock, J. M. (2001). Effects of
human parathyroid hormone (1-34), LY 333334, on bone mass, remodeling, and mechanical
properties of cortical bone during the first remodeling cycle in rabbits. Bone, 28(5), 538-547.
http://doi.org/10.1016/S8756-3282(01)00433-1

Mencej-Bedra??, S., Pre??elj, J., Komadina, R., Vindi??ar, F., & Marc, J. (2011). -1227C>T
polymorphism in the pleiotrophin gene promoter influences bone mineral density in
postmenopausal women. Molecular Genetics and Metabolism, 103(1), 76—80.
http://doi.org/10.1016/j.ymgme.2011.01.017

Mikuni-Takagaki, Y., Kakai, Y., Satoyoshi, M., Kawano, E., Suzuki, Y., Kawase, T., & Saito, S.
(1995). Matrix mineralization and the differentiation of osteocyte-like cells in culture. Journal
of Bone and Mineral Research : The Official Journal of the American Society for Bone and
Mineral Research, 10(2), 231-42. http://doi.org/10.1002/jbmr.5650100209

Nair, A. K., Gautieri, A., Chang, S.-W., & Buehler, M. J. (2013). Molecular mechanics of
mineralized collagen fibrils in bone. Nature Communications, 4, 1724.
http://doi.org/10.1038/ncomms2720

Nakashima, T., Hayashi, M., Fukunaga, T., Kurata, K., Oh-Hora, M., Feng, J. Q., ... Takayanagi,
H. (2011). Evidence for osteocyte regulation of bone homeostasis through RANKL expression.

Nat Med, 17(10), 1231-1234. http://doi.org/10.1038/nm.2452

95



Bibliography

Nampei, A., Hashimoto, J., Hayashida, K., Tsuboi, H., Shi, K., Tsuji, L., ... Yoshikawa, H. (2004).
Matrix extracellular phosphoglycoprotein (MEPE) is highly expressed in osteocytes in human
bone. Journal of Bone and Mineral Metabolism, 22(3), 176—184.
http://doi.org/10.1007/s00774-003-0468-9

Neer, R. M., Arnaud, C. D., Zanchetta, J. R., Prince, R., Gaich, G. A., Reginster, J. Y., ... Mitlak,
B. H. (2001). Effect of parathyroid hormone (1-34) on fractures and bone mineral density in
postmenopausal women with osteoporosis. The New England Journal of Medicine, 344(19),
1434-41. http://doi.org/10.1056/NEJM200105103441904

O’Brien, C. A., Plotkin, L. I., Galli, C., Goellner, J. J., Gortazar, A. R., Allen, M. R., ... Bellido, T.
(2008). Control of bone mass and remodeling by PTH receptor signaling in osteocytes. PLoS
ONE, 3(8). http://doi.org/10.1371/journal.pone.0002942

Oh, S.-A., Lee, H.-Y., Lee, J. H., Kim, T.-H., Jang, J.-H., Kim, H.-W., & Wall, 1. (2012). Collagen
three-dimensional hydrogel matrix carrying basic fibroblast growth factor for the cultivation of
mesenchymal stem cells and osteogenic differentiation. Tissue Engineering. Part A, 18(9-10),
1087-1100. http://doi.org/10.1089/ten.TEA.2011.0360

Okamoto, M., Udagawa, N., Uehara, S., Maeda, K., Yamashita, T., Nakamichi, Y., ... Kobayashi,
Y. (2014). Noncanonical Wnt5a enhances Wnt/p-catenin signaling during osteoblastogenesis.
Scientific Reports, 4, 4493. http://doi.org/10.1038/srep04493

Palumbo, C. (1986). A three-dimensional ultrastructural study of osteoid-osteocytes in the tibia of
chick embryos. Cell and Tissue Research, 246(1), 125-131.
http://doi.org/10.1007/BF00219008

Palumbo, C., Palazzini, S., & Marotti, G. (1990a). Morphological study of intercellular junctions
during osteocyte differentiation. Bone, 11(6), 401-406. http://doi.org/10.1016/8756-

3282(90)90134-K

96



Bibliography

Palumbo, C., Palazzini, S., Zaffe, D., & Marotti, G. (1990b). Osteocyte differentiation in the tibia of
newborn rabbit: an ultrastructural study of the formation of cytoplasmic processes. Acta
Anatomica, 137(4), 350-358. http://doi.org/10.1159/000146907

Pan, K., Sun, Q., Zhang, J., Ge, S., Li, S., Zhao, Y., & Yang, P. (2010). Multilineage differentiation
of dental follicle cells and the roles of Runx2 over-expression in enhancing
osteoblast/cementoblast-related gene expression in dental follicle cells. Cell Proliferation,
43(3), 219-228. http://doi.org/10.1111/j.1365-2184.2010.00670.x

Paula-Silva, F. W. G., Ghosh, a, Silva, L. a B., & Kapila, Y. L. (2009). TNF-alpha promotes an
odontoblastic phenotype in dental pulp cells. Journal of Dental Research, 88(4), 339-344.
http://doi.org/10.1177/0022034509334070

Pead, M. J., Suswillo, R., Skerry, T. M., Vedi, S., & Lanyon, L. E. (1988). Increased3H-uridine
levels in osteocytes following a single short period of dynamic bone loading in vivo. Calcified
Tissue International, 43(2), 92-96. http://doi.org/10.1007/BF02555153

Peng, L., Ren, L. B., Dong, G., Wang, C. L., Xu, P., Ye, L., & Zhou, X. D. (2010). Wnt5a promotes
differentiation of human dental papilla cells. International Endodontic Journal, 43(5), 404—
412. http://doi.org/10.1111/j.1365-2591.2010.01693 .x

Plotkin, L. I., Manolagas, S. C., & Bellido, T. (2007). Glucocorticoids induce osteocyte apoptosis
by blocking focal adhesion kinase-mediated survival: Evidence for inside-out signaling leading
to anoikis. Journal of Biological Chemistry, 282(33), 24120-24130.
http://doi.org/10.1074/jbc.M611435200

Plotkin, L. I., Mathov, 1., Aguirre, J. 1., Parfitt, a M., Manolagas, S. C., & Bellido, T. (2005).
Mechanical stimulation prevents osteocyte apoptosis: requirement of integrins, Src kinases,
and ERKSs. American Journal of Physiology. Cell Physiology, 289(3), C633-43.

http://doi.org/10.1152/ajpcell.00278.2004

97



Bibliography

Poole, K. E. S., & Reeve, J. (2005). Parathyroid hormone - A bone anabolic and catabolic agent.
Current Opinion in Pharmacology. http://doi.org/10.1016/j.coph.2005.07.004

Riek, A. E., & Towler, D. A. (2011). The Pharmacological Management of Osteoporosis. Mo Med,
108, 118-123.

Ritter, N. M., Farach-Carson, M. C., & Butler, W. T. (1992). Evidence for the formation of a
complex between osteopontin and osteocalcin. Journal of Bone and Mineral Research : The
Official Journal of the American Society for Bone and Mineral Research, 7(8), 877—885.
http://doi.org/10.1002/jbmr.5650070804

Robling, A. G., Niziolek, P. J., Baldridge, L. A., Condon, K. W., Allen, M. R., Alam, I., ... Turner,
C. H. (2008). Mechanical stimulation of bone in vivo reduces osteocyte expression of
Sost/sclerostin. Journal of Biological Chemistry, 283(9), 5866—5875.
http://doi.org/10.1074/jbc.M705092200

Saag, K. y cols. (2007). Teriparatide or alendronate in glucocorticoid-induced osteoporosis. Nejm,
357(20),2028-2039. http://doi.org/10.1097/01.0gx.0000310357.43258.f1

Sagomonyants, K., & Mina, M. (2014). Biphasic effects of FGF2 on odontoblast differentiation
involve changes in the BMP and Wnt signaling pathways. Connective Tissue Research, 55
Suppl 1, 53—6. http://doi.org/10.3109/03008207.2014.923867

Schnitzler, C. M. (1993). Bone quality: A determinant for certain risk factors for bone fragility.
Calcified Tissue International, 53(1 Supplement). http://doi.org/10.1007/BF01673398

Schulze, E., Witt, M., Kasper, M., Lowik, C. W. G. M., & Funk, R. H. W. (1999).
Immunohistochemical investigations on the differentiation marker protein E11 in rat calvaria,
calvaria cell culture and the osteoblastic cell line ROS 17/2.8. Histochemistry and Cell
Biology, 111(1), 61-69. http://doi.org/10.1007/s004180050334

Schwab, W., Schulze, E., Witt, M., Funk, R. H. W., & Kasper, M. (1999). Immunohistochemical

98



Bibliography

localization of the differentiation marker E11 in dental development of rats. Acta
Histochemica, 101(4),431-436. http://doi.org/10.1016/S0065-1281(99)80043-9

Shui, C., Riggs, B. L., & Khosla, S. (2002). The immunosuppressant rapamycin, alone or with
transforming growth factor-??, enhances osteoclast differentiation of RAW?264.7 Monocyte-
macrophage cells in the presence of RANK-ligand. Calcified Tissue International, 71(5), 437—
446. http://doi.org/10.1007/s00223-001-1138-3

Silva, I., & Branco, J. C. (2011). Rank/RANKL/OPG: Literature review. Acta Reumatologica
Portuguesa.

Sims, N. A., & Walsh, N. C. (2012). Intercellular cross-talk among bone cells: New factors and
pathways. Current Osteoporosis Reports, 10(2), 109—117. http://doi.org/10.1007/s11914-012-
0096-1

Skerry, T. M., Bitensky, L., Chayen, J., & Lanyon, L. E. (1989). Early strain-related changes in
enzyme activity in osteocytes following bone loading in vivo. Journal of Bone and Mineral
Research : The Official Journal of the American Society for Bone and Mineral Research, 4(5),
783-788. http://doi.org/10.1002/jbmr.5650040519

Takigawa, M. (2013). CCN2: A master regulator of the genesis of bone and cartilage. In Journal of
Cell Communication and Signaling (Vol. 7, pp. 191-201). http://doi.org/10.1007/s12079-013-
0204-8

Tamura, Y., Kawao, N., Okada, K., Yano, M., Okumoto, K., Matsuo, O., & Kaji, H. (2013).
Plasminogen activator inhibitor-1 is involved in streptozotocin-induced bone loss in female
mice. Diabetes, 62(9), 3170-3179. http://doi.org/10.2337/db12-1552

Tanaka-Kamioka, K., Kamioka, H., Ris, H., & Lim, S. S. (1998). Osteocyte shape is dependent on
actin filaments and osteocyte processes are unique actin-rich projections. Journal of Bone and

Mineral Research : The Official Journal of the American Society for Bone and Mineral

99



Bibliography

Research, 13(10), 1555-1568. http://doi.org/10.1359/jbmr.1998.13.10.1555

Tatsumi, S., Ishii, K., Amizuka, N., Li, M., Kobayashi, T., Kohno, K., ... Ikeda, K. (2007).
Targeted Ablation of Osteocytes Induces Osteoporosis with Defective Mechanotransduction.
Cell Metabolism, 5(6), 464—475. http://doi.org/10.1016/j.cmet.2007.05.001

Thompson, D. L., Sabbagh, Y., Tenenhouse, H. S., Roche, P. C., Drezner, M. K., Salisbury, J. L.,
... Kumar, R. (2002). Ontogeny of Phex/PHEX protein expression in mouse embryo and
subcellular localization in osteoblasts. Journal of Bone and Mineral Research : The Official
Journal of the American Society for Bone and Mineral Research, 17(2), 311-20.
http://doi.org/10.1359/jbmr.2002.17.2.311

Um, S., Choi, J. R, Lee, J. H., Zhang, Q., & Seo, B. M. (2011). Effect of leptin on differentiation of
human dental stem cells. Oral Diseases, 17(7), 662—669. http://doi.org/10.1111/5.1601-
0825.2011.01820.x

van Bezooijen, R. L., Roelen, B. A. J., Visser, A., van der Wee-Pals, L., de Wilt, E., Karperien, M.,
... Lowik, C. W. G. M. (2004). Sclerostin is an osteocyte-expressed negative regulator of bone
formation, but not a classical BMP antagonist. The Journal of Experimental Medicine, 199(6),
805-14. http://doi.org/10.1084/jem.20031454

Vilardaga, J. P., Romero, G., Friedman, P. A., & Gardella, T. J. (2011). Molecular basis of
parathyroid hormone receptor signaling and trafficking: A family B GPCR paradigm. Cellular
and Molecular Life Sciences. http://doi.org/10.1007/s00018-010-0465-9

Wang, J., Ye, F., Cheng, L., Shi, Y., Bao, J., Sun, H., ... Bu, H. (2009). Osteogenic differentiation
of mesenchymal stem cells promoted by overexpression of connective tissue growth factor.
Journal of Zhejiang University. Science. B. http://doi.org/10.1631/jzus.B0820252

Wetterwald, A., Hofstetter, W., Cecchini, M. G., Lanske, B., Wagner, C., Fleisch, H., & Atkinson,

M. (1996). Characterization and cloning of the E11 antigen, a marker expressed by rat

100



Bibliography

osteoblasts and osteocytes. Bone, 18(2), 125—132. http://doi.org/10.1016/8756-3282(95)00457-
2

Wijenayaka, A. R., Kogawa, M., Lim, H. P., Bonewald, L. F., Findlay, D. M., & Atkins, G. J.
(2011). Sclerostin stimulates osteocyte support of osteoclast activity by a RANKL-dependent
pathway. PLoS ONE, 6(10). http://doi.org/10.1371/journal.pone.0025900

Woo, S. M., Rosser, J., Dusevich, V., Kalajzic, 1., & Bonewald, L. F. (2011). Cell line IDG-SW3
replicates osteoblast-to-late-osteocyte differentiation in vitro and accelerates bone formation in
vivo. Journal of Bone and Mineral Research, 26(11), 2634-2646.
http://doi.org/10.1002/jbmr.465

Wu, X., Sun, L., Qi, H., Shi, H., & Fan, Y. (2015). The Bio-response of Osteocytes and Its
Regulation on Affiliation :, 9999(July), 1-10. http://doi.org/10.1002/cbin.10575

Xia, X., Batra, N., Shi, Q., Bonewald, L. F., Sprague, E., & Jiang, J. X. (2010). Prostaglandin
promotion of osteocyte gap junction function through transcriptional regulation of connexin 43
by glycogen synthase kinase 3/beta-catenin signaling. Molecular and Cellular Biology, 30(1),
206-19. http://doi.org/10.1128/MCB.01844-08

Xia, X., Kar, R., Gluhak-Heinrich, J., Yao, W., Lane, N. E., Bonewald, L. F., ... Jiang, J. X. (2010).
Glucocorticoid-induced autophagy in osteocytes. Journal of Bone and Mineral Research,
25(11), 2479-2488. http://doi.org/10.1002/jbmr.160

Xiao, Z., Zhang, S., Mabhlios, J., Zhou, G., Magenheimer, B. S., Guo, D, ... Quarles, L. D. (2006).
Cilia-like structures and polycystin-1 in osteoblasts/osteocytes and associated abnormalities in
skeletogenesis and Runx2 expression. Journal of Biological Chemistry, 281(41), 30884—
30895. http://doi.org/10.1074/jbc.M604772200

Yanik, S. C., Baker, A. H., Mann, K. K., & Schlezinger, J. J. (2011). Organotins are potent

activators of PPARy and adipocyte differentiation in bone marrow multipotent mesenchymal

101



Bibliography

stromal cells. Toxicological Sciences : An Official Journal of the Society of Toxicology, 122(2),
476-88. http://doi.org/10.1093/toxsci/kfr140

Yi, F., Khan, M., Gao, H., Hao, F., Sun, M., Zhong, L., ... Ma, T. (2012). Increased differentiation
capacity of bone marrow-derived mesenchymal stem cells in aquaporin-5 deficiency. Stem
Cells and Development, 21(13), 2495-507. http://doi.org/10.1089/scd.2011.0597

Yu, Y., Qiu, L., Guo, J., Yang, D., Qu, L., Yu, J., ... Zhong, M. (2015). TRIB3 mediates the
expression of Wnt5a and activation of nuclear factor-kB in Porphyromonas endodontalis
lipopolysaccharide-treated osteoblasts. Molecular Oral Microbiology, 30(4), 295-306.
http://doi.org/10.1111/omi.12094

Zaman, G., Pitsillides, A. A., Rawlinson, S. C., Suswillo, R. F., Mosley, J. R., Cheng, M. Z., ...
Lanyon, L. E. (1999). Mechanical strain stimulates nitric oxide production by rapid activation
of endothelial nitric oxide synthase in osteocytes. J Bone Miner Res, 14(7), 1123—1131.
http://doi.org/10.1359/jbmr.1999.14.7.1123

Zanchetta, J. R., Bogado, C. E., Ferretti, J. L., Wang, O., Wilson, M. G., Sato, M., ... Myers, S. L.
(2003). Effects of teriparatide [recombinant human parathyroid hormone (1-34)] on cortical
bone in postmenopausal women with osteoporosis. Journal of Bone and Mineral Research :
The Official Journal of the American Society for Bone and Mineral Research, 18(3), 539-43.
http://doi.org/10.1359/jbmr.2003.18.3.539

Zhang, K., Barragan-Adjemian, C., Ye, L., Kotha, S., Dallas, M., Lu, Y., ... Bonewald, L. F.
(2006). E11/gp38 selective expression in osteocytes: regulation by mechanical strain and role
in dendrite elongation. Molecular and Cellular Biology, 26(12), 4539-52.
http://doi.org/10.1128/MCB.02120-05

Zhang, L., Yang, M., Liu, D., Guo, C., Li, L., & Yang, G. (2012). The thPTH (1-34), but not

elcatonin, increases bone anabolic efficacy in postmenopausal women with osteoporosis.

102



Bibliography

Experimental and Clinical Endocrinology and Diabetes, 120(6), 361-366.
http://doi.org/10.1055/s-0032-1309009

Zhang, Z. M., Jiang, L. S., Jiang, S. D., & Dai, L. Y. (2009). Osteogenic potential and
responsiveness to leptin of mesenchymal stem cells between postmenopausal women with
osteoarthritis and osteoporosis. Journal of Orthopaedic Research, 27(8), 1067-1073.
http://doi.org/10.1002/jor.20846

Zhao, S., Zhang, Y. K. Y., Harris, S., Ahuja, S. S., & Bonewald, L. F. (2002). MLO-Y4 osteocyte-
like cells support osteoclast formation and activation. Journal of Bone and Mineral Research :
The Official Journal of the American Society for Bone and Mineral Research, 17(11), 2068—

2079. http://doi.org/10.1359/jbmr.2002.17.11.2068

103



