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ABSTRACT 

Molecular changes in the aging osteoblast. Ph.D. Thesis Abstract. 2003. Gustavo Duque. 

Department ofMedicine, Division ofExperimental Medicine. McGill University. 

Aging is the consequence of an array ofphenotypic variations that appear to involve 

intrinsic or constitutional properties in all cells and systems, including qualitative and 

quantitative alterations in development, maturational structure and function. The aging 

process in bone involves a set ofchanges in bone cells differentiation, interaction and 

premature death. Osteoblasts are the cells most affected during the aging process in bone 

due to their complex mechanisms ofdifferentiation, their interaction with honnones and 

growth factors and their progression to apoptosis. 

In the process ofdifferentiation ofhuman mesenchymal stem cells (hMSC) into 

osteoblasts there is a significant change (up or down regulation) in 74 genes occurs 

between the phase of differentiation (week 1) and mineralization (week 3). Among these 

genes affected, a group called "Interferon-inducible genes" plays an important role during 

the first phase ofdifferentiation. In addition, interferon y (IFNy) per se plays a pivotal 

role in this process in vitro and in vivo. In vitro, IFNy induces early osteoblastic 

differentiation ofhMSC and up-regulates Cbfal, the most important transcription factor 

for osteoblast differentiation. In vivo IFNy absence results in low bone turnover 

osteoporosis. Furthennore, in the SAM-P/6 mouse model (a previously described model 

of senile osteoporosis) age-related changes in osteoblasts are regulated by the 

administration of 1,25(OH)2D3. Treated mice show a significant increase in bone mass as 
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a consequence ofconcomitant increase in osteoblastogenesis together with a decrease in 

both adipogenesis and osteoclastogenesis. The changes in gene expression induced 

byl,25(OH)zD3in these mice indicate a predominant osteogenic effect and provide a 

better understanding of the aging process in the osteoblast. In addition to gene changes, 

during their aging process osteoblasts show a significant reduction in the number and 

bioresponse of vitamin D receptors (VDR) in vivo. These changes can be reversed by the 

administration ofEz indicating a close interaction between Ez and vitamin D in the aging 

process ofbone. Finally, the pathways involved in osteoblast apoptosis were assessed. 

We found that osteoblast apoptosis in vitro is induced predominantly by the activation of 

the Fas pathway with further activation of the cascade ofcaspases. Additionally, a 

mitochondrial role for 1,25(OH)zD3 in osteoblast apoptosis was found through the 

increasing levels ofpro-apoptotic Bax and decreasing levels of the anti-apoptotic Bcl-2. 

All these apoptotic pathways were found to be inhibited by 1,25(OH)zD3which induced 

Fas resistance through the inactivation ofcaspase-8 and stimulation ofBcl-2 expression. 

In summary, these findings elucidate several molecular changes that occur during the 

aging process in the osteoblast. These changes also identify potential targets that may be 

regulated to provide better function and extend the life span of these cells which are 

essential to maintain bone integrity. 
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SOMMAIRE 

Changements moleculaires dans les osteoblastes vieillissants. Ph.D. These sommaire. 

2003. Gustavo Duque.Departement de medecine, Division de medecine geriatrique. 

Universite McGill. 

Le vieillissement est la consequence d'un eventail de variations phenotypiques impliquant 

des proprietes intrinseques ou constitutives pour tous systemes et cellules. Ce processus 

implique des alterations quantitatives et qualitatives dans Ie developpement, la structure 

et la fonction des cellules. Dans l'os, Ie processus du vieillissement implique un 

ensemble d'evenements incluant des changements dans la differenciation des cellules 

osseuses, leur interaction et leur mort prematuree. Les osteoblastes sont les cellules les 

plus affectees lors de ce processus de vieillissement osseux a cause de leur mecanisme 

complexe de differenciation, de leur interaction avec des hormones ou des facteurs de 

croissance ainsi que de leur progression vers l'apoptose. Au cours du processus de 

differenciation des cellules souches mesenchymateuses humaines (CSMh) en 

osteoblastes, il y a un changement significatif (positive ou negatif) dans 74 genes entre la 

phase de differenciation (semaine 1) et la phase de mineralisation (semaine 3). 

Parmi ces genes on retrouve Ie groupe de genes inductibles par l'interferons quijouent un 

role important durant la premiere phase de differenciation. De plus l'interferon y (INFy) 

joue un role pivot dans ce processus ala fois in vitro et in vivo. In vitro, l'INFy accelere la 

differenciation osteoblastique des CSMh et augmente l'expression du Cbfa1, Ie plus 

important facteur de transcription pour la differenciation des osteoblastes. In vivo son 

absence entraine une osteoporose aturnover reduit.De plus, chez les souris SAM-P/6 (un 

modele connu d'osteoporose senile) les changements associes au vieillissement dans les 
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osteoblastes sont regules par l'administration de 1,25(OH)2D3. Ainsi les souris traitees a­

la 1,25(OH)2D3 montrent une augmentation significative de leur masse osseuse resultant a 

la fois d'une oste6blastogenese augmentee et d'une osteoclastogenese et d'une 

adipogenese diminuees. Les changements des genes induits par la 1,25(OH)2D3 dans ce 

type de souris montrent un eITet osteogenique predominant ce qui indiquerait un nouveau 

mecanisme du processus de vieillissement des osteoblastes. De plus, durant Ie processus 

de vieillissement des osteoblastes, on observe une reduction significative du nombre et de 

la reponse biologique des recepteurs de la vitamine D (RVD) in vivo. Ces changements 

sont reversibles par I'administration d'estrogenes demontrant ainsi un nouveau role des 

hormones steroides comme regulateurs du processus du vieillissement osseux. 

Finalement, les signaux impliques lors de l'apoptose des osteoblastes ont ete 

evalues.Nous avons demontre que l'apoptose des oste6blastes in vitro est en grande partie 

induite par I'activation du signal Fas avec activation subsequente de la cascade des 

caspases. De plus, nous avons decouvert que les mitochondries jouent un role dans la 

regulation par la 1,25(OH)2D3 de l'apoptose des osteoblastes en augmentant Ie niveau de 

facteur anti-apoptotique Bcl-2 et en diminuant Ie niveau du facteur anti-apoptotique Bax. 

Nous avons decouvert que tout ces signaux apoptotique etaient inhibes par la 

1,25(OH)2D3 qui entraine une resistance au Fas durant I'inactivation de la caspase-8 tout 

en augmentant Ie niveau de I'expression du Bc1-2. En bref, ces decouvertes ont permit 

d'elucider des changements moleculaires qui se produisent durant Ie processus de 

vieillissement des osteoblastes. Ceci suggere la possibilite de cibler la regulation de 

signaux intracellulaires dans Ie but d'ameliorer leur fonction et de prolonger leur 

longevite afin que ces cellules puissent continuer d'assurer Ie maintien de I'integrite 

osseuse. 
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FOREWORD 

The following excerpt is taken from the Guidelines Concerning Thesis Preparation, 

Faculty of Graduate Studies and Research, McGill University, and applies to this thesis: 

Candidates have the option of including, as part of the thesis, the text ofa paper(s) 

submitted or to be submitted for publication, or the clearly-duplicated text ofa published 

paper. These texts must be bound as an integral part of the thesis. 

If this option is chosen, connecting text (s) that provide logical bridges between the 

different papers are mandatory. The thesis must be written in such a way that it is more 

than a mere collection ofmanuscripts; in other words, results ofa series ofpapers must be 

integrated. 

The thesis must still confonn to all other requirements of the "Guidelines for Thesis 

Preparation". The thesis must include: A Table ofContents, an abstract in English and 

French, an introduction which clearly states the rationale and objectives of the study, a 

comprehensive review of the literature, a final conclusion and summary, and a thorough 

bibliography or reference list. 

Additional material must be provided where appropriate (e.g. appendices) and in 

sufficient detail to allow a clear and precise judgment to be made of the importance and 

originality of the research reported in the thesis. 

In the case ofmanuscripts co-authored by the candidate and others, the candidate is 

required to make an explicit statement in the thesis as to who contributed to such 

work and to what extent. Supervisors must attest to the accuracy ofsuch statements at 

the doctoral oral defense. Since the task of the examiners is made more difficult in these 

cases, it is in the candidate's interest to make perfectly clear the responsibilities ofall the 
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authors of the co-authored papers. Under no circumstances can a co-author or any 

component of such a thesis serve as an examiner for that thesis. 
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CHAPTER 1 

Introduction 

1.1 The bone micro-environment 

Bone is a mineralized tissue that performs multiple mechanical and metabolic functions 

for the body. Bone acts as a support and protection for the different organs, hosts the bone 

marrow and represents an important source ofcalcium when it is required in its ionized 

form (1). In order to accomplish these functions, bones undergo a complex process of 

turnover that replaces old and low quality bone with a new and stronger bone. This 

process of turnover involves two very well known mechanisms: resorption and formation. 

The cells responsible for bone resorption and formation are the osteoclasts and the 

osteoblasts respectively. These cells act in a well synchronized manner that starts with 

bone resorption by osteoclasts and ends with the formation ofnew bone by osteoblasts (1­

3). 

In addition to these two specialized cells, the bone micro-environment has other 

components that enhance the cells' activity and interaction. The bone matrix is a mixture 

ofcollagen fibers, glycoproteins and proteoglycans as well as non-collagenous proteins 

that are mostly secreted by bone cells (2-4). Furthermore, there is a complex 

communication system between the bone micro-environment and the rest of the body 

through the interaction with hormones, cytokines and growth factors (GF) that regulate 

the process ofbone turnover (4) this will be described later in this chapter. 

1.1.1 The osteoblast 

Osteoblasts are cells ofmesenchymal origin that in cell culture take a fibroblastic 

phenotype (1,5,6). They play an important role in both embryonic development and bone 
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turnover. During embryonic development the two types ofossification known as 

endochondral ossification and intramembranous ossification require the presence of 

active osteoblasts (1,5,6). During development, the entire future skeleton - with the 

exception of the clavicles, the mandibles and certain bones of the skulls- have a 

cartilage template surrounded by a bone collar. The chondrocytes of this cartilaginous 

tissue die through apoptosis and are replaced by osteoblasts which start the building ofa 

bone matrix which is then mineralized; this process is known as endochondral ossification 

(1,6). By contrast, in clavicles, mandibles and certain bones of the skull, multipotential 

mesenchymal stem cells (MSC) differentiate directly into osteoblasts without the 

presence ofcartilaginous templates (1,6). 

Osteoblasts have the typical morphology of a cell engaged in the secretion ofconnective 

tissue matrix, with a large nucleus, enlarged Golgi and extensive endoplasmic reticulum 

(1,2,5,6). Osteoblasts are found in clusters ofcuboidal cells along the bone surface (-100 

to 400 cells per bone-forming site) (Fig. 1). They are always found lining the layer of 

bone matrix that they are producing before it is calcified (osteoid) (Fig. 2). At the ultra­

structural levels, the osteoblast is characterized by (a) the presence of an extremely well­

developed rough endoplasmic reticulum with dilated cisternae and a dense granular 

content, and (b) the presence ofa large circular Golgi complex comprising multiple Golgi 

stacks (6). The secreting side has some cytoplasmic processes that extend deep into the 

osteoid matrix and are in contact with the osteocytes (1). The plasma membrane of the 

osteoblasts is rich in alkaline phosphatase (ALP), which is also secreted into the 

circulation by the osteoblasts and can be used as a marker of their function. The role of 

ALP in bone turnover and bone cells interactions remains unknown (5,6). 
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Osteocalcin (OSN), one of the bone matrix non-collagen proteins (NCPs), is also secreted 

by osteoblasts and is used as a marker of their function as well. Although its function is 

somewhat unclear, it may function in the inhibition ofmineral apposition (1). 

Active osteoblasts secretes type-I collagen and specialized bone-matrix proteins as 

osteoid toward the mineralizing front of the tissue. The osteoid acts also as a substrate for 

the interaction between osteoblasts and two important factors for osteoblast 

differentiation, integrins and cadherins. In addition osteoid is the substrate for the mineral 

apposition in a rate ofO,55 j.lrn/day in adults (1). 

Osteoblasts have been shown to express receptors for the main calcium-regulating 

hormones (parathyroid hormone (PTH) and vitamin D3) (1,2,7,8), with the exception of 

calcitonin (1,2,7). They also express receptors for sex steroid hormones (Androgens and 

E2) in their nuclei (8-11), as well as several adhesion molecules (integrins) and receptors 

for cytokines (1,6). 

After completing their function ofsecreting the osteoid, osteoblasts have three different 

fates: they can become flat lining-cells, differentiate into osteocytes or finally die by 

apoptosis (Fig. 2) (11). These three different fates are the consequence ofchanges in the 

bone microenvironment that will be reviewed later in this chapter. 
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Oeteodaat 

Osteoblast 

Figure 1. The two cells of the bone microenvironment. Osteoclasts (upper panel, 

100X) belong to the macrophage -like family. Their main feature, the ruffled border, 

enhances their enzymatic activity and serves as attachment mechanism. By contrast, 

osteoblasts (lower panel, 40X) have a fibroblastic phenotype with a large nucleus and 

enlarged Golgi. Usually, osteoblasts are located along the bone-forming surface. 
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1.1.2 The osteocyte 

As mentioned above, becoming osteocytes is one of the final fates ofosteoblasts after the 

secretion period. When mature osteoblasts are submerged inside the osteoid they change 

their phenotype and developing numerous extensions of the plasma membrane that lie in 

the canaliculi (Fig. 2). 

Osteocytes are known to secrete high amounts ofOSN; they are also in close 

communication with the lining surface osteoblasts through their cellular processes (1,2). 

Osteoblasts and osteoclasts are metabolically and electrically coupled through different 

gap-junction proteins called connexins (l). This evidence supports the theory that there is 

a close connection between osteoblasts and osteocytes in response to multiple 

physiological stimuli including mechanical stress (1) or apoptotic stimuli (11). 

As in the case ofosteoblasts, it has been demonstrated that osteocytes may undergo 

apoptosis (8,12). 

1.1.3 The osteoclast 

Osteoclasts playa very important role in the process of bone turnover. These cells are the 

first to arrive in the basic multicellular unit (BMU) to initiate the resorption of old bone. 

They are giant multinucleated cells (Fig. 1) differentiated from bone marrow precursors 

as macrophage-like cells (Fig. 2) (1,12-15). 

Osteoclasts are usually found in contact with a calcified bone surface and within a lacuna 

(Howship's lacunae) that is the result of its own resorptive activity. Usually there are one 

or two osteoclasts per resorptive site. Their ultrastructural characteristics include 

abundant Golgi complexes disposed around each nucleus, the mitochondria, and the 

transport vesicles loaded with lysosomal enzymes (1,15). 
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Figure 2. Coupled bone resorption. Osteoblasts and osteoclasts form the BMU 

responsible for bone remodeling. Once bone is resorbed by osteoclasts, osteoblasts 

migrate to the area of excavated bone and begin to deposit osteoid. Osteoblasts can 

become embedded in the osteoid, thus becoming osteocytes. The osteoid is later 

mineralized, and this end product represents the newly formed bone. Osteoblasts 

remaining on the surface of the newly formed bone are referred to as bone-lining cells. 

From: Chan, G.K. and G. Duque. 2002. Gerontology. 48: 62-71. 
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A very particular feature, the ruffled border, is the consequence of deep foldings of the 

plasma membrane in the area facing the bone matrix. This border is surrounded by a ring 

of contractile proteins (sealing zone) that serves as an attachment mechanism to improve 

the surface of bone resorption (1,2,13). There is a close attachment between the osteoclast 

and the bone matrix by integrin receptors that bind to specific sequences in the matrix 

proteins (1). The ruffled border area has not only lysosomic enzymes but also a specific 

electrogenic proton adenosine triphosphatase (ATPase), involved in acidification (1,2,14). 

The plasma membrane in the basolateral surface of the osteoclast is highly and 

specifically enriched in (Na+, K+) ATPase (sodium potassium pumps), HC03-/Cr 

exchangers, and Na+/H+ exchangers(l4). 

Once osteoclasts are activated, some changes happen in their structure that includes 

polarization and formation of the ruffled border (1,14). This change in their cytoskeleton 

is followed by activation of the enzymatic activity and consequently by bone resorption. 

The process of bone resorption by the osteoclasts is initiated by lysosomal enzymes 

secreted through the ruffled border (1,14). Furthermore, metalloproteinases are also 

secreted to the bone resorbing compartment. In addition, a complex electrolyte interaction 

also happens in the compartment due to changes in the local pH (acidification), secondary 

active transport of calcium in association with a Na+/Ca++ exchanger and/or Na+/H+ 

antiport. The subsequent phases of bone resorption will include: first, dissolving of the 

crystals by the low pH; second, the enzymatic degradation of the matrix and third, the 

release ofthe residues at the basolateral domain (1,14). Once the resorbing phase of the 

bone turnover process is completed, osteoclasts undergo apoptosis to be replaced by the 

new bone forming osteoblasts (2). 
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1.1.4 Trabecular and cortical bone 

There are two different type of bone in the adult skeleton: cortical and trabecular (or 

cancellous) bone. Trabecular bone is present in vertebral column, the wrist and elsewhere, 

and represents >60% of the total bone while cortical bone is located in higher proportion 

in the femur. There are very significant differences in the structural characteristics of each 

type. Cancellous bone is composed ofmultiple trabeculae in intimate contact with the 

bone marrow cavity (Fig. 3,A) while cortical bone is on the surface of the bone and is 

mostly composed of lamellar disposition of collagen with a "haversian" and canalicular 

system (Fig. 3,B)(2). 

Although there are contradictory findings, it seems that the rate of bone turnover in 

cortical bone is lower than the trabecular one (1,16-18). This is probably due to the fact 

that trabecular bone is in closer contact with the bone marrow environment and as a result 

it is under the permanent influence of cytokines and GF (12). The higher levels of 

exposure to cytokines by trabecular bone will induce an increased number of active bone 

cells (9-12) with higher levels of bone turnover. 

1.1.5 Overview ofosteoblast-osteoclast interaction 

The coupling of bone formation to previous bone resorption is a well described system of 

coordination between osteoblasts and osteoclasts (1-3,8,13). This process is the 

consequence of the multiple intracellular and extracellular signals in the bone 

microenvironment. 
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Cortical bone Trabecular bone� 

OSTEON INTERSTITIAL BONE 
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BONE 

Figure 3. Cortical and trabecular bone. The figure shows the particular features of the 

two types of bone. Cortical bone has a haversian distribution while trabecular or 

cancellous bone is formed of multiple trabeculae, which harbor the bone marrow. From: 

Bone Histomorphometry, ASBMR, 1998. 
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Osteoblasts and osteoclasts are closely connected by a very specialized mechanism of 

communication. Osteoclast precursors and mature osteoclasts have a membrane receptor 

known as receptor activator ofnuclear factoncB (RANK) which belongs to the family of 

Tumor Necrosis Factor (TNF) receptors required for osteoclast differentiation, 

maturation, and survival (1,2,14). RANK activation depends on the presence of its ligand 

(RANK-L) produced by osteoblasts after exposure to different stimuli such as honnones 

and cytokines. Osteoblast precursors express RANK-L in their membranes or release it 

into the bone matrix to stimulate osteoclastogenesis (OC) and differentiation (14). 

RANK-L is mostly produced in the osteoblast precursor (pre-osteoblasts). Interestingly, 

the fact that only osteoblasts precursors are able to produce RANK-L explains why, 

during the first phase of the coupling process, there is an active osteoclastic 

differentiation and activation. Furthennore, as a regulation process, mature osteoblasts 

produce a decoy receptor for RANK called osteoprotegerin (OPG) (11-14). OPG binds to 

RANK by a competitive manner and prevents the interaction between RANK and RANK­

L, thus decreasing OC and osteoclast differentiation and increasing osteoclast apoptosis 

(Fig. 4) (12). 

There are multiple regulators ofeither RANK-L or OPG expression by the osteoblasts. 

While vitamin D and PTH are known to induce RANK-L expression by osteoblast 

precursors (2), sex steroids (androgens and E2) have been shown to suppress RANK-L by 

blocking some of the key transcription factors (19-23). They also induce OPG expression 

by mature osteoblasts thus reducing the number of active osteoclasts and inducing 

osteoclast apoptosis (19). 
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In addition, cytokines and GF play an important role as regulators of the osteoblast­

osteoclast interaction. The most important factors that induce RANK-L expression by 

osteoblastic stromal cells include prostaglandins (PG) of the E series(24,25), TGF-beta 

(26) and cytokines such as interleukin (IL)-6, IL-ll, lymphocyte-inhibiting factor (LIP) 

and oncostatin M (26). 

In summary, osteoblasts are important regulators of the osteoclast differentiation and 

activity through the release ofRANK-L and OPG whose secretion is regulated by 

external factors like such as hormones and cytokines. The fact that RANK-L is only 

secreted by osteoblast precursors while OPG is secreted by mature osteoblasts explains 

why there is a well coordinated mechanism of bone resorption followed by bone 

formation. 

1.1.6 The bone matrix 

The main component of bone matrix is type-I collagen (constituting 90% of the total 

protein). The rest is composed ofnon-collagenous proteins, mostly serum-derived 

proteins such as albumin and a2-HS glycoprotein with a high affinity for hydroxyapatite. 

Crystals of hydroxyapatite are found on the collagen fibers in a closely binding -bonded 

complex (1,12,25) . 

Osteocytes are the only cellular component of the bone matrix since they are embedded 

inside the matrix in the osteocytic lacunae (25.000 mm2 of bone). Osteocytes are 

surrounded by the periosteocytic space which is filled with extracellular fluid (ECF). This 

space is a constant source of calcium exchange between the newly mineralized matrix and 
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Figure 4. A schematic representation of osteoclast differentiation and function 

supported by osteoblasts stromal cells. Osteoblasts respond to PTH, 1,25(OH)2D3 and 

IL-ll by expressing the ligand for RANK (RANK-L), thus stimulating osteoclast 

differentiation, proliferation and activation. OPG acts as a decoy receptor for RANK-L, 

thus regulating this mechanism. 
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the ECF (1,12). Finally, other components of the bone matrix include GF, cytokines, PGs 

and enzymes, which diffuse from the circulation (1,26). 

J. J. 7 The role ofsystemic hormones and local factors in regulating bone turnover 

The synchronization between the two cells involved in bone remodeling is due to the 

specific effect that both systemic hormones and local factors have on either osteoblasts or 

osteoclasts. These effects include: (a) replication and differentiation of undifferentiated 

cells, (b) the recruitment of cells, and (c) the differentiated function of cells (2). Local 

factors include GF, cytokines and PGs that are secreted by skeletal cells(19,26), while 

systemic hormones include vitamin D, PTH, calcitonin and sex steroids (E2 and 

androgens). 

GF are polypeptides that regulate the replication and differentiated function of cells. The 

main GF in the bone micro-environment are the insulin-like GF (lGFs), transforming 

growth factor-p (TGF-P) family, fibroblast GF (FGFs) and platelet platelet-derived 

growth factor (PDGF). Additionally, cytokines such as IL-l ,-4,-6 and -11, colony­

stimulating factors (CSFs), and TNFs play an important role in the regulation of bone 

bone-cells function (26-28). 

Systemic hormones also have also divergent effects on bone cells. PTH induces 

osteoclastic activity and differentiation (2,29) and induces osteoclast apoptosis (11) 

additionally preventing osteoblast apoptosis (29). Furthermore, vitamin D3 has been 

shown to induce osteoclastic activity in vitro while inhibiting it in vivo and also stimulates 

the expression ofRANK-L by osteoblasts (2,11,12). Calcitonin, produced by the thyroid 

gland, is a potent inhibitor of osteoclastic bone resorption and (1,11,12) has been shown 
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to be able to inhibit osteoblast apoptosis (30). Finally, E2 induces osteoclast apoptosis and 

enhances osteoblastogenesis (OB) (12,18) while androgens have been shown to have an 

anti-apoptotic effect on osteoblasts (11) and also induce OB (11,12). 

In summary, the interaction between these factors is responsible for the coordinated 

process of bone remodeling and suggests an attractive potential for therapeutic agents. 

However, some divergent results have been obtained between the effects of these factors 

in vitro vs. in vivo and these results require further investigation. 

1.2 Mechanisms of OB 

J.2. J Osteogenic differentiation ofMSC 

The process by which MSC differentiate into adipogenic or osteogenic cells is defined by 

lineage-specific gene expression and enzyme activity (31,32). Thus MSC have the 

potential to become either osteoblasts or adipocytes depending on the genes that they 

express in response to external or internal factors. It is also known that mature osteoblasts 

and adipocytes have the potential to trans-differentiate, which is known as "plasticity". 

This is an important field for research since adipocytes in bone marrow could become 

osteoblasts after exposure to the appropriate factors (33-38). 

There are two osteoblast-specific transcripts: Runx2/Cbfa1, a transcription factor, and the 

other encoding OSN, a secreted molecule that inhibits osteoblast function (39-44). More 

recently, a novel zinc finger-containing transcription factor, osterix (Osx), was found to 

be required for osteoblast differentiation and bone formation (Fig. 5) (45). 

In general, when MSC are exposed to stimuli, two osteoblast-specific cis-acting elements 

(OSEs) - the promoters of the OSN gene (bgp) - are activated: OSE1 and OSE2 

(39,40). Runx2/Cbfa1 binds to OSE2 and acts as a transcription factor inducing MSC 
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differentiation into the osteoblast lineage (39,40). Mice deficient in Runx2/Cbfal develop 

to tenn with a nonnally patterned skeleton that is made exclusively of cartilage with a 

total absence of osteoblast differentiation (41,42). 

In summary, Runx2/Cbfal is the earliest and most specific marker of osteogenesis (12,39­

40). However, the transcription factors that act upstream of Runx2/ Cbfal to control its 

expression remain to be identified (45). 

Osx is specifically expressed in all developing bones (45). As in Runx2/Cbfal, no bone 

fonnation occurs in Osx-null mice (45). In addition, Osx is not expressed in 

Runx2/Cbfal-null mice, indicating that Osx acts downstream of Runx2/Cbfal (45). 

The osteogenic differentiation of MSC involves not only the activation of specific 

transcription factors, but also the repression of potent inducers of adipogenic 

differentiation such as peroxisome proliferator activated receptors (PPAR) '(2, a member 

of the PPAR super-family, and CCAAT/enhancer binding protein alpha 2(CEBIPa,2) 

(12,46-50). The predominance of the adipogenic or osteogenic effect of internal and 

external factors will detennine the differentiation of MSC into the osteoblastic or 

adipocytic lineage (51 )(Fig. 6). 

Once MSC are committed to become osteoblasts their process of differentiation happens 

in three developmental stages that have been well described in vitro (Fig. 7). When MSC 

are exposed to osteoblastogenesis induction media (OIM), it takes on average 21 days to 

become mature osteoblasts. This 21-day- period has been divided to three phases of 

around 7 days in length: proliferation, matrix maturation and mineralization (Fig. 7) (32). 
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Figure 5. The pathway of osteoblastic differentiation. MSC are committed to 

differentiate into pre-osteoblasts after expressing Runx2/Cbfal. Once they differentiate 

into pre-osteoblasts, another factor, Osx, is required to inhibit their possible 

differentiation into chondrocytes. The pre-osteoblasts will then differentiate into 

functional osteoblasts able to produce collagen, bone sialoprotein and OSN. From: 

Nakashima, K. et a1. 2002. Cell. 108: 17-29. (Adapted with authors' permission). 
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During proliferation, (H4) histone, growth factors (TGF-Pl), adhesion proteins 

(fibronectin), collagen, and low levels ofosteopontin (OPN) are expressed. During the 

matrix-maturation period there is a characteristic and marked increase in ALP levels. 

Finally, during the mineralization period, there is an increase in mRNA transcripts of 

OSN, OPN, and bone sialoprotein which reflects Ca+ deposition (32). 

Although the genes involved in this process have been extensively described in human 

and murine tissues, however, the role of several of the new genes found in this process 

remains to be elucidated. 

1.2.2 The signaling ofOB 

Members of all major families of GF have been implicated in the control ofosteoblast 

differentiation during embryonic development and mature life (52-54). 

Indian hedgehog (Ihh) is the growth factor that has the greatest impact on osteoblast 

differentiation in vivo (55,56). Its main role is the regulation of chondrocyte apoptosis 

followed by the recruitment ofosteoblast precursors during embryonic development 

mainly during endochondral ossification (56). 

The first step is the differentiation into pre-osteoblasts of MSC present in the 

mesenchymal condensations of both endochondral and membranous skeletal elements. 

Although both Runx2/Cbfal and Ihh play an important role in this process, their direct 

interaction remains unclear (40,44,45). Dlx5 and Dlx6 are homeobox proteins that affect 

also osteoblast differentiation in vivo (40). These proteins act downstream of 

Runx2/Cbfal and may interact with OSE1 to continue the process of differentiation (44). 
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Figure 6. MSC differentiation.
 

Multi-potent MSC can differentiate down several lineages depending on the activation of
 

specific transcription factors and the presence of specific honnones or OF in the bone
 

marrow microenvironment. Expression ofRunx2/Cbfa 1 and Osx are required for
 

osteogenic differentiation, whereas C/EBP a and PPARy 2 are required for adipogenic
 

differentiation. Vitamin K2, 1,25(OH)zD3 and retinoic acid have all been shown to inhibit
 

PPARy 2 and thus AD.
 

Under the influence of PO J2 and thiazolidinedione, cell plasticity allows for the trans-


differentiation of osteoblasts to adipocytes. In a similar manner, 1,25(OH)zD3 has been
 

shown to induce osteogenic trans-differentiation of adipocytes.
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Pre-osteoblasts have the potential to differentiate into both osteoblasts and chondrocytes 

(38). In this step, the presence of Osx is required to inhibit the expression of pro­

chondrogenic factors (Sox9 and Sox5) (45). Once these factors are inhibited, the pre­

osteoblast becomes a functional osteoblast with the capacity to express ALP and produce 

bone matrix. 

1.3 AD inside the bone marrow 

1.3.1 The PPARfamily 

Multipotential stem cells have the potential to differentiate into osteoblasts, chondrocytes 

and adipocytes in the bone marrow microenvironment depending on the activated 

pathway. It is important to understand the factors that activate or inhibit this 

differentiation process since a predominance of the osteogenic differentiation must be 

maintained to keep an appropriate bone mass. 

Adipogenic differentiation ofMSC is stimulated by endogenous hormones including 

insulin, growth hormone and glucocorticoids, as well as by pharmacological agents such 

as isobutylmethylxanthine (IBMX) and thiazolidinediones (TZD). This process involves 

the activation of transcription factors such as PPAR12 and CIEBPa or by the repression 

of other factors such as Runx2/Cbfa1(Fig. 5 and 6)(47-49). Lineage-specific gene 

activation in mature adipocytes induces the production of several marker proteins that are 

used as indicators of adipocyte differentiation such as lipoprotein lipase, glycerol-3­

phosphate dehydrogenase and the fatty-acid acid-binding protein aP2 (49). 
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Figure 7. Schematic representation of the MSC differentiation into osteoblasts in 

vitro. Cultured MSC exposed to OIM will be committed to differentiate into osteoblasts. 

This process takes ±21 days divided to three periods: proliferation, matrix formation and 

mineralization represented by the yellow, blue and green triangles, respectively. After 21 

days, fully differentiated osteoblasts are able to produce bone bone-matrix mineralization. 

The figure shows MSC in culture before exposure to OIM (left panel) and after exposure 

to OIM for 21 days (right panel). In the right panel, calcium deposits are stained with 

Alizarin red. 
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PPARy belongs to the PPAR family of nuclear receptors that were initially described as 

orphan receptors (49). PPAR-y is mainly found in brown and white adipose tissues and to 

a lesser extent in the large intestine, the retina and some tissues of the immune system. 

This receptor possesses a canonical domain structure in common with other nuclear 

receptors. This structure includes an amino-terminal AlB domain that is poorly conserved 

between the three PPAR isotypes, and contains a ligand-dependent transactivation 

function known as AF-l, whose phosphorylation contributes to the modulation ofPPAR-y 

activity (48). 

After an appropriate agonist activates PPAR-y2 in MSC, osteoblasts, fibroblast or even 

myocytes, there is consequent activation of fat-forming specific genes. Furthermore, fat­

selective enhancers such as those in the aP2 and phosphoenolpyruvate carboxykinase 

(PEPCK) are activated, as are the genes for lipoprotein lipase (LPL), fatty-acid-transport 

protein, and the fatty-acid translocase (48). As mentioned previously, a key interaction in 

the adipogenic differentiation pathway is that between PPAR-y and the CEB/Ps that 

augment the cellular response to adipogenic stimuli. 

PPAR-y2 is not only expressed early in AD but has also the potential to induce trans­

differentiation of osteoblastic and fibroblastic cells into adipocytes. It has also shown a 

potential for blocking DB in vitro (46). This effect has been demonstrated in the murine­

derived mesenchymal progenitor cell line U33/-y2, where an inhibitory effect ofPPAR-y2 

was found to be due to the suppression ofRunx2/Cbfal (46). 

In summary, activation of the PPAR-y2 transcription factor is a required step for the 

differentiation of pluripotent mesenchymal cells into adipocytes. Furthermore, PPAR-y2 

has the capacity to inhibit DB and to induce trans-differentiation of mature osteoblasts. 
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1.3.2 The regulation ofadipogenic signaling 

The ligands that activate PPAR)'are physiologic and pharmacologic. Endogenous ligands 

include fatty acids and their derivates such as linoleic acid, 15-deoxy-12, 14­

prostaglandin J2 and leukotriene B4. Phannacological agents include hypolipidemic 

drugs (fibrates), anti-inflammatory agents such as indomethacin and fenoprofen, and 

insulin-sensitizing drugs such as Rosiglitazone (48). However, the prostaglandin G2 

metabolite PGJ2 is the most potent natural ligand described so far (47,48). 

Mice homozygous for targeted disruption of the gene encoding PPAR"(2 are early 

embryonic lethal whereas conditional disruption results in defects in white and brown 

adipose tissue (48). A number of studies have shown that repression of PPAR"(2 activity 

in cultured cells can inhibit the differentiation of precursors from the adipocyte lineage. 

IL-9, 9-cis retinoic acid and vitamin K2 all inhibited ligand-induced adipocytic 

differentiation of marrow stromal cell cultures by PPAR)' and/or CIEBP-mediated 

pathways (47-49). When pre-adipocytes previously treated with thiazolidenione are 

exposed to either retinoic acid or 1,25(OHhD), a potent inhibition of the thiazolidenione­

induced AD was seen (49-51). The mechanisms by which these factors inhibit PPAR"(2 

might include occupancy of 60% the free space in the ligand-binding domain or, by 

competitive inhibition ofbinding to RXR, to fonn transcriptionally active heterodimers 

(48). Alternatively, since PPAR"(2 and CIEBPa. complement each other, the inhibition of 

their particular interaction may playa role in the inhibition of AD without affecting DB. 

In summary, exposure of mesenchymal precursors to PPAR"(2 ligands invariably induces 

AD but has a variable effect on OB. In contrast, inhibition ofPPAR"(2 with steroid 

honnones potently inhibits AD. 
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1.4 Apoptosis and bone 

1.4.1 Apoptotic pathways 

Cell death by apoptosis is an important component of growth during embryogenesis, 

organogenesis and tissue morphogenesis (57). The concept of apoptosis, or programmed 

cell death, has changed in recent years after a number ofdifferent death mechanisms were 

described (58). In general, apoptosis is known as the process of cell death associated with 

caspase activation or caspase-mediated cell death (59). Caspases constitute a group of 

cysteine proteases with two aspartate cleavage sites, one of which excises the prodomain 

while the other cleaves the large domain from the small domain (57). There are two types 

of caspases: initiators (e.g. caspase-2, -8, or caspase-l 0) cleave a variety of key proteins 

to irreversibly alter cell function and activate cleavage of the prodomain of the second 

group, the executioner caspases (caspase-3,-6 or -7). Further more, executioner caspases 

activate non-caspase effectors (endonucleases) which initiate the process of nuclear 

fragmentation previous to phagocytosis by neighboring cells (57) (Fig. 8). 

There are many mechanisms to activate apoptosis in vitro including radiation, serum 

starvation, antibodies against death receptors, etc. By contrast, the mechanisms that 

activate apoptosis in vivo are more complex and involve the confluence of multiple 

factors (60). Finally, one important phenomenon directly related to activation ofapoptosis 

in multiple organs and tissues is aging (58,59). 
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Figure 8. Proposed mechanisms for osteoblast apoptosis. After known (honnone­

deprivation, oxidative stress) apoptotic stimuli, TNF and Fas are activated in the bone 

microenvironment. TNF acts on the TNF receptor in osteoblasts that subsequently 

stimulates the TNDR-l-associated domain (TRAD). Furthennore, the activation ofFas 

will induce the activation of Fas-associated death domain (FADD) with the further 

activation of caspase-8. The result is an increase in the proapoptotic Bax and a decrease in 

the anti-apoptotic Bcl-2, thereby inducing apoptosis. The question marks indicate a 

potential but still undefined role on osteoblast apoptosis. From: Chan, G.K. and G. 

Duque. 2002. Gerontology. 48: 62-71. (Adapted with author's pennission). 
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There are two well known apoptotic pathways that can be activated either by key proteins 

released into the cytosol by the mitochondria or as a consequence of activation ofcell­

surface death receptors (61). The mitochondria-activated pathway can be activated 

directly by apoptogens or indirectly by activation ofcaspase enzymes (8,11,61). Once 

pro-apoptotic members of the Bcl-2 family ofproteins and certain Bax protein family 

members are inserted into the mitochondrial membrane, cytochrome c (cyto-c) is released 

into the cytosol (8,11,61). Once released, cyto-c interacts with apoptotic protease­

activating factor 1 (Apaf-l) and pro-caspase-9 to form an apoptosome complex which 

activates caspase-9, which in turn finally activates the cascade ofcaspases (8,11,61). 

The second pathway or "death receptor activated" involves the activation of the TNF 

receptors (TNFR) superfamily (FADD,TRAF,TRADD,RIP etc.). These complexes will 

cleave and activate one or more initiator procaspases and as a result activate the cascade 

ofcaspases (Fig. 8)(11,61). 

Apoptotic cells are recognized by specific morphologic features that distinguish them of 

from necrotic cells. These features include loss ofcell junctions, collapse of the 

chromatin accompanied by fragmentation ofDNA, membrane blebbing and finally 

phagocytosis by neighboring cells (8,11). A number of techniques are able to detect the 

apoptotic changes. The most commonly used techniques include Annexin V to detect 

changes in the cell membrane during the early phases ofapoptosis, terminal 

deoxynucleotidyl transferase-mediated dUTP biotin nick end labeling (TUNEL) assay to 

document cell fragmentation, detection ofDNA fragments by agarose gel electrophoresis 

and electronic microscopy(57,62). 
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1.4.2 Apoptosis in the bone microenvironment 

The role of apoptosis in embryonic limb development, skeletal maturation, adult bone 

turnover and fracture healing is well known (11,61). Apoptosis regulates the loss of soft 

tissue between the embryonic digits during limb development (61), in addition, during 

fracture healing, osteoblasts and chondrocytes coordinate their levels ofapoptosis (61). 

However, the most recent discoveries concerning the role of apoptosis in bone are 

oriented to elucidate its mechanisms during the process ofbone turnover. 

1.4.2.1 Osteoblast apoptosis 

As previously mentioned, one of the three fates ofmature osteoblasts is death by 

apoptosis (61,63-65). Although the activated pathways during the apoptotic process in 

osteoblasts remain unclear, some evidence has demonstrated that the activation of the 

death receptor Fas is the main mechanism involved in osteoblast apoptosis (62). 

Additionally, TNF-related apoptosis inducing ligand (TRAIL) activation by TNFa has 

also been described (Fig. 8)(64). 

There are some factors that regulate apoptosis in osteoblasts acting as inhibitors (FGF-2, 

IGF-I and II, PDGF) or stimulators (TNF-a) (8,64). In addition, RANK.-L and OPG have 

been implicated as regulators ofcell survival (8,11). RANK.-L has been shown to promote 

the survival ofT cells, dendritic cells and osteoclasts (8); however its role in osteoblast 

apoptosis has not been elucidated. Furthermore, OPG can bind TRAIL, which induces 

apoptosis through cell-death receptors, and subsequently inhibits apoptosis in Jurkat cells. 

Although, an effect ofOPG on osteoblast apoptosis has not been documented, the fact of 

TRAIL inhibition opens a door to future research. 
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1.4.2.2 Osteocyte apoptosis 

Osteocyte apoptosis is probably responsible for many empty lacunae are seen in old bone 

(66). There is evidence that osteocytes die with increasing age of the individual, in some 

disease states, and after estrogen loss (67). 

Although the mechanism to explain this process still remains unclear, a higher apoptotic 

index has been seen in cortical bone relative to trabecular bone and may be a consequence 

of the level ofbone turnover at these sites. The replacement ofapoptotic osteocytes in 

cortical bone may not occur to the same extent as in trabecular bone due to its lower rate 

of turnover (68). Some studies have demonstrated that bcl-21evels are higher in low­

turnover bone and this may also explain the higher frequency of apoptosis in osteocytes 

ofcortical bone (68). 

1.4.2.3 Osteoclast apoptosis 

Apoptosis in the osteoclast has been widely described as the mechanism that regulates the 

number and activity ofosteoclasts in the BMU (69). After osteoclasts finally stop 

resorbing bone, they die by apoptosis and are quickly removed by phagocytes during the 

early portion of the reversal phase (69,70). 

Osteoclast apoptosis may happen with greater frequency in abnormal bone remodeling. 

For example, after E2 deprivation during the menopause (69-71) or in Paget's disease the 

number of apoptotic osteoclasts decreases (68). In both situations, the higher number of 

active osteoclasts will increase the level ofbone resorption with the subsequent 

appearance ofosteoporosis (70,72). 
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1.5 Age-related bone loss 

1.5.1 Aging and bone 

Aging is the consequence of an array ofphenotypic variations that appear to involve 

intrinsic or constitutional properties in all cells and systems including qualitative and 

quantitative alterations in development, maturational structure and function. The concept 

of senescence ofcells in culture is different since it refers to the limited number of 

population doublings that most diploid cells express when maintained in culture. By 

contrast, senescence ofcells in vivo can be defined as the consequence ofmultiple 

internal and environmental factors that will trigger the mechanisms of aging and finally 

will affect the function ofcells and their capacity to respond to stressful events. 

As an individual ages, distinct changes take place in trabecular bone, cortical bone and 

bone marrow. Reductions in trabecular volume, number, and width have been well 

documented in specimens ofolder bone (8,15,73-75).These alterations are due to a 

variety of factors, including changes in gonadal status, nutrition, physical activity, and 

probably by the pure aging process (8,15,76). 

Estrogen-deprived bone will favor the development of a milieu that is detrimental to bone 

maintenance by increasing factors such as ILs, TNFs, and CSFs thereby favoring 

osteoclast formation and inhibition ofosteoclast apoptosis (1,8,77). This increase in 

active osteoclast numbers with an increase in osteoblast life expectancy results in 

uncoupling ofbone turnover. 

After the third decade of life, other important events take place in bone including 

increasing levels ofbone marrow AD and osteoblast apoptosis (Fig. 9)(8). The 

mechanisms to explain these osteoblast differentiation and life-span-related phenomenon 

have not been elucidated. 
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Besides a reduction in trabecular bone volume in the elderly, there also exists a reduction 

in cortical bone (74). This reduction is attributed to bone resorption on the osteal surface 

that occurs at a greater rate than periosteal apposition growth (74-76). The result is a 

reduction in cortical width as aging progresses (74). In addition, there is an increasing 

number ofapoptotic osteocytes and empty lacunae in cortical bone during aging (61). As 

the cortical bone shrinks, the bone at the interface adjacent to cancellous bone becomes 

porous, and its architecture no longer resembles cortical bone, but cancellous bone (75). 

Because lamellar bone deposition can only occur on preexisting bone, the change in the 

architecture of the endosteal surface as a result of increased porosity leads to a loss in 

ability to deposit new bone on the endosteal surface, and as a result, the cortical bone loss 

is most likely irreversible (75). 

With aging, there is a significant change in osteoblasts function including their level of 

expression ofmost receptors to honnones, cytokines and GF (8,15). It is known that the 

number ofE2 and androgen receptors decreases with aging in nonnal osteoblasts (8,15). 

Similar changes in number and quality have been described in IGF, TGF and bone 

morphogenic proteins (BMPs) (8,15). However, the significance of these changes is 

poorly understood. 

1.5.2 The deficit in DB 

The maintenance ofbone integrity would require the commitment and differentiation of 

pluripotent mesenchymal cells towards the osteoblastic lineage. One of the possible 

related mechanisms that may explain the reduction in bone fonnation during aging is 

most probably the decrease in the recruitment ofosteoblasts with a lower differentiation 

ofMSC into the osteogenic line (Fig. 9). 
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MSC are committed to differentiate into osteoblasts by many factors in the bone 

microenvironment (77). Among these, the family ofBMPs plays an important role in the 

regulation of this process. BMPs are members the TGF-(3 family of signaling molecules 

and have been shown to be potent inducers ofboth osteoblast commitment and 

differentiation (78-83). There is a close interaction between the presence of specific 

BMPs (BMP-2,-4 and -7) (83-88)and the activation of the osteogenic pathway described 

in section 1.2.2. Once cells are committed towards the osteoblastic lineage, they are aptly 

named osteoprogenitors. 

Osteoprogenitor-cell proliferation is enhanced by multiple factors including FGF, TGF-(3, 

PTH and PTHrP, PGs and IGF (88-92). Most ofthese have been shown to be able to 

regulate Runx2/Cbfal expression (92-99). Although the process ofdifferentiation of 

pluripotent MSC toward a mature osteoblastic phenotype is well known, changes in the 

level of its regulating factors in the bone microenvironment during aging have not been 

fully evaluated and could present a new area for research. 

1.5.3 The increasing levels ofadipogenesis(AD) 

Any decrease in total bone volume results in an increase in bone marrow AD (8). This 

replacement ofbone marrow with fat cells has been well documented in cases of age­

related osteopenia (8,15) (Fig. 10). 

Multiple mechanisms have been proposed to explain this increase in AD in aging bone. 

Marrow adipocytes may playa passive role by occupying space that is no longer required 

for hematopoiesis or they may be involved in general lipid metabolism involving the 

clearing and storing ofcirculating tryglycerides (8,15,45). Adipocytes are a source of 
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leptin that has been shown to be an angiogenic factor and may be associated with 

vascularization within the bone marrow (100). 

Furthermore, bone marrow adipocytes may be a consequence of the inappropriate 

differentiation of the pluripotent MSC from other lineages (8,48,101-106). This theory 

can be explained by the evidence showing that the determining factors for the osteogenic 

differentiation ofMSC are affected by aging (8). In addition, increasing levels ofPPARy 

and its ligand, PGJ2, which is seen in old bone, can induce adipogenic differentiation of 

MSC and osteoblasts (48) (Fig. 6). 

BMPs (-2 and -4) have also been implicated in the differentiation and commitment of 

MSC towards the adipogenic lineage in a concentration dependent manner; high 

concentrations ofBMP have been shown to enhance osteogenesis, whereas a low 

concentration ofBMP enhances AD (107,108). Another mechanism that may explain the 

predominance ofAD in bone marrow is the suppression of mitogen activated protein 

kinase (MAPK). Although there is evidence that any reduction in MAPK will lead to AD 

(109), studies assessing the relationship between MAPK and aging have shown a 

contradictory effect since aging induces high levels ofMAPK expression in most of the 

systems investigated (8,109). 

1.5.4 The higher number ofapoptotic osteoblasts 

It is well known that the process ofcell dying throughout aging plays a pivotal role in the 

production of immunocompetent cells, the loss ofneurons, and the generation of tumors 

and also in tissues that show functional deficit with age including bone (59). Aging per se 

will activate a mechanism that would induce intracellular and extracellular generation of 
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Figure 9. Cellular changes during age-related bone loss. The process of bone 

formation by osteoblasts depends on the number of confluent MSC into the bone marrow, 

the level of adipogenesis vs. osteoblastogenesis and the number of osteoblasts that 

become either osteocytes or lining cells versus those that die by apoptosis. With aging 

(Old bone) there is a lower confluence and recruitment ofMSC and therefore there is a 

marked reduction in differentiate osteoblasts with increasing adipogenesis and 
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Young Old 
(4 months) (24 months) 

Figure 10. Increasing bone marrow AD in aging mice. Bone marrow cells are replaced 

by adipose tissue in aging bone, as shown by H+E staining of bone sections from young 

(A) and old (B) mice (magnification X40). 
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apoptotic signals that will encourage the self-destruction (59). These mechanisms are a 

subject of intense research. 

In aging bone little is known about the effects of aging on apoptosis ofosteoblasts, but a 

loss of viable osteocytes with increasing age has been described. Some experiments have 

shown the pathways involved in osteoblast apoptosis in vitro (62-66), however, these 

pathways have not been fully assessed in aging osteoblasts in vivo probably due to the 

technical difficult identifying and quantifying the exact number ofapoptotic osteoblasts 

in bone sections (64). 

1.5.4 Senile osteoporosis as a continuum 

Senile osteoporosis, which develops in both sexes after the sixth decade oflife, is the 

consequence not only ofreduced trabecular width or "atrophy" but ofboth decreased 

trabecular width and increased trabecular spacing that contribute to bone loss with aging 

(8). However, these changes start much earlier in life, at around the third decade, when 

the peak bone mass is reached. 

For an as-yet unknown reason (probably 50% genetics) (1,8), after the peak ofbone mass 

is reached, there is a progressive and irreversible decline in bone mass that is aggravated 

in women during the menopausal years due to estrogen deprivation and its consequences 

on bone cells. Finally, after the sixth decade, another factor, aging, will explain the 

continuing decline in bone mass and thus the generation ofweak bone with a higher risk 

of fracture. 
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1.6 Thesis objectives 

The treatment ofosteoporosis is based on the function of the target cell. For instance, 

anti-resorptive agents regulate the action ofosteoclasts either by inhibiting their action or 

inducing osteoclast apoptosis (8). By contrast, anabolic treatment of senile osteoporosis 

should include the enhancement ofosteoblastic activity either by stimulating OB and 

osteoblast recruitment, inhibiting AD to produce more mature osteoblasts, or finally by 

inhibiting osteoblast apoptosis (110). 

As discussed above, with aging the number and the quality of osteoblasts decreases 

replaced by adipocytes or die more frequently by apoptosis than in young bone. Several 

issues pertaining to these processes have not been elucidated. 

The working hypothesis of this thesis is that the aging process in the osteoblast not only 

affects the internal pathways that regulate its differentiation but also its interaction with 

external factors in the bone microenvironment such as hormones, GF and cytokines, and, 

in addition predispose them to die earlier by apoptosis. 

The specific objectives devised to test this hypothesis aim to elucidate the following 

issues: 

First, the changes in gene expression during osteoblast differentiation ofMSC and 

the possible determination ofnew molecules involved in this process. The work described 

in Chapter Two establishes not only the gene changes that happen during osteogenic 

differentiation ofhuman MSC (hMSC) in vitro but also describes a new and not 

previously reported pathway involved in osteoblast differentiation: the interferon­

inducible genes (IFNIG). The same chapter describes how interferon gamma receptor 

knock-out mice (IFGK/") are osteoporotic due to a deficit in osteoblast recruitment. 
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Second, the possible induction of OB by inhibiting AD and by regulating gene 

expression in bone marrow cells is described in Chapter Three in a well known mice 

model ofsenile osteoporosis, the SAM-P/6 mice. By using 1,25(OHhD3, a key molecule 

whose effect declines with aging, the experiments show not only that there is a gain in 

bone mass due to more osteoblastic activity but also that there is a significant inhibition 

ofAD. We provide also an insight into the mechanisms involved by analyzing the 

changes in gene expression induced by 1,25(OH)2D3 in trabecular cells. 

Third, in Chapter Four, there is a reduction in vitamin-D receptors in mature 

osteoblasts from aged mice which was found to be reversible by £2 where our 

experiments showed a recovery of the numbers and bio-response ofVDR. In addition, in 

Chapter Four there is evidence of the anti-apoptotic effect of 1,25(OH)2D3 on osteoblast 

apoptosis and the potentiation of that effect by £2. 

Fourth, in Chapter Five, the mechanism ofosteoblast apoptosis inhibition by 

1,25(OHhD3 is elucidated after the induction ofapoptosis by both serum deprivation and 

Fas antibody (Ab). The work described in this chapter demonstrates that osteoblast 

apoptosis can be inhibited by the regulation of the Fas pathway and caspase-8 activity 

through the activation and inhibition ofspecific elements in these apoptotic pathways. 
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INTRODUCTION TO CHAPTER Two 

The process ofMSC differentiation into either osteoblasts or adipocytes within the bone 

marrow is the consequence of the up and down regulation ofmultiple genes. This process 

might be affected by aging with a marked reduction in osteoblastogenesis with further 

reduction in the number ofmature osteoblasts and thus in bone formation. 

The elucidation of these changes in gene expression and its possible regulation will 

provide a new approach to the stimulation ofbone marrow osteoblastogenesis and the 

maintenance ofan appropriate bone mineral structure in late years. 

In this chapter we used a human model ofMSC differentiation to identify the gene 

changes during the two main phases of this process. We found that IFNy is secreted by 

MSC into the bone marrow in an autocrine manner; subsequently, IFNy acts as a 

stimulator of osteoblast differentiation through the stimulation ofRunx2/Cbfal. When the 

absence of IFNy was assessed in vivo, a deficit in bone formation was found concomitant 

with features of low turnover osteoporosis. 

In summary, we demonstrate that the production ofIFNy by confluent MSC is required 

for osteoblastogenesis and could playa role in the pathogenesis ofsenile osteoporosis. 
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CHAPTER 2 

Interferon "( receptor Knock-Out induces bone loss through a decrease in bone 

formation 
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2.1 Summary 

Mesenchymal stem cells (MSC) have the ability to differentiate into osteoblasts, 

adipocytes, chondrocytes or myocytes. In this study we first determine the genes involved 

in hMSC differentiation into osteoblasts by cDNA microarray analysis. We examined 

12,000 human genes on the array Human Genome U95A (Affymetrix). In addition to the 

previously described pathways ofosteoblast differentiation we found that a new set of 

genes known as "interferon-inducible genes" were rapidly and transiently up-regulated 

between 2.9 to 16.9 fold during this process. Furthermore we found that addition of 

interferon 'Y to hMSC stimulates the expression ofRunx2/Cbfal, a key regulator of 

osteoblast differentiation. We next assessed the role of interferon 'Yon bone turnover in 

mice expressing the interferon gamma receptor knock-out phenotype (IFGK/-). IFGR-I­

mice had over 40% reduction in bone mass at both hip and spine as compared to IFGR+1+ 

mice. We also noted a significant decrease in structural parameters of trabecular mass by 

3D micro-CT surface/volume (BS/BV) and trabecular thickness (Tb.Th) and a significant 

increase in trabecular separation (Tb.Sp), P <0.01. Histomorphometric analysis confirmed 

the decrease in BS/BV and Tb.Th and also demonstrated a significant decrease in cortical 

thickness (Ct.Wi) in IFGK/- mice, P <0.01. Histological analysis ofbone sections 

indicated a marked reduction ofosteoblast staining (alkaline phosphatase and 

osteopontin) as well as a reduction in Runx2/Cbfal and TRACP staining (P <0.01) in 

IFGK/- mice. Circulating levels ofN-telopeptide and osteocalcin were also reduced by 

over 40% (P <0.01) in IFGK/- mice. Finally bone marrow cells obtained from IFGK/­

mice and induced to differentiate into osteoblasts showed over 70% reduction in the 

number ofmineralized nodules as compared to bone marrow cells obtained from IFGR+1+ 
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mice (P <0.01). Our data therefore d.emonstrate that interferon 'Y signaling regulates bone 

formation and that its deficiency results in low bone turnover osteoporosis. 

2.2 Introduction 

Senile osteoporosis is characterized by two major pathophysiological events that take 

place within the bone marrow: a decrease in osteoblast formation and a concomitant 

increase in adipocyte synthesis (8). Consequently, strategies aimed at treating senile 

osteoporosis should ideally regulate the balance between bone marrow AD and OB 

(8,37). 

A particularly attractive approach would be to specifically target the process of 

differentiation ofMSC into osteoblast. MSC are pluripotential cells that will differentiate 

into osteoblasts, adipocytes, chondrocytes or myocytes (37). MSC exposed to ascorbic 

acid in vitro produce a collagenous extracellular matrix and express specific genes 

associated with the osteoblastic phenotype such as ALP, OPN and OSN (37,76). The 

process ofMSC differentiation into osteoblasts and the subsequent matrix production and 

mineralization lasts 2-3 weeks and requires not only the presence ofascorbic acid but also 

a source oforganic phosphate (p-glycerol phosphate)(76). The dynamic changes in gene 

expression as cells differentiate to the osteoblast phenotype were recently described in a 

murine cell line with an osteoblast-like phenotype (32). A dynamic model was proposed 

based on the temporal changes post-induction ofMSC that includes a proliferative phase 

(week 1), a collagen matrix deposition phase (week 2) and finally a mineralization phase 

(week 3)(32,111). Microchip gene array technology has been used to chart changes in 

gene expression during these three periods (31,32,39,111-114). 
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In this study, we used hMSC that display a stable phenotype, remained monolayer in vitro 

and can be induced to differentiate into adipocytes, chondrocytes, or osteoblasts (37). Our 

data indicate that in vitro IFNy and IFNy related genes are expressed transiently during 

the proliferative period and are necessary for the mineralization phase to proceed. In 

addition, we found that IFNy induces early expression ofRunx2/Cbfal , an important 

transcription factor necessary for osteoblast differentiation (39,40). Furthermore, mice 

expressing the IFNy receptor knock-out phenotype exhibit the characteristics of low 

turnover osteoporosis indicating that the IFNy transduction pathway is a key regulator of 

bone turnover. This study therefore establishes that IFNy is an important regulator ofOB 

and its deficiency results in osteoporosis. 

2.3 Materials and Methods 

2.3.1 Osteogenic differentiation o/mesenchymal stem cells in vitro 

The induction ofosteogenic differentiation ofhMSC was described previously(76). 

Briefly, hMSC (BioWhittaker, Walkersville, Maryland) were plated at a density of5 x 

105 cells per well in 150 cm2 dishes containing MSCGM (BioWhittaker, Walkersville, 

Maryland) with 10 % fetal calf serum (FCS) and incubated at 37°C for 24 hours. After the 

cells reached 60% confluence, media was replaced with either MSCGM or OIM 

(prepared with MSCGM, 10% FCS, dexamethasone, (3 glycerol phosphate and ascorbic 

acid) for 21 days. Media was changed every three days. 
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2.3.2 eDNA mieroarray analysis 

Total RNA was extracted from hMSC treated with either MSCGM or OIM after the first 

and third week ofdifferentiation using an Easy-Kit mini prep (Qiagen,Valencia, 

California). Generation ofcDNA, fluorescent labeling, hybridization to the gene chip and 

data analysis were performed by the Genomics Laboratory at McGill University as 

previously described (115). We examined 12,000 human genes and ESTs (expressed 

sequences tags) on the array Human Genome U95A (Affymetrix, Inc. Santa Clara, CA, 

USA) and analyzed the results using the MicroDBTM Software (Affymetrix, Inc. Santa 

Clara, California). Expression values were compared between the differentiated and non­

differentiated MSC using Student's t test. Genes with significant changes were then 

grouped depending on their known function. Gene functions were obtained by correlating 

them in the main scientific databases (MEDLINE, PUB-Med).This experiment was 

repeated twice by using the technique ofbiological duplicates as previously described 

(116,117). 

2.3.3 Semi-quantitative RT-PCR 

Total RNA (l J.Lg) was reverse transcribed with either random hexamers or oligo-dT using 

Qiagen One Step RT-PCR Enzyme Mix (Qiagen, Valencia, California). The resulting 

cDNA was amplified by 35 polymerase chain reaction cycles with an annealing 

temperature of 58 °C. Amplification of GAPDH was used as control. Primers were 

randomly selected from the list ofgenes with significant change after the first and third 

week ofdifferentiation. Selected primers for the first week included IFI 35(5'­

CTCTGCTCTGATCACCTTTGATCAC-3'upstream and 5'­

GCTTCTGGAAGTGGATCTCCAGGA-3 'downstream); ILlOr(5'­
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GAACCTGACTTTCACAGCTCAGTAC-3 'upstream and 5'­

TCAGGTGCTGTGGAAGAGAATTC-3'downstream};GRO 1(5'­

GAACATCCAAAGTGTGAACGTGAAG-3 'upstream and 5'­

ATTTGCTTGGATCCGCCAGCCTCTA-3'downstream); and importin «5'­

GAGAATTGCAGAATTGGCCTGACCT-3 'upstream and 5'­

CTATGTCTGAGTACTTCATGCCA-3 'downstream). For the third week, selected 

primers included: TGFBR2 (5'-TACATCGAAGGAGAGCCATTCGC-3'upstream and 

5'-TGCAGCACACTCGATATGGACCAG-3'downstream); LRP5 (5'­

GTCGTAGTCGATGGCAATGGCGT-3 'upstream and 5'­

ACGGACTCAGAGACCAACCGCATC-3'downstream); osteopontin (5'­

ACTCTGGTCATCCAGCTGACTCGT-3'upstream and 5'­

CTCCTAGGCATCACCTGTGCCATA-3 'downstream); Osteocalcin (5'­

TGGCCGCACTTTGCATCGCTGG-3'upstream and 5'­

CGATAGGCCTCCTGAAAGCCGATG-3 'downstream); and Osf2/Cbfal (5'­

TGGCCGCACTTTGCATCGCTGG-3'upstream and 5'­

CGATAGGCCTCCTGAAAGCCGATG-3'downstream). The expected sizes ofthe 

nested amplification products were between 400 and 800 bp. Amplified products were 

analyzed by 2% agarose gel electrophoresis. The signals were quantified by densitometry 

and normalized according to Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) 

density. 
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2.3.4 Inteiferon yproduction in cell culture 

hMSC were plated and osteogenic differentiation was induced as described above. The 

levels ofIFNy in the supernatant were measured from both MSCGM and OIM treated 

cells after the first, second and third week ofdifferentiation by using the Human IFNy 

Immunoassay (R & D systems, Minneapolis, Minnesota). 

2.3.5 Treatment ofdifferentiating MSC with IFNy 

hMSC were plated in 4 cm2 dishes in a density of4 x 104 cells per dish. At 60 % 

confluence, media was replaced with OIM containing either IFNy (Sigma-Aldrich, St. 

Louis, Missouri) at different concentrations (1,10 and 100 nglml) or vehicle. After one 

week of treatment, media was aspirated and cells were stained for both ALP by using TT­

blue+ ( Sigma-Aldrich, St. Louis, Missouri) and mineralization by using Alizarin red 

(Sigma-Aldrich, St. Louis, Missouri). The number ofALP positive cells/field as well as 

the number ofmineralized nodules were quantified in 10 different fields per well. 

2.3.6 Detection ofRunx2/Cbfal by Western blot analysis 

hMSC were plated in 4 cm2 dishes in a density of4 x 104 cells per dish containing 

MSCGM with and without IFNy (100 nglml). After different time intervals (1,2 and 3 

weeks) cells were lysed separated by gel electrophoresis and then transferred to 

nitrocellulose membrane. After blocking, membranes were incubated overnight at 4°C 

using an Ab directed against either Runx2/Cbfal (Santacruz Antibodies, Santa Cruz, 

California), or tubulin (Sigma, St. Louis, Missouri), and the bound antibodies were 

detected with the corresponding secondary antibodies conjugated with horse radish 
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peroxidase. Blots were developed by enhanced chemiluminescence using Lumi-GLO 

reagents (Kirkegoard & Perry, Gaithensburg, Maryland). 

2.3. 7Animals 

We purchased IFGR"/-mice (strain name 129-Ifngrtml) from Jackson Laboratory (Bar 

Harbor, Maine). As a control strain we also purchased the strain name 129Sl/SvImJ from 

the same source. Male and female were housed in cages in a limited access room. Animal 

husbandry adhered to Canadian Council on Animal Care Standards, and all protocols 

were approved by the McGill University Health Center Animal Care Utilization 

Committee. 

2.3.8 Ex-vivo cultures ofbone marrow cells 

One side tibiae from four and eight week-old IFGR"/- and IFGR+1+ (n= 12 per group per 

time point) were flushed using MSCGM, plated in 150 cm3 dishes and incubated at 37°C 

for 24 hours. The floating cells containing mesenchymal stem cells were isolated and 

counted. 2 x 10 6 cells were seeded and then grown in 4 cm2 dishes containing OIM. 

Media was changed every three days. At 21 days, media was removed and cultures were 

fixed in 10% v/v formoVsaline solution for 5 minutes. Mineralized bone nodules were 

detected by Alizarin Red (pH 7.4) staining. The total number ofbone nodules per dish 

was counted macroscopically. There were 24 dishes per group. 

2.3.9 Bone mass measurements by dual energy X-ray absortiometry 

DEXA analysis was performed four weeks in both groups. Hip and spine bone mineral 

density was measured using a PIXIMUS bone densitometer (PIXIMUS TM, GE medical 
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systems, Schenectady). A quality control phantom was used to calibrate the densitometer 

prior to each experiment. 

2.3.10 Micro-CT ofbone samples 

Tibiae and spine were fixed in 10% formalin and scanned by micro-CT at x40 

magnification with a SkyScan 1072 and analyzed with a bone analysis software (ver2.2f, 

Aartselarr, Belgium). In tibiae, analyses of the trabecular bone were carried out in a 2.3­

rom-thick region distal to the growth plate. For spine, we used L2 from both groups; the 

complete vertebra was analyzed. Parameters were acquired with a rotation of0.9 degree 

between each picture with 2 frames averaging per angle and the x-ray source was set at 

100 kV and 98~. The segmentation of the image was made by a global threshold and 

the voxel size is 21.90x21.90x21.90 ~; the same threshold setting was used for all the 

samples. Three-dimensional (3D) parameters and bone architectural measurements were 

made as previously described (118). 

2.3.11 Histological and histomorphometrical analysis ofbone 

The details of these methods were described previously (119). One side femur from each 

animal in each group was dehydrated and embedded in methylmethacrylate (J-T Baker, 

Phillipsburg, New Jersey). Sections (5f.llll) were stained with Goldner's trichrome 

method. For the purpose ofdynamic bone formation parameters, mice were injected with 

demeclocycline (SIGMA-Aldrich, St. Louis, Missouri) 20 mg/Kg ofbody weight seven 

and two days before killing. Thirty two to 40 fields were analyzed from each bone 

metaphysis. Histomorphometry was done with a semi automatic image analyzing system 
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combining a microscope equipped with a camera lucida and digitizing tablet linked to a 

computer using the OsteoMeasure Software (Osteometries Inc., Decatur, Georgia). For 

immunohistochemistry sections were prepared and stained as previously described (120). 

Briefly, non-specific binding was blocked by addition ofgoat serum for 1 hour. Sections 

were then incubated with Ab to Runx2/Cbfal, OSN, or OPN (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA) for either 4h at room temperature or 8-24 h at 4°C. After washing 

with PBS, goat Ab to rabbit IgG were added to the sections at room temperature for 30 

minutes, followed by 30 minutes incubation with 0.6% hydrogen peroxide + chromogen 

and then counterstained with hematoxylin. Control slides were incubated with rabbit IgG, 

according to manufacturer instructions, and triplicate tests and control slides were 

included in immunodetection. 

2.3.12 Markers o/bone turnover 

Four and eight week-old IFGK/- and IFGR+I+ mice were sacrificed and blood was 

removed by cardiac puncture. OSN was measured in 20JlI of serum using the mouse OSN 

immunoradiometric assay kit (Immutopics, San Clemente, California). N-telopeptide was 

measured in 20 ,.11 of serum to assess osteoclastic activity using the RATtelopeptide kit 

(Osteometer Biotech, Hovedgade, Denmark). 

2.3.13 Statistical analysis 

Results of the static and dynamic histomorphometry and cell culture experiments were 

expressed as the mean ±SEM. Cell culture experiments were performed in triplicate and 

repeated three times. Differences between treated and non treated groups were determined 

by statistical analysis using Bartlett's test for homogeneity ofvariable and Turkey­
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Kramer multiple comparisons test for histomorphometry measurements, all other 

variables were compared by using One-way Analysis ofYariance (ANaYA). The animal 

experiment was repeated twice. A value ofP< 0.05 was considered significant. 

2.4 Results 

2.4.1 IFNIG playa role in OB in vitro 

hMSC were exposed to either MSCGM or an OIM for a total of three weeks. A human 

cDNA expression array containing a total of 12,000 genes was used to assess gene 

expression during the proliferative (week I) and mineralization (week 3) phases of 

osteoblastic differentiation. The scatter plots ofgene expression levels are shown for each 

time point, week I(Fig. 11,A) and week 3 (Fig. II,B) with mean mRNA expression levels 

averaged from MSCGM and aIM exposed cells plotted in a double-logarithmic scale. 

Genes identified as differentially expressed between MSCGM and aIM treated cells had 

a minimum of2.5 fold increase or decrease in gene expression and appear above or under 

the red lines. We identified a significant change in a set of 103 genes at week 1 and 

another set of 104 genes at week 3. To confirm the results, we used semi quantitative 

reverse transcription-polymerase chain reaction (RT-PCR) on selected genes at each time 

point (Fig. 11, C and D). Densitometric quantification of the signals was performed 

normalized according with GAPDH showed a positive correlation with those found in the 

microarray analysis. 

Subsequently, genes were grouped based on their known function in specific biological 

systems (Fig. 12). Genes that changed significantly at both week 1 and week 3 are 

indicated in bold. Genes previously identified as key elements in the osteoblastic 
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Figure 11. Gene expression changes after one and three weeks in hMSC under 

osteogenic differentiation. 

For each gene, mean RNA expression levels averaged from MSCGM and OIM treated 

cells were plotted in a double-logarithmic scale. Genes identified as having a significantly 

different expression (± 2.5 fold up or down-regulation) after one (A) and three (B) weeks 

are above or under the red lines (p<0.01). Ordinate and abscissa are arbitrary fluorescent 

units. (C) and (D), randomly selected genes were tested by semi-quantitative RT-PCR and 

their level ofexpression was quantified by densitometry and normalized according to 

GAPDH density. The figure shows the levels ofexpression in the micro chip DNA array 

analysis (Affy) versus semi-quantitative RT-PCR (RT-PCR). 
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differentiation pathway (11,28,31,32, 52,53,112,114) are indicated in blue and italic. In 

addition a new set of genes known as IFNIG (121-123) (in bold-red) displayed striking 

and transient changes in gene expression at week 1 returning to nonnal at week 3. 

Furthennore, at week 3 genes known as important regulators of the mineralization 

process and as markers of mature osteoblastic activity were up-regulated (124-126). 

2.4.2 IFN)' induces OB in vitro 

We first assessed the capacity ofhMSC to secrete IFN)'prior to and following exposure 

to aIM. The conditioned medium ofhMSC had near undetectable levels ofIFN)' at week 

1 and 2 but its levels increased significantly in the third week confinning previous reports 

ofIFN)'production by confluent MSC (127,128). In contrast, hMSC exposed to aIM 

showed a dramatic and transient increase of IFN)' production in the conditioned medium 

at week 1 returning to baseline at week 2 (Fig. 13A). We then examined the capacity of 

IFN)'to alter the differentiation ofhMSC. Addition of IFN)' to hMSC in the presence of 

aIM resulted in a significant and early induction of ALP expression, a marker of 

osteoblastic differentiation, as compared to non-treated cells (10% ± 2 vs. 76% ± 4, P 

<0.001) (Fig. 13B and C). Similar results were obtained by using alizarin red staining, a 

measure of mineralization (data no shown). 

2.4.3 IFN)' induces Runx2/Cbfal expression in vitro 

We assessed the effect ofIFN)'on the expression ofRunx2/Cbfal. We found that adding 

IFN')' (1 00 ng/ml) to hMSC treated with aIM strongly increased Runx2/Cbfal expression 

at early time points as compared to non treated cells (Fig. 13,D) 
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Figure 12. Differentially expressed genes between hMSC exposed to either MSCGM 

or OIM after the first and third week of differentiation. 

Bars represent the fold change of transcript levels of a particular gene between OIM and 

MSCGM treated cells (mean of2 experiments using biological duplication)(p< 0.01). 

Positive values (. ) indicate that the transcript was more abundant in the OIM treated 

cells compared with the MSCGM treated cells; negative values (. )indicate the opposite. 

Abbreviations for gene names are given along with Genbank accession numbers. Genes 

in bold are those that changed at both time intervals. Genes in blue cursive are reported to 

be involved in the proliferative phase of osteoblast differentiation. Genes in bold-red are 

known as IFNIG. 

e� 
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2.4.4 IFN-y regulates osteoblast differentiation in vivo 

We then determined the effect of IFN-y on osteoblast differentiation in vivo in a mouse 

model in which the IFN-y receptor had been disrupted by homologous recombination, the 

IFN y receptor knock-out model (IFNGK/) These animals are normal at birth, are fertile, 

have a normal growth rate and body weight and cannot be differentiated from their 

IFNGR+1+ counterpart, which we used as controls, except for subtle changes in the 

immune system (129,130). Initially, we cultured bone marrow cells derived from 4 and 8 

week-old IFNGR+1+ and IFNGK/-mice in OIM. After three weeks of treatment, the 

number of mineralized nodules derived from IFNGK/- was significantly reduced as 

compared to the ones derived from IFNGR+1+ mice at 4 (21 ± 3 vs. 6 ± 4, P < 0.001) and 

8 weeks of age (46 ± 2 vs. 12 ± 3, P < O.OOl)(Fig. 14A and B). 

2.4.5 Consequences of IFGR disruption on bone mass and bone turnover in vivo 

We examined bone mineral density (BMD), micro architectural and morphometric 

changes in IFNGK/- mice and in their normal counterpart IFNGR+1+. BMD measured at 

/the spine and femora (Fig. 14C) indicated that IFNGK - mice had a significantly lower 

bone mass as compared to IFNGR+1+ mice (0.06 g/cm2 ± 0.005 vs. 0.038 ± 0.004, P < 

0.001 in spine and 0.046 g/cm2 ± 0.002 vs 0.03 ± 0.005, P < 0.01 in femur) at early time 

points but the two groups reached the same bone mass at around 24 weeks of age. 

Furthermore, measurement of structural parameters of trabecular mass by 3D-JLCT 

analysis demonstrated a significant decrease in structural parameters in IFNGK/- as 

compared to IFNGR+1+mice (P < O.Ol)(Fig. 15A and B). We then performed 

histomorphometric analysis to determine the changes in bone architecture in vivo. We 
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found a significant reduction in structural parameters confirming the results obtained by 

30-~CT (Fig. l6A and B). Furthermore, histomorphometric analysis of the primary 

spongiosa showed that in IFNGK/- mice there is a significant reduction in endochondral 

ossification demonstrated by a significant difference in the architecture of the septa (Fig. 

l6C). 

In addition, we assessed both osteoblastic differentiation (Runx2/Cbfal) and osteoblastic 

activity (ALP and OPN) in both IFNGR+1+ and IFNGK/- mice by enzymohistochemistry 

(ALP) (Fig. 160) and immunohistochemistry (OPN and Cbfl) (Fig. l6E and F). We 

found a significant decrease in the level of ALP (13±1 % vs. 6±2, P <0.001) (Fig. 160 

and G) and a marked reduction in OPN expressing osteoblasts as well as a marked 

reduction in Runx2/Cbfal expression (Fig. l6E and IF) in mice lacking IFNGR. 

Moreover, a marked reduction in eroded surface osteoclast number and activity (ES/BS) 

was shown by histomorphometric analysis (Fig. l6B). Finally, the lower levels of 

osteoblastic activity and resorptive site osteoclastic activity in IFNGK/-mice were 

documented by a very significant reduction in circulating levels of both OSN and N­

telopeptide respectively as compared to their normal counterpart (Fig. l6H and I). 

Finally, the lower levels of osteoblastic activity and resorptive site osteoclastic activity in 

IFNGK/-mice were documented by a very significant reduction in circulating levels of 

both OSN and N-telopeptide respectively as compared to their normal counterpart (Fig. 

l6H and I). 
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Figure 13. The effect of IFNy on the osteogenic differentiation of MSC. 

(A) MSC treated with DIM secrete IFNy in the supernatant after the first week of 

differentiation. By contrast, MSC treated with MSCGM produce IFNy only after reaching 

confluence after the third week (* P< 0.001). (B) IFNy in DIM treated cells accelerates 

the osteogenic differentiation ofMSC after one week of treatment in a dose-dependent 

manner. (C) Staining of DIM with ALP demonstrate higher number of ALP expressing 

cells in the IFNy treated cells as compared to control (upper panels for 4cm2 plates and 

lower panels for X100 magnification)(* P<O.OOl). (D) IFNy (100 ng/ml) added to DIM 

induces early expression ofRunx2/Cbfal.The figure shows the levels of Runx2/Cbfa1 

expression after 1, 2 and 3 weeks of osteoblast differentiation in MSCGM containing 

osteoblast differentiation factors versus hMSC grown in MSCGM alone. No change in 

Runx2/Cbfa1 expression was found after addition ofIFNy to MSCGM in the absence of 

DIM (upper panel). 

e� 
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2.5 Discussion 

In this study, we first attempted to understand the mechanism(s) that regulate the 

differentiation of hMSC into osteoblasts by determining the changes in gene expression 

that take place during this process (Fig. 11). We then classified those genes based on their 

known function in14 different groups (Fig. 12). The proliferative phase (week 1) was 

characterized by the expression of known genes belonging to the osteoblast 

differentiation pathway (11,28,32,31,52,53,112-114). 

Interestingly, we found a significant change in a transduction pathway previously not 

reported in osteoblast differentiation: IFNIG. Two of these genes belonged to the recently 

described IFNy-induced nuclear factors (IFI-16 and absent in melanoma 2) (122,123,131) 

which are also known as Ifi200 and activate the transcription of IFNIG by their 

interaction with the IFN stimulated response elements (lSRE) playing an important role in 

cell differentiation and embryonic development (121-123,131). 

Recently, it has been reported that the lfi200 genes interact with casein-kinase 2 (CK­

2)(132) a protein involved in osteogenic differentiation ofhMSC(123). In addition, 

another IFNIG found to be up-regulated at the end of the proliferative phase is 

karyopherin also known as importin beta 2. This protein is activated by IFNI' and acts as a 

carrier of the activated STAT heterodimer from the cytoplasm to the nucleus (133). 

The role ofIFNs a,p and y in bone is a subject of intense research. IFNa suppresses 

proliferation of osteoprogenitor cells (134) while IFNp was recently shown to playa role 

in bone turnover since mice lacking IFN {3 exhibit severe osteopenia mostly due to 

enhanced OC (134). 
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Figure 14. OB and BMD in mice deficient in IFNy signaling at 4 and 8 weeks of age 

as compared to control mice. 

(A) Induction ofOB in ex-vivo cultures of bone marrow from IFGK/- (right panels) and 

IFGR+1+ mice (left panels). Note the increased number of bone forming nodules in the 

IFGR+1+ mice as compared to the IFGK/. mice.(B) IFGK/. mice (.) show a decreased 

number of bone nodules per plate as compared to their IFGR+1+ control (0) (*p< 

0.00 I).(C) Bone densitometry shows lower bone mass in the IFGK/- mice as compared to 

IFGR+1+ mice in both spine and femur at early ages (4-12 weeks) (*p<O.OI) reaching the 

same level of BMD after 24 weeks of age. 
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Figure 15. Microarchitectural changes in IFGR-1
- mice compared to IFGR+1+ mice. 

(A) After 3D IlCT reconstruction ofIFGK/- and WT mice at two time points (4 and 8 

weeks) IFGK/. mice showed a decrease in cortical and trabecular thickness as compared 

to IFGR+1+ mice. Morphometric analysis of both spine (L2) and tibiae showed decreased 

3D trabecular bone volume fraction and thickness as well as more widely spaced and less 

connected trabeculae. (B) Quantification of 3D trabecular structural parameters in 

proximal tibiae included surface/volume (BSIBV), structural model index (SMI), 

trabecular thickness (TrTh) and trabecular separation (TrSp) measured from IlCT images 

with isotropic resolution of 21 j.!m. Wilcoxon test of measurements showed a significant 

difference in all parameters between IFGR+1+ ( ) and IFGK/. (_) mice (*P< 0.01). 
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Previous studies assessing the effect of IFNi' in bone have shown an inhibitory effect on 

osteoclastic activity and differentiation in vitro (136). In addition, overexpression of IFNi' 

in transgenic mice results in chondro-osseous lesions resembling osteochondrodysplasia 

(137). The role of IFNi' on bone formation has not yet been reported although nitric oxide 

(NO), a well known end-product of the activation ofIFNy pathway, seems to playa role 

in OB and bone formation (138-141). Recently, it was reported that IFNa and i'induce 

the expression of BestS a gene expressed during bone formation in rats (142). 

Another significant finding in our study was the transient nature of IFNIG expression. 

Indeed IFNIG expressed at one week during the proliferative phase returned to baseline 

during the mineralization phase (Fig.12). IFNi'production by hMSC undergoing 

differentiation was also found to be expressed transiently and concomitantly with IFNIG 

(Fig. 13,A). The key role of IFNi' on osteoblast differentiation was further confirmed by 

adding IFNi' to hMSC exposed to a differentiation medium which enhanced their 

differentiation into osteoblasts in a dose-dependent fashion (Fig. 13, B and C). 

An important finding was the observation that Runx2/Cbfal, a key transcriptional 

activator of osteoblast differentiation that responds to multiple signal transduction 

pathways (143), was up-regulated after the transient and autocrine expression of IFNy. 

Furthermore, IFNy addition to hMSC together with an OIM but not in the absence of 

OIM strongly induced early Runx2/Cbfal expression (Fig. 13,D). 
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Figure 16. Histological, histomorphometrical and biochemical determination of e 
parameters of bone turnover in the absence of IFNy signaling. 

(A) Histological analyses of distal femora from 8 week-old IFNGK/- and IFNGR+1+ 

mice; X31.25 (left panels) and X250 (right panels) magnifications of Goldner's trichrome 

staining. There is an evident reduction in the trabecular and cortical thickness in the 

longitudinal sections (green staining) of the femur from IFNGK/- as compared to 

IFNGR+1+.(B) Histomorphometrical analysis ofIFNGK/- mice (n=4 per group, data 

shown as mean ± s.e.*p < 0.05) shows a significant reduction in trabecular bone 

volume(BV/TV) and thickness (Tb.Th) in the IFNGK/- mice (_)as compared to 

1IFNGR+ +( D) control. There is also a significant lower cortical thickness (Cl.Wi) in the 

IFNGK/- mice. In addition, IFNGK/- mice show a significant reduction of eroded surface 

1(ES/BS) compared to IFNGR+ +. (C) Histomorphometrical analysis of primary spongiosa 

ofIFNGK/- mice (_) shows a significant reduction in the volume (BV/TV, BS/TV) and 

1thickness (Tb.Th) of septa as compared to IFNGR+ + (E1) control. (D) histochemistry of 

ALP (blue staining) and TRACP (red staining) activities in the IFNGK/- mice and the 

1IFNGR+ + mice; X312.5 magnification. There is an evident reduction of ALP staining in 

the IFNGK/-compared to the control. (E and F) Immunodetection of OPN and 

Runx2/Cbfal (dark brown staining, arrows); X340 magnification. There is a marked 

reduction in both OPN (E) and Runx2/Cbfal (F) expression in the IFNGK/- mice as 

compared to IFNGR+1+ mice. (G) Percentage of trabecular bone surface covered with 

1ALP staining (ALP/BS). Compared to IFNGR+ + mice (D), IFNGK/- mice (_) show a 

significant reduction of ALP/BS (* P < 0.05). (H) and (I), biochemical markers of bone 

turnover quantified in serum of 4 and 8 week-old IFNGR+1+(E:I )and IFNGK/-(_). 
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IFNGR+1+mice show a significant reduction in OSN (H) (osteoblastic activity) and N­

telopeptide (I) (osteoclastic activity) concentrations in IFNGK/- mice as compared to their 

normal IFNGR+1+ control (*P < 0.001). 
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These results suggest that IFNy not only precedes Runx2/Cbfal expression during the 

differentiation process ofhMSC into osteoblast but also can regulate Runx2/Cbfal 

expression when added to hMSC committed to differentiate into osteoblasts. 

We next examined the potential role of IFNi' in vivo in the IFGK/- mouse model 

(129,130). First, we examined the capacity ofbone marrow cells derived from iFGR-I­

and IFGR+1+ mice to differentiate into osteoblasts in vitro by culturing them in OIM. After 

three weeks, cells obtained from IFGK/- bone marrow showed a marked delay to fonn 

bone nodules as compared to cells obtained from IFGR+1+ mice (Fig. 14,A and B). These 

findings clearly indicate that IFNi'is an important regulator ofosteoblast differentiation 

in vivo and its deficiency result in delayed bone fonnation. 

We also found that IFGR knock out results in a lower bone mass at early time points in 

mice harboring this phenotype as compared to their nonnal counterpart. Interestingly, 

after 24 weeks of age both IFGK/- and IFGR+1+ mice reached the same bone mass (Fig. 

14,C) suggesting a transient role ofIFNy in peak bone mass acquisition. 

These changes were further assessed by looking at the bone architecture with micro-CT 

analysis in tibiae and spine ofIFGK/- and IFGR+1+mice. Indeed, IFGR-1-were found to 

have a very significant deficit in both trabecular and cortical architecture thereby 

confinning the generalized nature of the osteoporotic process (Fig. 15, A and B). These 

findings were further documented by histology (Fig. 16, A) and histomorphometry (Fig. 

16, B) which demonstrated a decrease in trabecular and cortical thickness as well as a 

decrease ofbone turnover in IFGK/-mice as compared to their nonnal counterpart. 

The mechanism underlying this reduced bone mass in IFNGK/-mice can be explained by 

a reduction in the number ofactive osteoblasts observed in bone marrow cells obtained 
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from IFNGK/- as compared to IFNGR+1+(Fig. 14B). Furthermore, this deficit in 

osteoblastic activity was also corroborated by lower ALP and OPN staining in histologic 

analysis ofIFNGK/- mice (Fig. 16D, E and G) and a decrease in the circulating levels of 

OSN (Fig. 16H) as compared to IFNGR+1+mice. In addition to the deficit in osteoblastic 

activity, the reduction in the number of mature osteoblasts in trabecular bone of1FNGK/­

mice could also be explained by the marked reduction in the number and quality of the 

septa in the primary spongiosa in IFNGK/- mice (Fig. 16C) probably due to a reduction in 

osteoblast differentiation from the osteochondral junction, documented by lower levels of 

Runx2/Cbfal expression in IFNGR/-mice (Fig. 16F), with a subsequent decrease in the 

formation of trabeculae. Furthermore, a reduction in osteoclastic activity (Fig. 16B and n 
was also observed in IFNGR/- mice probably due to a deficit in the recruitment and 

differentiation ofnew osteoclasts as a consequence of the lower number of osteoblast 

precursors. 

In summary, these data clearly indicate that IFNyplays a pivotal role in osteoblast 

differentiation in vitro and in vivo. IFNIG are significantly up-regulated during the 

proliferative period ofosteoblastic differentiation ofMSC and the lack of lFN'Yreceptor 

in vivo results in a reduction ofosteoblastic differentiation ofbone marrow cells with 

subsequent reduction in osteoclast differentiation and activation characteristic of low 

bone turnover osteoporosis. 

In conclusion, using a genomic approach to better understand the mechanism ofbone 

formation, we have identified lFN'Yas a key player in this process and determined that its 

deficiency results in osteoporosis. 
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INTRODUCTION TO CHAPTER THREE 

A decisive advance in the elucidation of the molecular changes that occur during age­

related bone loss would be the assessment ofMSC plasticity and its regulation. In chapter 

2 we have studied the mechanisms that regulate osteoblastogenesis and the importance of 

its stimulation in anabolic therapeutic strategies for osteoporosis. In this chapter, we not 

only demonstrate that the induction ofosteoblastogenesis by 1,25 (OR) 2D3 results in the 

formation ofnew bone but also that adipogenesis can be reversed in a model of senile 

osteoporosis, the SAM-P/6 mouse. Furthermore, by using 1,25(OH)2D3 we not only 

evaluate a new role of this hormone on bone formation but also identify the changes in 

gene expression that might explain this effect. 

This chapter describes a new role to 1,25(OR)2D3 as a bone forming agent and identifies 

the potential genes that are required to stimulate osteoblastogenesis and inhibit 

adipogenesis as an approach to control MSC plasticity and, as a consequence, to induce 

bone formation. 
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1,25(OH)2D3 acts as a bone forming agent in the hormone independent Senescence 

Accelerated Mouse (SAM-P/6) model of Osteoporosis. 
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3.1 Summary 

SAM-P/6 is a mouse model of senile osteoporosis with decreased bone formation rate and 

concomitant increased bone marrow AD. In this study, our aim was to examine the 

overall effect of 1,25(OH)2D3 on bone cells in this model. Both sex 4-month old SAM­

P/6 were infused continuously with 1,25(OH)2D3(18pmol/24h) or vehicle for a period of 

6 weeks. In 1,25(OHhD3treated animals, histomorphometric analysis showed an increase 

in bone formation as well as a decrease in osteoclastic activity as compared to the non­

treated group. These results were confirmed by MicroCT analysis of tibiae, Dual Energy 

X-ray (DEXA) and serum bone markers. In addition, oil red 0 staining ofbone sections 

showed also an inhibitory effect of 1,25(OH) 2D3 on AD. Ex-vivo cultures ofbone marrow 

cells taken from both groups and induced to differentiate in culture in the absence of 

1,25(OH)2D3 showed a more rapid and higher level ofosteoblast differentiation in bone 

marrow cells derived from 1,25(OHhD3 treated mice. Finally, RNA obtained from 

trabecular cells of 1,25(OH)2D3 treated and non-treated animals and analyzed by micro 

array showed that in addition to inducing known vitamin D target genes, 1,25(OH)2D3 up 

regulated the expression ofa wide array of genes previously unknown to be involved in 

the regulation ofOB and AD. In summary, our results demonstrate that 1,25(OH)2D3 

increases bone mass by stimulating bone formation and inhibiting both OC and AD in a 

mouse model ofdefective OB, and suggest its potential usefulness as a therapeutic agent 

in senile osteoporosis. 
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3.2 Introduction 

The process ofage-related bone loss starts after the third decade of life superimposes the 

accelerated hormonally dependent process ofpost-menopausal osteoporosis and continues 

thereafter to constitute what is called senile osteoporosis (8). 

From the pathophysiological standpoint post-menopausal osteoporosis is characterized by 

a lack of estrogen and subsequent increase in osteoclastic activity leading to bone 

resorption (2), whereas senile osteoporosis involves a decrease in OB with a concomitant 

increase in AD and osteoblast apoptosis (8). Furthermore, with age serum levels of 

vitamin D decrease (15,144,145) whereas the levels ofPTH tend to increase (145) in 

response to a decrease in intestinal calcium absorption (15,143-146). 

In addition to promoting calcium absorption in the gut, the active form ofvitamin D, 

1,25(OH)2D3, has additional and sometimes divergent cellular effects on bone cells (146­

148). In vitro 1,25(OH) 2D3 stimulates osteoclastic activity indirectly through activation 

of the RANK ligand at the surface of the osteoblast (2,145,146) while in vivo it promotes 

mineralized matrix formation in OVX animal models (149). In contrast to its in vitro 

effect, a recent report in vivo indicates that 1,25(OH)2D3 inhibits OC by decreasing the 

pool ofosteoclast precursors in the bone marrow (150). Furthermore, administration of 

vitamin D3 in elderly patients in double blind randomized clinical trials significantly 

increases BMD and reduces in the incidence ofosteoporotic fractures by as yet unknown 

mechanism (s) (145,146). 

In the present study, we used a hormonally independent model ofosteoporosis the SAM­

PI 6 mouse. This strain ofmice is characterized by a decrease in OB and an increase in 

AD within the bone marrow leading to bone loss and fractures mimicking the human 
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fonn of senile osteoporosis (73,151-156). SAM-P/6 start losing bone at 4 months ofage 

and have a mean life span of7.9 months as compared to a bone loss starting at 12.4 

months and a life span of24 months in their nonnal counterpart SAM-R/lTA (152). At 7 

months spontaneous fractures occur in SAM-P/6 as a consequence of severe osteoporosis 

(151,155). Furthennore, in this honnonally independent model, ovariectomy does not 

lead to an increase in osteoclastic activity or a further decrease in bone mass (151). 

In this study we demonstrate that 1,25(OHhD3stimulates bone fonnation and inhibits AD 

by modulating the expression ofgenes within the bone microenvironment. 

3.3 Materials and methods 

3.3.1 Animals 

SAM-1P6 and SAM-R/lTA mice were kindly provided by Dr. Toshio Takeda (Kyoto 

University, Kyoto, Japan). Male and female were housed in cages in a limited access 

room restricted to aging mice (light: dark 12h:12h). Bedding, food and water were given 

as previously described (120). Animal husbandry adhered to Canadian Council on Animal 

Care Standards, and all protocols were approved by the McGill University Health Center 

Animal Care Utilization Committee. The colony was free of any parasitic, bacterial, or 

viral pathogens as detennined by a sentinel program. 

At 4 months of age, mice (n=12 per group) in a 50:50 ratio ofmales and females were 

implanted with Alzet osmotic minipumps (Alzet, Cupertino, CA,USA) containing 

1,25(OH)2D3 (LEO Pharmaceuticals, Ballerup, Denmark) prepared as previously 

described (120) and delivering a constant infusion of either 18 pmo1l24h of 1,25(OH)2D3 

or vehicle alone. Osmotic mini-pumps were replaced after 3 weeks for a total of6 weeks 
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oftreatment. Blood calcium levels were monitored at timed intervals by microchemistry 

(Kodak Ektachrome, Mississauga, ON, Canada) and corrected for albumin concentrations 

according to the formula: Plasma total calcium + [40-plasma albumin)]X 0.02. After 6 

weeks of treatment, animals were sacrificed and femora isolated. One femur was used for 

histomorphometric analysis; the other femur was cut longitudinally and trabecular cells 

scraped, separated from red blood cells and suspended in 1 ml ofconservation buffer 

Easy-Kit mini prep (Qiagen,Valencia, CA, USA) for further RNA extraction. In addition, 

both tibiae were flushed for ex-vivo cultures as described below. 

3.3.2 Histological and histomorphometrical analysis ofbone 

The details of these methods were described previously (119). One side femur from each 

animal in each treatment group was removed at the time ofkilling, fixed, dehydrated in 

70% ethanol, and embedded in methylmethacrylate (J-T Baker, Phillipsburg, NJ). Bone 

specimens were cut completely through. Sections of 5 Jlm were obtained using a polycut­

E microtome (Reichert-Jung, Leica, Heerbrugg, Switzerland), placed on gelatin-coated 

glass slides, stained with Goldner's trichrome method and used for the structural and 

static parameters ofbone remodeling. For the purpose ofdynamic bone formation 

parameters, mice were injected with 20 mglKg demeclocycline (SIGMA-Aldrich, St. 

Louis, MI) seven and two days before sacrifice. Sections of 8-JLm were left unstained for 

observation under UV light. Bone parameters were quantified in cancellous bone tissue at 

distances greater 0.4 mm from the growth plate methaphyseal junction to exclude the 

primary spongiosa. Thirty two to forty fields were analyzed from each distal femur 

metaphysis. Evaluation ofbone turnover during remodeling included static evaluation 

using serial sections for various parameters and dynamic evaluation using fluorochrome 
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labeling ofbone in situ. Histomorphometry was done with a semi automatic image 

analyzing system combining a microscope equipped with a camera lucida and digitizing 

tablet linked to a computer using the OsteoMeasure Software (Osteometrics Inc., Decatur, 

GA, USA). 

3.3.3 Histochemistry 

Detection ofalkaline phosphatase (ALP) and tartrate-resistant acid phosphatase (TRACP) 

activity was carried out on 5 Jlm thick sections. Naphtol-AS-TR was used as substrate for 

both enzymes, and Fast Blue BB salt (SIGMA-Aldrich, St. Louis, MI, USA) and 

pararosaniline were used as couplers for ALP and TRACP respectively. 

3.3.4 Micro-CT ofbone samples 

Tibiae were fixed in 10% formalin, scanned by micro-CT at x40 magnification with a 

SkyScan 1072 and analyzed with a bone analysis software (ver2.2f, Aartselarr, Belgium). 

During scanning, the samples were enclosed in a tightly fitting rigid plastic tube to 

prevent movements. Analyses of the trabecular bone were carried out in a 2.3-mm-thick 

region of the tibia, distal to the growth plate ofthe knee joint. The software was used to 

separate regions of trabecular bone from cortical bone in the sections. Thresholding was 

then applied to the images to segment the bone from the background, and the same 

threshold setting was used for all the samples. The following three-dimensional (3D) 

parameters were measured: volume, surface, and surface-to-volume ratio. To calculate 

these, the software builds a 3D cuboidal voxel model of the bone. The following bone 

architectural measurements were then made: trabecular thickness and separation; details 

of these measurements have been published elsewhere (118). 
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3.3.5 Oil Red astaining ofadipose tissue in bone marrow 

To identify bone marrow AD, bone sections from all mice were stained using oil red 0 

(SIGMA-Aldrich, St. Louis, MO. In brief, sections were washed with 70% ethanol and 

then stained with 60 % oil red in isopropanol. After 20 minutes, sections were washed, 

counterstained with hematoxylin and then analyzed under light microscopy, with adipose 

tissue staining strong red with blue nuclei. The proportion of adipocytes was calculated 

by the number ofcells positive for oil red 0 staining in groups of 100 cells inside the 

bone marrow in 5 different fields. 

3.3.6 Dual Energy X-ray Absorptiometry (DEXA) analysis 

DEXA analysis was perfonned at time 0 (4 months) and at 3 and 6 weeks post osmotic 

pumps implantation. Hip and spine BMD was measured using a PIXIMUS bone 

densitometer (PIXIMUS TM, GE medical systems, USA). A phantom (PIXIMUS TM, GE 

medical systems, USA) was used to calibrate the densitometer prior to each experiment. 

3.3.7 Ex-vivo cultures ofbone marrow cells 

At sacrifice both tibiae were flushed using Dubelcco's alpha modified medium (DMEM) 

(GmCO, Grand Island, NY, USA) containing 5% heat-inactivated fetal calf serum (FCS), 

100 Ulml ofpenicillin, and 100 Ulml of streptomycin placed in 150 cm2 dishes and 

incubated at 37°C for 24 hours. After 24 hours, the floating cells containing mesenchymal 

stem cells were isolated and counted. 2 x 106 cells were seeded and then grown in 15 cm 

grid dishes containing an Osteoblastogenesis Induction Medium (OIM) prepared with 

Mesenchymal Stem Cells Growth Media (MSCGM) (BioWhittaker, Walkersville, MD, 

2 
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USA), 10% FCS, dexamethasone (lJlmoIlL), {3 glycerol phosphate (5 mmol/L) and 

ascorbic acid (100 Jlmol/L) for 21 days. Media was changed every three days. At 21 days, 

media was removed and cultures were fixed in 10% v/v formollsaline solution for 5 

minutes. After fixation, bone mineralized nodules were stained for 20 minutes with 

Alizarin red S solution (40mM, pH4.2) (SIGMA-Aldrich, S1. Louis, MI). The total 

number ofbone nodules per dish was counted macroscopically. There were 24 dishes per 

group. 

3.3.8 Biochemical assays 

After 6 weeks of treatment, mice were sacrificed by cervical dislocation and blood 

removed by cardiac puncture. Serum was stored at -80°C for further analysis. Osteocalcin 

was measured in 200ILI of serum using the mouse Osteocalcin-IRMA kit to assess bone 

formation (Imrnutopics, San Clemente, CA, USA). N-telopeptide was measured in 20 JlI 

of serum using the RATtelopeptide kit to assess osteoclastic activity (Osteometer Biotech, 

Herlev, Hovedgade, Denmark). PTH was measured in 200 JlI of serum and analyzed by 

using the mouse intact PTH immunoradiometric assay kit (Imrnutopics, San Clemente, 

CA, USA). Levels of25-hydroxyvitamin D (25-0HD) were measured by 

radioimmunoassay in 50 JlI of serum (IRS, Boldon, England). For those measures normal 

range was determined by measuring their serum levels in SAMR-l/TA mice (n=12) at the 

same age. 
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3.3.9 Micro array complementary DNA labeling, hybridization and scanning 

Total RNA was extracted from trabecular cells according to a protocol for single-step 

RNA isolation based on the Easy-Kit mini prep (Qiagen,Valencia, CA, USA). Aliquots of 

total RNA were separated in sterile tubes and quantified. Generation ofeDNA, 

fluorescent labeling and hybridization to the gene chip were performed by the Genomics 

Laboratory (University ofKingston, ON, CA). Briefly, mRNA was isolated and reverse 

transcribed with 5' Cy3- or Cy5-labeled random 9-mer (Operon Technologies Inc. 

Alameda, CA, USA). The paired reactions were combined and purified with a TE-30 

column (Clontech, Palo Alto, CA, USA). Fluorescently labeled probes were then applied 

to the array for hybridization at 60°C for 6.5 h. After hybridization the glass slides were 

washed with decreasing ionic strength and scanned with 10-JLm resolution to detect Cy3 

and Cy5. We examined 15,000 mouse genes and ESTs (expressed sequences tags) on the 

array 15K mouse cDNA clone set micro array (NIA, Bethesda, MD, USA)(157) and 

analyzed the results with the software GEM tool 4.4. A gridding and region detection 

algorithm was used to determine each element. The area surrounding each element image 

was used to calculate a local background and was subtracted from the total element 

signal. Background subtracted element signals were used to calculate Cy3/Cy5 ratios. The 

average of the resulting total Cy3 and Cy5 signal gives a ratio that was used to balance or 

normalize the signals. This experiment was repeated twice using a pool ofRNA isolated 

from 6 mice RNA per group. 

3.3.10 Micro array Data Processing 

A set of 5440 genes on NIA 15K Mouse cDNA Clone Set micro array were consistently 

expressed across a range of tissues with variable expression levels. These 5440 genes 
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were then used to nonnalize the data from different micro array experiments as 

previously described (116,117). Briefly, the expression levels of the preselected genes 

were scaled to a "standard experiment" and the geometric mean of the scaling factors was 

calculated. This value served as the nonnalization factor for all genes represented on the 

micro array. The fold change between the levels of expression of any two genes on two 

different micro arrays was calculated according to a protocol at McMaster University 

(Ontario, Canada). The processed fluorescence values were placed into a table containing 

m rows, which represented the m genes, and n columns that corresponded to the n 

replicate experiments. The n replica experiments were considered to be independent. 

Using this assumption, each of the n replicates was compared with the others in a 

pairwise manner. This process resulted in a large number of replicate pairs. The 

expression values for each pair were plotted against those ofother pairs in a scatter plot in 

which the distribution ofpoints was around the x = y diagonal. The data from these 

scatter plots were combined for all genes and rotated by 4. This manipulation transfonned 

the x = y axis from the latter plot to the In (I) = 0, which represents the signal-to-noise 

distribution derived from comparison of all replicates. To detennine a signal-to-noise 

profile, a sliding histogram algorithm along the y axis was applied (116,157). A threshold 

was set at 80% of the maximum noise value. Genes with intensities below this threshold 

value were considered within the experimental noise. A 2 fold up or down regulation was 

considered significant. Genes with significant changes were then grouped depending on 

their known function. Gene functions were obtained by correlating them in the main 

scientific databases (MEDLINE, PUB-Med) using seven key words: vitamin D, 

osteoblast, osteoblastogenesis, adipocyte, adipogenesis, osteoclast and DC. 
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3.3.11 Semi-quantitative RT-PCR 

Total RNA isolated from trabecular cells (1 J.1g) was reverse transcribed with either 

random hexamers or oligo-dT using Qiagen One Step RT-PCR Enzyme Mix (Qiagen, 

Valencia, CA, USA). The resulting cDNA was amplified by 40 polymerase chain reaction 

cycles with an annealing temperature of 58°C. Negative controls (samples without the 

transcriptase enzyme or with water in place ofRNA) were included at every step of 

sample preparation. Amplification ofGAPDH was used as control. To prevent 

'carryover' of amplified cDNA sequences, separate rooms and strict biosafety conditions 

were used for sample preparation and PCR. Primers were randomly selected from the list 

ofgenes with significant change. Selected primers included OSN (5'­

TGGCCGCACTTTGCATCGCTGG-3 'upstream and 5'­

CGATAGGCCTCCTGAAAGCCGATG-3'downstream); Lipoprotein lipase (5'­

AGACACAGCTGAGGACACTTGTC-3 'upstream and 5'­

TCCTTGGAGTTGCTCCTGTATGC-3'downstream);and C-Fos (5'­

AACGCCGACTACGAGGCGTCATC-3 'upstream and 5'­

GCAGTTGGCAGGCAGAGTGTGATT-3'downstream). The expected sizes of the 

nested amplification products were between 600 and 800 bp. Amplified products were 

electrophoresed on a 1.5% agarose gel. The signals were quantified by densitometry and 

expression ratios were normalized according to GAPDH density. 

3.3.12 Statistical methods 

Results of the static and dynamic histomorphometry and cell culture experiments were 

expressed as the mean ±SEM. Cell culture experiments were performed in triplicate and 

repeated three times. Differences between treated and non treated groups were determined 
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by statistical analysis using Bartlett's test for homogeneity ofvariable and Turkey­

Kramer multiple comparisons test for histomorphometry measurements, all other 

variables were compared by using One-way Analysis ofVariance (ANOVA). The animal 

experiment was repeated twice. A value ofP< 0.05 was considered significant. 

3.4 Results 

3.4.1 Bone Histomorphometry 

Figure 17 shows Goldner's trichrome staining in vehicle treated (panels A and C) and 

1,25(OH)2D3 treated mice (panels B and D). Panels E and F show fluorescence staining 

with demeclocycline in bone specimens from vehicle treated (E) and 1,25(OH)2D3 treated 

(F) animals. Panels G and H show ALP and TRACP stainings in bone sections from 

vehicle treated (G) and 1,25(OH)2D3 treated (H) mice. Table I shows the complete set of 

histomorphometric measurements in both static and dynamic parameters as well as its 

statistical differences. Static histomorphometric analysis shows a significant increase in 

bone volume (BV/TV, P<O.OOI), trabecular number (Tr.N. P< 0.001), and trabecular 

thickness (Tb.Th. P<O.OOI) as well as cortical width (Ct.Wi. P <0.05) in the 1,25(OHhD3 

treated group as compared to the I,25(OHhD3treated group (Table 1). Furthermore, a 

significant decrease in bone resorption parameters (ES/BS, and N.Oc/B.Pm) was 

observed in the I,25(OHhD3treated group as compared to the vehicle treated 

group(Table 1). 

Concerning the static and dynamic parameters ofbone formation, no significant 

difference was found between the two groups (The AjAR being spuriously high in the 

1,25(OH)2D3 treated group due to the very low value ofOS/BS in this group) However 
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the mean wall thickness was significantly increased in the trabecular bone and in the sub 

periosteal areas. Additionally, micro-architectural changes assessed using 3D micro CT 

(3D-flCT) demonstrated morphological changes similar to those seen by 

histomorphometry (data no shown). 

3.4.2 Bone marrow AD in SAM-P/6 mice treated with 1,25 (OH) 2D3 

Analysis of longitudinal bone sections obtained from 1,25(OHhD3 treated animals 

indicated a marked reduction in bone marrow AD with a significant difference in the 

percentage of adipocytes detected by oil red 0 staining (Fig. 18, A and C). In vehicle 

treated animals 78% ±4 cells were stained positive with red oil 0 as compared to only 

12± 3 % in 1,25 (OH)2D3 treated mice animals (B and D) (p <0.001). In addition, marked 

adiposity was found in the interstitial space of bone marrow in vehicle treated group. 

3.4.3 Changes in bone mass in SAM-P/6 treated with 1,2S(OH)lD3 

Dual-Energy X-ray absorptiometry (DEXA) was performed on SAM-P/6 at 4 months of 

age (peak bone mass) and after treatment with 1,25(OH)2D3 or vehicle. Significant changes 

were observed in both lumbar spine (Fig. 18,E) and hip (Fig. 18, F) with values of 

O.l±0.005 and 0.085±0.007 glcm2 at 6 weeks in 1,25(OHhD3 treated mice compared to 

0.052±0.007 and 0.068±0.003 glcm2 in vehicle treated animals (p<O.OI). These absolute 

values correspond to an increase of40 ± 5% and 20 ± 4% at the hip and spine of the 

1,25(OHhD3 treated mice as compared to a decline of-8 ±2 % and -5 ± 1,5 % 

respectively in the non-treated group during the same period. This time course difference 

can be seen shown in Fig. 18 (E and F) treatment with 1,25(OHhD3resulted in a time 
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Figure 17 e 
• Histological and histomorphometrical analysis ofbone 

Goldner's trichrome staining of proximal tibiae is shown in vehicle-treated mice (panels 

A, X40, and C, XlOO) and 1,25(OH)2D3 treated mice (B and D), Panels E and F show 

non-treated (E) and treated (F) fluorescence for demeclocycline. We found a significant 

lower trabecular volume and lower trabecular and cortical thickness in the vehicle-treated 

group as compared to the 1,25(OH)2D3 group. The quantification of dynamic and static 

parameters is shown in table 1. Interestingly, we found also a very significant inhibitory 

effect of 1,25(OH)2D3 on bone resorption measured by osteoclastic activity (ES/BS). 

This can be seen by TRACP+ staining (red cells) for 1,25 (OHhD3 treated animals (G) as 

compared to non-treated animals (H). 

• Micro-CTanalysis ofbone/rom SAM-P/6 treated with 1,25(OHhD3 

The figure shows the differences in coronal sections in 1,25 (OH)2D3 treated (I) vs. 

vehicle-treated mice(K) and in the 3D digitally extracted segments (panel J for vehicle­

treated and panel L for 1,25 (OH)2D3 treated mice). There is a higher trabecular(Tb) 

thickness and number as well as higher cortical thickness (Ct) in the 1,25(OHhD3 treated 

group vs. the vehicle-treated mice. The measurements correlate with those obtained by 

histomorphometry (data no shown). 

e
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Table 1. Histomorphometrical analysis of bone in 1,25(OHhD3 treated 
SAM-P/6 mice 

SAM-P/6 SAM-P/6 
control treated 

7.3 ± 1.6 15.7 ± 0.7 
26.4± 2.9	 47.6±2.4 
384 ± 53 256 ± 8.8 
2.6: 0.3 3.3: 0.1 
167: 6.7 202.1 ± 7.5 
148:4.4 188.6: 8 

186.1 ± 9.9 215.7 ± 7.3 
0.14: 0.08 0.012: 0.007 
0.92 ± 0.43 0.12 ± 0.07 
0.2: 0.11 0.004 : 0.003 
1.5: 0.08 1.7 ± 0.2 
8.3: 1.4 1.3: 0.3 
4.3: 0.4 2.3: 0.4 
3.1: 0.3 0.5: 0.08 
41.9: 5.7 40.8 ± 9.3 

17.2: 1.25 15.4: 6.8 
23: 1.8 20.7 ± 9.6 
5.75: 1 5.1: 3.1 
135±9 139 ± 13.4 

32.5 :4.5 30.2: 6.7 
4.1 ± 0.28 4.2± 0.7 
3277: 994 53780: 39674 
0.82 ± 0.05 0.84 ± 0.14 

25:7 765.8: 655 
52.4: 6 61.7: 33 
416: 59 245: 126 
28± 5 39±20 

T.Ar: tissue area Ob.S/BS: osteoblast surface sLSIBS: single labelled surface per 
B.Pm: bone perimeter O.Th: osteoid thickness bone surface 
BVITV: bone volume ESIBS: eroded surface dLS/BS: double labelled surface per 
Tb.Th: trabecular Oc.SlBS: osteoclast surface bone surface 
thickness M.<kIf.Ar.: osteoclast number (per sLSlLS: single labelled surface per 
Tb.Sp: trabecular tissue area) labelled surface 
separation N.OcJB.Pm:osteoclasl number (per dLSlLS: double labelled surface per 
Tb.N: trabecular number bone perimeter) labelled surface 
Ct.WI: cortical width N.OdE.Pm: osteoclast number (per IrLTh: interlable thickness 
OV/BV: osteoid volume eroded centimeter) MS/OS: mineralized surface 
OS/BS: osteoid surface MSIBS: Mineralizing surface MAR: mineral apposition rate 

VS. non-treated 

pvalue 

Aj.Ar: adjusted apposition 
rate 
BFRIBS: bone formation 
rate (per bone surface) 
BFR/BV: bone formation 
rate (per bone volume) 
BFRITV: bone formation 
rate (per tissue area) 
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dependent increase in bone mass whereas vehicle treated animals lost bone during the 

same period. 

3.4.4 Ex-vivo cultures of bone marrow cells 

MSC obtained from 1,25(OHhD3treated animals induced to differentiate had 

significantly more mineralized bone nodules (72±4) as compared to MSC obtained from 

vehicle treated animals (41± 3;P< O.05)(Fig. 18, G and H). 

3.4.5 Biochemical markers of bone formation and resorption 

Both, 1,25(OH)2D3 and vehicle-treated animals groups remained normocalcemic for the 

duration of the experiment (Table 2). Serum osteocalcin concentrations increased 

significantly (P<O.05) whereas serum N-telopeptide concentrations decreased 

significantly (P<O.OOI) in 1,25(OH)2D3 treated animals as compared to vehicle-treated 

animals(Table 2). In addition, serum concentrations ofPTH decreased significantly in 

1,25(OH)2D3-treated as compared to vehicle treated mice (Table 2) (p<O.OOl).No 

significant difference in serum 25-0HD levels were observed between both groups. 
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Figure 18 e 
•	 Effect oj1,25(OH)P3 on bone marrow AD 

Longitudinal sections of proximal tibiae from I,25(OHhD3were stained with oil red 0 

for adipose tissue. Hematoxylin was used as counterstaining. Adipose tissue (AD) stained 

strong red with blue nuclei while all other bone marrow cells were stained light blue by 

hetatoxylin. A marked increase in adipocyte staining can be seen in vehicle-treated (A 

and C) as compared to 1,25(OH)2D3 treated mice (B and D). Note that most of the bone 

marrow space (BM) is occupied by adipose tissue in non-treated animals. Two different 

magnifications were used (40X for panels A and Band 100X for panels C and D) 

• DEXA analysis oJSAM-PI6 mice treated with 1,25(OHhD3. 

DEXA analysis was performed on male and female SAM-P/6 at 4 months (time 0) and 

following continuous administration by osmotic mini-pumps of 1,25(OH)2D3 or vehicle 

(see methods). Analysis was done at 3 weeks and 6 weeks in both SAM-P/6 treated 

(1,25(OH)zD3, n=12) and non- treated (vehicle, n=12) groups. BMD measured at the hip 

and lumbar spine showed a significant increase at both sites (E, spine; F, hip) in the 

1,25(OH)2D3 treated group as compared to the vehicle-treated group. Each point 

represents the mean measurements ± SD of 12 different animals per group.*p < 0.001. 

This experiment was repeated twice. 

•	 Osteoblast differentiation in ex-vivo cultures ojbone marrow cells derivedJrom SAM­

PI6 mice treated with l,25(OH)jJ3 . 

Bone marrow cells were obtained after flushing both tibiae with Dubelcco's alpha 

modified medium(DMEM), grown in OIM for 21 days in 15cm2 dishes and analyzed for 

the presence of mineralized bone nodules as described in methods. Mineralized bone e 
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nodules were detected by Alizarin Red (pH 4.2) staining (G). The total number of bone 

nodules per dish was counted macroscopically. Panel H indicates that a significant and 

higher number of bone nodules was observed in bone marrow flushings of 1,25(OH)2D3 

treated SAM-P/6 as compared to the vehicle treated group. *p < 0.05 indicates a 

significant difference from control. Flushed bone marrow cells were obtained from 6 

animals per group. Values represent mean ± SD of 12 determinations. 
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Table 2. Biochemical markers of osteoblastic and osteoclastic activity in SAM-P/6 mice 
treated with 1,25(OHhD3' Comparison with non-treated group. 

Assay SAM-P/6-Control SAM-P/6-1,25(OHJJ1J3 p value 

Ca++ [1.8-2.3] 1.9 ± 0.11 2.3 ± 0.043 NS 

Osteocalcin [70-110 ng/mL] 58 ± 18 136 ± 14 0.05 

N-Telopeptide [12-45 ng/mL] 18 ± 1 9.7±1.1 0.001 

PTH [16-28 pg/mL ] 37 ± 14 9±4 0.001 

25(OH)vitamin D [50-70 ng/mL] 28 ± 10 25 ± 7 NS 
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3.4.6 Analysis of the changes in gene expression by microarray analysis 

The plot graph showing the initial gene expression is shown in Fig. 19. A significant 

change was found in a total of440 genes which are located above and under 

the lines (Fig. 19, A). The complete list of these genes can be seen in Table 3. Changes in 

gene expression were confirmed in three genes (calmodulin, C-Fos and lipoprotein lipase) 

by semi-quantitative RT-PCR. Figure 19 (B) shows the differences in expression of these 

genes in treated and non-treated animals. The quantification of expression changes was 

compared to a control GADPH and is shown in panel B. 

In table 4 genes were grouped according to either their known regulation by l,25(OHhD3 

or to their function as stimulators/inhibitors of OB and/or AD. The table shows a total of 

48 up-regulated genes known as regulators of osteoblastogenesis, adipogenesis or both. 

All of the genes are known to encode proteins that stimulate osteoblastogenesis. In 

addition, there is a higher number and expression of genes inhibiting adipogenesis (right 

column). 
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e
 
Figure 19. Gene expression in RNA extracted from trabecular cells of SAM-P/6 

treated with 1,25(OH)2D3 

Panel A shows a scatter plot of gene expression levels for each gene, mean mRNA 

expression levels averaged from 1,25(OHhD3 treated and vehicle-treated groups were 

plotted on a double logarithmic scale. The red lines indicate a significant change in gene 

expression (± 2 fold) between treated and non-treated groups. Ordinate and abscissa are 

arbitrary fluorescent units. This experiment was repeated twice after pooling RNA 

obtained from 5 randomly selected mice per group. To deal with noise in the microarray 

datasets we used biological duplication technique as previously described (116,117). 

Panel B represents semi quantitative RT-PCR of selected genes. Expression levels for 

selected genes (calmodulin, C-Fos and Lipoprotein Lipase) were confirmed by semi­

quantitative RT-PCR and normalized to GADPH expression. The figure shows the level 

of expression of the three genes in the 1,25(OH)2D3 treated vs. the vehicle-treated group. 

The table in panel B compares the fold change in the 15K NJA array as compared to the 

changes in gene expression detected by RT-PCR. There is a significant correspondence 

between the two numbers for the three genes analyzed. 

e
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Table 3. Differentially expressed genes between 1,25(OHhD3 treated VS. non­
treated SAM-P/6 mice 

Up-regulated Fold 
change 

averageGrowth Factors 
H3152E02:neuronal differentiation related	 H3133E12:Homo sapiens p65 protein 

7.1	 4.9
orotein	 (HSAJ2425) 

6.5	 4.9 

H3149G04:Raltus norvegicus mRNA 
H3115C04: eoididvmal secretory protein	 H3113C01 :beta-alobin 

5.6 for neurodegeneration associated 4.9 
H3147D11 :Ranbp7 gene, Staf gene and Wee1 orotein 1 

5.0	 4.9H3143B05:splicing factor (CC1.3)	 H3138F12:ryudocan core protein 
H3125G06:ER01-like (S. cerevisiae) (Ero11-	 H3137G02:gis5 mRNA for 

5.0	 4.9
pendina) alucocorticoid-inducible protein 
H3142F05:STAT6 (Stat6) gene, partial cds and 

4.5	 4.8
NAB2 (Nab2) H3036D07:catenin src (Catns) 
H3107C11 :EGF-containing fibulin-Iike 

3.2	 4.8
extracellular matrix protein 2 (Efemp2) H3020C02:metaliothionein-1 (MT-I) 
H3109G10:hepatocyte growth factor activator H3126A11 :mRNA for a stretch 

2.2	 4.8
inhibitor type 2 sollce variant 2 (Hai2) regulated skeletal muscle protein 

H3114H12:COL3A1 gene for collagen Proteins alpha 
4.8 

H3153A10:Homo sapiens DR1-associated H3129B08:H19 and muscle-specific
6.4	 4.8

protein 1 (DRAP1)	 Nctc1 
H3013C10:breast heat shock 73 

6.4	 4.6
H3002D02:melanoma X-actin (Aclx) protein (hsc73)
 
H3157B10:heal shock protein, DNAJ-like 2 H3098D07:carboxyl terminal LIM
 

6.1	 4.6
(Hsi2) domain prolein 1 (Clim1)
 
H3140D11 :Raltus norvegicus nucleolar H31 09B11 :fatty add transport protein
 

6.0	 4.6
phosphoprotein of 140kD 4
 
H3014E04:regulatory factor X-associated H3119A05:smoothelin gene,
 

5.9	 4.6
ankvrin-containina protein (Rfxank)	 alternativelv soliced 

H3123A02:alpha globin gene and 
5.7	 4.6

H3131 F08:Lv6Ineurotoxin 1 ILvnx1) flankina reaions 
H3115F03:stimulated by retinoic acid gene 6 H3138G01:vacuolar protein sorting 45 

5.7	 4.6
(Stra6) (yeast) (Vps45) 
H3058B12:ganglioside-induced differentiation- H3126A10:alpha globin gene and 

5.6	 4.6associated-protein 1 (Gdap1)	 flanking regions 
H3125H11 :alpha globin gene and 

5.6	 4.6
H3015H04:ribosomal protein L8 (RpI8)	 flanking regions:Mm.1568:g 

H3117H08:Homo sapiens actin related 
H3018E03:Raltus norvegicus transactivating 5.4 protein 2/3 complex, subunit 4 (20 kD) 4.5 
protein BRIDGE (ARPC4) 
H3084H04:cerebellin 1 precursor protein H3119E11:ribosomal protein L23

5.4	 4.5
(Cbln1)	 (RpI23) mRNA 

5.4 4.5 

H3102E10:HS1 binding protein 3 (Hs1bp3- H3122H10:DNA for alpha globin gene 
H3123D01 :synaototaamin 4 (Syt4)	 H3118E11 :beta-olobin maior aene 

5.3	 4.5pending) and flanking regions 
H3008B01:Homo sapiens TAR DNA binding H3020G05:nebulin-related anchoring 

5.3	 4.5
Drotein (TARDBP)	 protein (Nrap) 

H3100G02:meprin beta subunit 
5.3	 4.5

H3119A03:synapsin I (Syn1)	 isoforrn (Mep-1beta) 
H3140H08:Klp1 C-terrninus 

5.2	 4.5
H3151B06:Ranbp7 aene, Staf oene interacting Drotein-2 (Kic2) 
H3125F04:hypothetical protein MDS015 H3113D09:myristoylated alanine rich 

5.2	 4.5
(MDS015) protein kinase C substrate (Macs) 
H3115F04:tuftelin-interacting protein 33 H3014D03:breast cancer metastasis­5.1	 4.5
CTIP39)	 suppressor 1 (BRMS1) 

5.1	 4.5H3145E05:RuvB-like protein 2 (RuvbI2)	 H3122H11 :DNA for alpha globin aene 

5.1	 4.5H3109B05:lactotransferrin (Ltf)	 H3008C09:HSP90=heat shock protein 

5.0	 4.4H3121A12:BM022 protein (BM022)	 H3006H04:syndecan 1 (Sdc1) 



5.0
H3123F10:aloha arobin 
H3005E10:mRNA for sodium/potassium 

5.0
ATPase beta subunit 
H3081 H03:Fus-associated protein with serine­

5.0
arginine repeals 

5.0
H3140B05:oresenilin 2 
H3005B04:Homo sapiens hypothetical protein 

4.3FLJ10488 (FLJ10488)
 
H3015G09:kidney predominant protein NCU­

4.3
G1 (NCU-G1) 

4.3
H3109G06:uterine lactotransferrin 
H3054D01 :Homo sapiens vacuolar protein 

4.3
sortina orotein 11 NPS11) 

4.3
H3011 B04:actin, aamma, cvtoolasmic (Acta) 

4.3
H3118G01 :beta-1..globin:Mm.2329:g 

H311 OC09:plectin:Mm.21 072:g 4.2 

H3158G12:metallothionein-like 5, testis­
4.1soecific (lesmin) (Mti5) 

4.1
H3130B09:zinc finger protein 59 (Zfp59) 
H3157F05:Snf2-related CBP activator protein 

4.0(SRCAP)
 
H3020D03:uncharacterized bone marrow
 

4.0
protein BM036 (BM036) 

3.9
H3139F10:Rattus norveaicus ERG2 protein 
H3120F02:Human polyadenylate binding 

3.9protein (TIA-1)
 
H3018B01:adaptor protein complex AP-2,
 

3.9alpha 1 subunit (Ap2a1) 

3.9H3020B08:ferritin light chain 1 (Ftl1) 

3.8 
H3020G04:basigin 
H3141D04:Homo sapiens ribosomal protein 

3.8S21 (RPS21 

3.8
H3043A1O:apollpoprotein A-I (Aooa1) 

3.8 
H3022A08:Homo sapiens CGI-96 protein 

3.7
H3153A07:Homo saoiens zinedin (ZIN) 

3.7 
H3011G12:Mouse orollferin 

3.7 

H3130C02:calcineurin inhibitor 
H3143A09:Homo sapiens BTB and CNC 

3.7
homoloov 1 

3.7
H3010H04:cartllage associated protein (Crlap) 

3.6H3028G02:mRNA for nudear protein ZAP 

3.6 
H3023G02:proteolipid protein 2 (Plp2) 
H3017C09:Homo sapiens TATA box binding 

3.6protein (TBP)
 

H3113B11 :chondroltin sulfate proteoglvcan 6
 3.6 
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H3022B06:putative nudear protein 
4.4

(HRIHFB2122) 

4.4
H3122H09:DNA for alpha globin gene 
H3129G01 :SH3-domain GRB2-like B1 

4.4(endophilin) (Sh3glb1) 
H3147A12:Homo sapiens HBV pX 

4.4
associated orotein-8 (LOC51773) 
H3097G02:Homo sapiens mRNA for 

4.3KlAA1157 
H3143E07:Homo sapiens hypothetical 

4.3
orotein FLJ11071 (FLJ11071) 
H3019F09:Homo sapiens hypothetical 

3.4
protein FLJ10330 (FLJ10330) 
H3127G11 :Homo sapiens myosin IC 

3.4(MY01C)
 
H3148E05:ribosomal protein L32-3A
 

3.4(3A)
 
H3140G05:diaphanous homolog 1
 3.4
(Drosophila) (Diap1) 

3.3H3018E05:cvtokeratin endo A 
H3154G12:proteasome beta type 

3.3
subunit 5 (Psmb5) 
H3046F12:heterogeneous nudear 

3.3
ribonudeoprotein C (Hnmpc) 
H3008E11 :core promoter binding 

3.3
protein mRNA 
H3116F07:nudear phosphoprotein 

3.3
similar to S. cerevislae PWP1 (PWP1) 
H3135A06:capplng protein alpha 2 

3.3(Caooa2) 

3.2
H3057B12:tubulin beta-3 

3.2H3150D06DJ-1 protein (OJ-i) 
H3137A06:zona pellucida 3.2
glycoprotein 2 (Zp2) 
H3115F07:Homo sapiens 
phosphatidylinositol glycan, dass C 3.2 
(PIGC) 
H3032D07:Gallus gallus RRM-type 

3.2
RNA-bindina orotein hermes 
H3029D06:Ratlus norveglcus mRNA 

3.2
for dass I beta-tubulin 
H3140B08: mRNA for type 1 
procollagen C-protelnase enhancer 3.2 
protein 
H3082F06:tumor-associated calcium 

3.2sianaltransducer1 (Tacsd1)
 
H3155G05:Human sterol carrier
 
protein·X/sterol carrier protein-2 (SCP- 3.2
 
x/SCP·2)
 
H3126H09:Homo sapiens
 
transmembrane protein (63kD),
 3.2
endoplasmic reticulum/Golgi 
intermediate compartment (P63) 
H3119B11 :mRNA for cytotoxic T-cell 

3.1
membrane alvcoorotein Lv-3 3'llank:M 
H3029G08:TLS-assodated protein 3.1
TASR·2 
H3016F06:nudear myosin I beta 3.1
mRNA 
H3085G06:Horno sapiens putative' 
zinc finger protein NY-REN·J4 antigen 3.1 
(LOC51131) 
H3017E04:cathepsln Z precursor 

3.1(Clsz) 

3.1H3059D12:strain MIIP mitocondrion 
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(Cspg6) 

3.6
H3008A04:excision repair 1 (Ercc1l 

3.6 
H3009H10:H+ ATP synthase subunit c 
H3027D11:adaptor protein complex AP-1, mu 3.5
2 subunit (Ap1m2l 
H3083B05:Fus-associated protein with serine­ 3.5
areinine reoeats 
H3019C04:Homo sapiens VPS28 protein 

3.4
(LOC51160)
 
H3032B04:Rattus norvegicus mRNA for
 

2.7
phocein protein 
H3129C10:Rattus norvegicus steroid sensitive 2.7
gene-1 protein (SSG-1) 

2.7
H3131H12:ribosomal orotein L37a (RoI37a) 
H3135C12:Rattus norvegicus lamina 

2.7
associated POlypeptide 1C (LAP1Cl 

2.7H3153H01 :oolvCrCl-bindina protein 4 (Pcbp4) 
H3156E04:perlecan (heparan sulfate 2.7
oroteoolvcan 2) (Hsoo2) 

2.6
H3156G10:vlllin 2 N1I2) 

2.6 

H3123C04:GNB3 gene for GTP-bindlng 
H3158D11:matrix metalloproteinase 2 (Mmp2l 

2.6
protein beta3 subunit 
H3154D09:Homo sapiens retinoblastoma­

2.5
bindino orotein 2 (RBBP2)
 
H3144D12:f-box and WD-40 domain protein 5
 

2.5(Fbxw5) 

2.5
H3143A02:orothvmosin beta 4 (Ptmb4) 
H3003H03:Rattus norvegicus formin binding 

2.5
protein 21 
H3127D04:histidine rich calcium binding 

2.5protein (Hrc) 

2.4
H3010H07:oellino 1 (Peli1) 

H3116A04:secreted acidic cysteine rich 2.3 
glycoprotein (Spare) 

H3033H05:Serf1 protein (Serf1), survival of 2.2 
motor neuron protein (Smn) 
H3021A11:Mus musculus small zinc finger-like 2.2
protein (Tim13l 

2.1
H3118E02:choroldermia (Chm) 

H3036E09:cione 1 fanconi anemia 2.1 
complementation group A (Fanca) 

2.0
H3004B12:hepsin (Hpn) 

Receptors 
6.3

H3148H04:Rattus norvegicus 5HT3 receptor 
H3124F10:strain 129/Sv 22 kDa peroxisomal 6.0
membrane protein PMP22 (Pxmp2) 
H3153E06:B-ce1l receptor-associated protein 5.7
29 (Bcap29) 

5.6
H3088B05:z1nc fineer protein 103 (Zfo103) 

genome 

H3104A12:Homo sapiens cullin 3 3.1
(CUL3l 
H3124H07:Mus musculus ovalbumin 
upstream promoter transcription factor 3.0 
II COUP·TFII 
H3005F06:Mus musculus pelle-llke 3.0
orotein kinase mRNA 
H3001 F01 :Homo sapiens ephrln-A1 

3.0(EFNA1) 

3.0
H3029A04:scip POU-domain protein 

3.0
H3139C02:adducin 1 (aloha) (Add1l 
H3010A12:Homo sapiens nuciear cap 

2.9
binding protein subunit 2 
H3003B06:adaptor-related protein 

2.9complex AP-3 delta subunit (Ap3d) 
H3116F05:myotubularin homologous 

2.9
protein 3 

2.9H3082G02:cullin 1 (CuI1) 

2.8
H3052D02:neiohbor of Cox4 (Noc4) 
H3121G10:Homo sapiens putative 

4.3
Inteoral membrane transporter (LC27) 

4.2 

H3093H10:Tcra enhancer-blnding 
H3032C06:cDNA FLJ11688 fis 

3.9
factor Interacting protein 1 
H3106D03:MHC ciass I cell surface 

3.9
olvcoorotein 
H3009H08:telomerase binding protein 

3.9
p23 
H3105F01 :prenylated RAB acceptor 1 

3.4(Pra1 )
 
H3082B01 :natural killer tumor
 

3.4
recoonitlon seauence (Nktr) 

3.3
H3025B11:Fas-binding protein, BING1 
H3022C02:interleukln-1 receptor 8 3.3(TIR8)
 
H3065F05:calcium channel, voltage
 
dependent, alpha2ldelta subunit 3 3.2
 
(Cacna2d3)
 
H3054H04:potassium
 
intermediate/small conductance 3.1
 
calcium-activated channel
 
H3104A04:coIony stimulating factor 3
 

2.9receptor (granulOCYte) (Csf3r) 
H3087A06:Homo sapiens fetal 

2.7
Alzheimer antloen (FAll) 
H3020H05:Homo sapiens KDEL (Lys-
Asp-Glu-Leu) endoplasmic reticulum 2.5 
protein retention receptor 2 
H3124D01 :Homo sapiens G protein­ 2.1
coupled receptor 22 (GPR22) 

Cell cycle-Cell 
adhesion 
H3123G02:Homo sapiens CGI-99 

7.3protein (LOC51637) 
H3055D06:strain MilP mltocondrion 

6.7 
genome 
H3123E02:cellular nucleic acid 

6.7
binding protein (Cnbpl 
H3103B09:Rattus norveglcus mRNA 6.6
for lono tvoe PB-cadherin 



5.5H3098H05:heoatitis virus receotor 
H3131 811 :Rattus norvegicus selectin, 5.3
endothelial cell, ligand (<3lg1) 
H3125G05:ER01-like (S. cerevisiae) (Er011­ 4.8
pending) 

4.7
H3010H10:receotor (calcitonin) 

H3146E08:Homo sapiens transmembrane 4.6 
orotein 11 (11) 
H3133G04:Rattus norvegicus low affinity Na­ 4.5
dependent alucose transporter (SGLT2) 

H3141 H11 :Homo sapiens anti-Mulierian 4.5 
hormone receptor, type II (AMHR2) 
H3015A01 :major histocompatibility locus class 

4.4
III realon-butvroohilin-Iike orotein 
H3109A02:Fc receptor, IgE, high affinity I, 4.4
oamma oolvoeotide (Fcer1g) 
H3126G09:E2F-like transcriptional repressor 

4.3
orotein 

4.3 
H3019D09:orotein kinase C inhibitor (mPKCI) 
H3152H01 :ubiqultin specific protease 25 

4.2(Us025)
 
H3025G07:cell division cycle 2 homolog (S.
 

4.2
oombel-Iike 2 (Cdc212)
 

H3123G08:RNA polymerase 114 (14 kDa 4.2
 
subunit) (Ro02-4)
 
H3092G01 :p38delta MAP kinase mRNA,
 

4.2
complete cds 

4.1H3081 F12:Shc052 (Shc) mRNA, 
H3084G03:c-fos gene; cellular homolog to viral 

4.0
oncogene M 

4.0
H3013E04:Homo sapiens adenylyl cyclase-
associated orotein (CAP) 

4.0 
H3118D01 :block of oroliferation 1 (Bo01) 
H3152G03:Human RNA polymerase II subunit 3.9
hsRPB4 

3.9
H3149F04:ERG-assoclated orotein (ESET) 

3.9 
H3147A06:APEX nuclease 
H3129H07:TERF1-interacting nuclear protein 2 

3.9(Tin2) 

3.7
H3122B01 :gamma-1 adducin (Addl)
 
H3151E11:Homo sapiens SHC (Src homology
 
2 domain-containing) transforming protein 1 3.7
 
(SHC1)
 

3.7
H3141 H05:cadherin 2 (Cdh2) 
H3137H05:Finkel-Biskis-Reilly murine sarcoma 
virus (FBR-MuSV) ubiquitously expressed (fox 3.6 
derived) (Fau) 

3.5
H3034C10:Homo sapiens transducin (beta)-like 
3 (TBL3) 
H3152C07:Homo sapiens ADP-ribosylation 3.5
factor 3 (ARF3) 
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6.2H3084H05:lrooomodulin 3 (Tmod3) 
H3017F07:hypoxanthlne guanine 

6.2
phosphoribosyl transferase (Hprt) 

6.2
H3131E08:cadherin 2 (Cdh2) 
H3058C12:gene for LKB1 

6.0
serinelthreonln kinase 
H3021 G06:mas proto-oncogene and 
Igf2r gene for Insulln-like growth factor 6.0 
type 2 and L41 
H3013G08:Homo sapiens actin related 

6.0
orotein 213 comolex, subunit 5 
H3129810:Homo sapiens loss of 
heterozygosity, 11, chromosomal 5.9 
reaion 2, aene A (LOH11CR2A) 
H3157F03:Homo sapiens ribosomal 

5.9
oroteln L39 (RPL39) 

5.6
H3021 E08:calmodulin (Calm) 
H3149H12:deltaNY1/NF-E1IUCRBP 

5.3
transcription factor exon 5 
H3109C11 :TATA box binding protein 
(Tbp)-assoclated factor, RNA 5.2 
oolvmerase I, A (Taf1 a) 
H3146F01 :Homo sapiens RHOA 

5.2
oroto-oncoaene multi-drug-resistance 
H3020C01 :nuclear RNA export factor 4.7
1 homolog (S. cerevisiae) (Nxf1)
 
H3115G07:cyclin-dependent kinase
 
inhibitor 3 (CDK2-assoclated dual 4.4
 
specificity ohosohatase) (CDKN3)
 

4.4
H3105B10:Cvcb1=cvclln B1 

4.4H3119F08mRNA for cvclln G 

4.4
H3136G12:hlstone H1(0) gene 
H3129B09:SwilSNF related matrix 
associated, actin dependent regulator 2.9
of chromatin, subfamily a-like 1
 
(SmarcaI1)
 
H3103H06:nelghbor of A-kinase
 
anchoring protein 95 (Nakap95- 2.8
 
oending)'
 
H3113H07:ublquitin-activating
 2.8
enzyme E1C (Ube1c) 
H3064C09:myeloblastosis oncogene­

2.8
like 1 {MvbI1'­
H3016H08:Homo sapiens cofactor 
required for Sp1 transcriptional 2.8 
activation, subunit 9 (33kD) (CRSP9) 
H3068G02:ubiquitln conjugating 2.8
enzyme 2e (Ubc2e)
 
H3124D06:DNA fragmentation factor,
 

2.8
40 kD, beta subunit '(Dffb) 

2.8 
H3155H03:ribosomal orotein L3 (RoI3) 
H3012A01 :mRNA of enhancer-trap­ 2.6
locus 1 

H3092B1O:ADP-ribosylation factor- 2.6 
like protein 3 (Ar13) 
H3078802:Finkel-Blskls-Reilly murine 
sarcoma virus (FBR-MuSV) 

2.6
Ubiquitously expressed (fox derived)
 
lFau)
 
H3010D11 :Homo sapiens hypothetical
 

2.6
protein FLJ20154 (FLJ20154) 



H3142D02:upstream transcription factor 1 
3.5(Usf1)� 

H3091 G06:Homo sapiens protein phosphatase� 
3.5

4 reaulatorv subunit 2 (PPP4R2) 
H3140A08:mitogen activated protein kinase 14 3.4(Mapk14) 

H3157F04:transcriptional activator alpha-NAC 3.4 
(Naca) gene 
H3144E08:Homo sapiens FOXJ2 forkhead 3.3
factor (LOC55810) 

3.3
H3006B07:RAN bindlna orotein 1 (Ranbo1) 
H3151G11:potassium channel, subfamily K, 3.2
member 1 (Kcnk1)� 
H3083F09:putative homeodomain transcription� 3.2
factor (Phtt) 
H3107F10:Homo sapiens signal sequence 
receptor, alpha (translocon-associated protein 3.2 
alpha) (SSR1) 
H3128C02:Tcra enhancer-binding factor 

3.1
interactina orotein 1 (Tebfio-oendina) 
H3102C01:Homo sapiens sorting nexin 5 

3.1(SNX5)� 
H3116E09:Homo sapiens core histone� 

3.1
macroH2A2.2 (MACROH2A2) 
H3014C02:Homo sapiens eukaryotic translation 

3.1
elonaation factor 1 aamma (EEF1Gl 
H3022E03:ubiquitin-activating enzyme E1, Chr 

3.0X (Ube1x) 

3.0
H3098H10:calbindin-28K (Calb1) 

H3019E12:Homo sapiens F1 FO-type ATP 5.8 
synthase subunit d 
H3009C03:transglutaminase 1, K polypeptide 

5.6(Tgm1)� 
H3149D12:Homo sapiens apyrase, lysosomal� 5.3(LAP70) 

5.3
H3029F11 :hexokinase 
H3140D05:Homo sapiens ectonudeotide 
pyrophosphatase/phosphodiesterase 5 5.2 
(putative function) (ENPP5) 
H3010D06:caseinolytic protease, ATP-
dependent, (E. coli) proteolytic subunit homolog 5.2 
(Clpp) 

5.2
H3158G10:glucosidase I 
H3123G10:mannoside 4.9
acetylglucosaminyltransferase 1 (Mgat1) 
H3082C10:ftap structure specific 4.8
endonudease 1 (Fen1) 
H3126C04:eukaryotic translation initiation 4.8
factor 2 aloha kinase 1 (Eif2ak1) 
H3144D09:caseln kinase II, beta subunit 4.7
(Csnk2b) 
H3008E02:caseinolytlc protease, ATP-
dependent, (E. coli) proteolytic subunit homolog 4.5 
(Cloo) 
H3030A06:lysosomal alpha-mannosidase 4.5
(Man2b) 

4.5 
H3022D03:galactokinase 

4.4
H3062E02:isocitrate dehYdroaenase 

4.3H3157D01 :aspartate aminotransferase 
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H3117A12:mRNA for klnesin-related 
2.4

mitotic motor protein 
H3078B09:Homo sapiens Kruppel-Iike 

2.3
factor 5 (KLF5) 

Apoptosis 
H3140C03:major histocompatibility 
locus dass II region; Fas-bindlng 4.8 
protein Daxx (DAXX) 
H3149B05:Human TFIID subunits 

4.7
TAF20 and TAF15 
H3029F01 :p53 apoptosis-associated 

4.6
target (Pero)� 
H3147B08:RAB11 B, member RAS� 

4.3
oncogene family (Rab11 b) 
H3051 F08:programmed cell death 8 

3.6(aoootosis inducina factor) (Pdcd8) 
H3107B03:major histocompatibility 
locus dass II region; Fas-binding 5.4 
protein Daxx (DAXX) 
H3025D01 :Mus musculus Bex1 

3.0
orotein (Bex1) 

Cytokines 
H3119D11 :interferon-inducible protein 

5.3
16 
H3106H07:Homo sapiens solute 3.9
carrier family 21 
H3159D07:cytokine inducible SH2­

3.6
containing orotein (Cish)� 
H3009D01 :Homo sapiens Interleukln� 3.6
enhancer bindina factor 1 (ILF1)� 
H3153H12:Scya6, Scya9, Scya16-ps,� 
Scya5 genes for small inducible 2.1� 
cytokine A6� 

Enzymes 
H3155C02:Homo sapiens ubiqulnol­ 6.8
cytochrome c reductase 
H3125D06:Flavin containing 

6.8 
monooxvaenase 

6.6 
H3114F08:Beta galactosidase 

6.3 
H3159E08:hexokinase 
H3149H01 :Homo sapiens protein 6.0
ohosohatase 1 
H3144C01 :Homo sapiens glyoxalase I 5.9
(GL01) 

5.9
H3146H03:Na K-ATPase beta-3 
H3114F02:histone deacetylase 1 5.8
(Hdac1)� 
H3021 E09:vacuolar adenosine� 2.7
trlohosohatase subunit A� 

H3062E08:epoxlde hydrolase 2, 2.7� 
CYtoolasmlc (Eohx2)� 
H3090E05:P450 (cytochrome)� 2.6
oxidoreductase (Por)� 
H3134B07:protease (prosome,� 
macropain) 26S subunit, ATPase 1 2.6� 
(Psmc1)� 
H3018A02:beta-1 ,4­ 2.6
galactosvltransferase III (B4galt3) 

2.6H3044F06:done mouse1-1 outatlve 



4.3
H3029F12:hexokinase 

H3154C12:c1one mouse1-1 putative protein 4.3 
phosphatase tvoe 2C 

H3097F06:Homo sapiens FACL5 for fatty acid 4.2 
coenzyme A Iiaase 5 (LOC51703) 
H3128A11 :heterogeneous nuclear 3.9ribonucleoprotein C (Hnmpc) 

3.9H3101E12:smali GTPase (Rab11a) 
H3081 F04:Homo sapiens phosphorylase 

3.9
kinase, beta (PHKB) 
H3083C09:12-lipoxygenase=platelet-type 

3.9[mice, NMRI, papillomas 
H315OB06:phospholipase A2 group VII 
(platelet-acllvating factor acetylhydrolase, 3.7 
plasma) (Pla2g7) 

3.5 
H3115A05:phospholipase C, delta (Pled) 
H3142H07:N-acetylglucosamlne 
galactosyltransferase (beta1-4GT) (EC 3.5 
2.4.1.90) 
H3152A02:Rat beta-galactoside-alpha 2,6­

3.5
sialvltransferase 

3.2 
H3099B11 :glutathione peroxidase (Gpx2) 
H3131G04:DEAD (aspartate-glutamate­

3.2
alanine-aspartate) box polypeptide 5 (Ddx5) 
H3028B10:polymerase beta gene, exons 1 and 3.1
2 
H3088A07:glutathione S-lransferase, mu 2 3.1
(Gstm2) 
H3155B07:Homo sapiens NADH 
dehydrogenase (ubiquinone) Fe-S protein 3 

3.0
(30kD) (NADH-coenzyme a reductase) 
(NDUFS3) 

3.0
H3010G07:adenvlate kinase 4 (Ak4) 

H3134F03:glutathione transferase mu 3.0 
(GSTMH 
H3002B07:sepiapterin reductase gene, exons 3.0
1 and 2 

2.8
H3138D08:oaraoxonase 3 (Pon3) 

2.8
H3007F06:lipOprotein lipase (Lpl) 
H3084H07:Human clone A9A2BRB5 5.4(CAC)n/(GTG) 

5.4H3050H04:18S rRNA aene clones 5a,6,7 
H3139E06:Homo sapiens mRNA; cDNA 

5.3
DKFZp761 E0711 
H3011 F09:monoclonal non-specific suppressor 

5.3
factor beta 
H3143B11 :Homo sapiens full length insert 

5.3
eDNA clone ZD51 E04� 
H3157C02:Homo sapiens cDNA FLJ12598 fis,� 5.3
clone NT2RM4001384 
H315OB08:Homo sapiens dynamitln (dynaclln 5.3
complex 50 kD subunit) (DCTN-5O) 
H3119B01 :slrain MilP mltocondrion genome, 5.2
complete sequence:Mm.155059:w 

5.1H3147F07:Homo sapiens mRNA; cDNA 
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protein phosphatase type 2C 

H3022C05:0.cuniculus mRNA for 2.4
serine hydroxymethyllransferase 
H3146E02:Human gene for 
dihydrolipoamlde succlnyllransferase, 2.2 
complete eds (exon 1-15) 
H3046G06:Rattus norveglcus UDP­
Gal-glucosylceramlde beta-1,4- 2.1 
aalactosvllransferase 

Unknown 
6.7H3144H01 :Homo sapiens mltofilin 

H3158E08:Homo sapiens eDNA­
6.6

FLJ22557 fis 

6.5
H3152A09:paxillin-like protein (Hic5)� 

H3149D09:split hand/foot deleted 6.5� 
aene 1 (Shfda1)� 
H315OB07:Homo sapiens dones� 
23667 and 23775 zinc finger protein 6.3� 
(LOC57862)� 

H3146H08:Homo sapiens GLOO3 6.1� 
(GLOO3)� 
H3144F08:hemochromatosis (HFE)� 

6.0 
aene 
H3056F09:slraln MIIP mltocondrion 
genome, complete 5.8 
sequence:Mm.133825:w 
H3148D12:mRNA for elongation factor 5.8
1-aloha (EF 1-aloha) 
H3159C01:Homo sapiens hypothetical 5.8
protein STRAIT11499 (STRAIT11499) 

5.8
H3113H06:Homo saolens KlAA0396 

H3012E07:Homo sapiens protein 5.8
(peptidyl-prolyl cis/trans isomerase) 
NIMA-lnteracting, 4 (parvulin) (PIN4) 
H3154C06:Homo sapiens hypothetical 5.8
orotein FW10702 (FW10702) 
H3152A12:Homo sapiens mRNA; 
eDNA DKFZp564G2463 (from done 5.7 
DKFZo564G2463) 

5.7
H3147H04:Miwi like (Mill) 
H3005C04:Homo sapiens cDNA 5.7
FLJ14159 fis 
H3042E12:Homo sapiens KlAA1046 5.7
protein (KIAA1046) 
H3113H10:dyneln, cytoplasmic,light 5.7
chain 1 (Dncic1) 

5.7H3126H07:Homo saoiens HSPC333 
H3098H06:TAFII30 gene for 

5.6
mTAFII30 protein 
H3146H12:Homo sapiens hypothetical 

5.6protein (LOC5125O) 
H3124B06:mRNA for putative mc7 

5.5
protein (mc7 gene) 

5.5
H3133G09:MDS017 (MDS017) 

5.5
H3122H05:slraln MIIP 
H3155A03:Homo sapiens hypothetical 5.5
orotein (HSPC164) 

5.5H3109H09:bvstin-like (Bysl) 



DKFZp566E034 (from clone DKFZp566E034) 

H3094A08:Homo sapiens HT001 protein 5.1(HT001) 

5.1H3147E12:zine finger protein 207 (Zfp207) 

5.1
H3146E09:Homo sapiens mRNA for KIAA1254 
H3146D06:Homo sapiens mRNA; eDNA 

5.1
DKFZ0434L1850 (from clone DKFZ0434L1850) 

5.0
H3131E11:Homo sapiens clone RP11-173C1 

5.0
H3121H06:Homo sapiens HSPC16 

4.9
H3122A07:Homo sapiens mRNA for KlAA1301 
H3133C06:Human Tcr-C-delta gene, exons 1­
4; Tcr-V-delta gene, exons 1-2; T-cell receptor 4.9 
aloha ITer-aloha) 

4.9
H3126A03:mRNA for mcde21 protein 

4.9
H3157C08:Homo saoiens eDNA- FLJ23055 fis 

4.8
H3144H03:clone SMT3B-Q1/mSMT3 SMT3B 
H3151 G06:xeroderma pigmentosum, 

4.8complementation group C ()(Pc) 

4.8H3126G12:Homo saoiens mRNA for KlAA0824 
H3158D08:Homo sapiens eDNA FLJ11163 fis, 

4.7
clone PLACE1007178� 
H3158H02:Homo sapiens eDNA FLJ13041 fis,� 

4.7clone NT2RP3001297 

4.7
H3001D09:Fus1 gene (Fus1) 

4.7
H3152C06:mRNA for KIFC2 

4.6H3149E09:Homo sapiens eDNA- FLJ21 082 
H3159B11:Homo sapiens mRNA; eDNA 
DKFZp586B0918 (from clone 4.6 
DKFZp586B0918) 

4.6
H3152D09:Homo sapiens eDNA FLJ20541 

4.5
H3154H01:Human mRNA for KIAA0365 
H3141H10:partlal mRNA for hypothetical 4.5
orotein (ORF37 DNA)� 
H3113D11:Homo sapiens KlAA0161 gene� 

4.5product (KIAA0161) 

H3067C04:Homo sapiens small nuclear 4.4 
ribonucleoprotein polypeptlde B" (SNRPB2) 

4.4
H3079C09:45S pre rRNA 

4.4
H3061 H04:Homo saoiens clone HH409 
H3092A07:Homo sapiens hypothetlcal protein 4.4
(HSPC232) 

4.3
H3132H01 :Homo sapiens eIF-2-associated p67 

3.7 
H3017D11 :Homo sapiens eDNA- FLJ21762 fis 
H3140B12:Homo sapiens mRNA; eDNA 3.7
DKFZp586J2118 
H3139H12:Homo sapiens eDNA- FLJ22720 

3.7
fis, clone HSI14320 

3.7 
H3010G09:Homo saolens eDNA FLJ13700 fis, 
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5.5
H3056D06:45S 

4.3 

H3061 F03:Homo sapiens jagged 1 
H3006E03:Human CYtochrome c-1 

4.3
(Alagille syndromellJAG1) 
H3142B10:H19 and muscle-specific 

4.3
Ncte10enes 
H3111G01 :Homo sapiens eDNA­

4.3
FLJ22222 
H3148A07:Homo sapiens MLN51 

4.2protein (MLN51) 
H3135A09:Homo sapiens eDNA 

4.2
FLJ13043 

H3155E11 :Homo sapiens KIAA0941 4.2 
orotein (KIAA0941l 
H3014D12:Homo sapiens hypothetlcal 

4.2
protein FLJ10377 (FLJ10377) 
H3102F11:braln eDNA, clone MNCb­ 4.2
3154 
H3027G02:Homo sapiens ANG2 

4.2(ANG2) 

4.1
H3157A10:ret finger protein (Rfp) 

4.1H3137E11 :IL-11Raloha oene 

4.1
H3010B06:Rat PMSG-induced ovarian 
H3152H09:Homo sapiens KlAA0211 

4.1
oene oroduet 
H3001 H05:CPN1 0-llke protein 

4.1(Cpn1Q-rs1)� 
H3023E10:Homo sapiens splicing� 

4.1
factor (45kD) 

4.0H3145B04:mdgl-1 

H3013C11 :gene for t-complex 4.0 
POlypeptlde 1 
H3047D04:braln eDNA, clone MNCb­ 4.0
4327:Mm.24770:o 
H3127D09:Homo sapiens eDNA­

4.0
FLJ23275 fis 
H3147C02:Rattus norvegieus GRIP­ 4.0
associated oroteln 1 short form 
H3091 A08:Homo sapiens ADP­

4.0ribosylatlon factor-like 1 (ARL1) 
H3142D11:Homo sapiens mRNA in 
the region near the btk gene involved 4.0 
in a-Qamma-Qlobulineminemia 
H3005H11 :Homo sapiens eDNA 

3.9
FLJ20738 
H3018C11:Homosapiens U3 3.9
snoRNP-associated 55-kDa 
H3021 B09:Homo sapiens KIAA0750 3.9
cene oroduet (KIAA0750) 
H3144H02:b326h7, complete 3.8
seQuence 
H3154A05:Homo sapiens eDNA 
FLJ12085 fis, clone HEMBB1002510, 3.8 
weakly similar to GYP7 PROTEIN 
H3143G12:Homo sapiens hypothetlcal 

3.8
protein (CL25022)� 
H3151E02:straln MilP mitocondrion� 3.8 
cenome 
H3081H04:brain eDNA, clone MNCb­
1275, similar to Mus musculus F-box 3.8 
orotein containinc leucine repeats 6 



H3087C12:Homo sapiens eDNA FLJ13936 fis, 3.6
clone Y79AA1000802 

H3086C11 :Homo sapiens hypothetical protein 3.6 
FLJ11274 (FLJ11274) 

3.6
H3073E08:Rattus norveglcus RM1 

3.6
H3134F07:mRNA for nuclear orotein ZAP 

3.5
H3009H12:Homo saoiens eDNA FLJ20664 tis 

3.5
H3115B07:S100A9 cene for S100A9 

3.5
H3080G05:Homo sapiens mRNA for KlAA1311 
H3017D05:Homo sapiens eDNA FLJ20536 flS, 
clone KAT11223, highly similar to AL050225 3.4 
Homo sapiens 

3.4H3024B10:Homo saoiens eDNA FLJ11663 fis 
H3065F10:mRNA for hypothetical protein 
expressed In thymocytes (clone 3.4 
MFT.M05.13/MTA.B10.066) 

3.4 

H3063C10:Macaca fascieularis brain eDNA, 
H3058F01 :Homo sapiens HT021 (HT021) 

3.3
clone-QnpA-21 065 

3.3
H3022G10:Rattus norvegicus ABC50 

3.3
H3096E12:clone TSIP1 p53-induced apoptosis 

3.3
H3131B09:Homo saoiens mRNA for KlAA1 

H3091 D09:queuine tRNA-ribosyltransferase 3.3 
(LOC60507) 

H3004D09:Rattus norvegieus INS-1 winged 3.2 
helix 

H3026F04:Human clone A9A2BRB5 3.2 
(CAC)n/(GTG)n 

H3012E05:Homo sapiens eDNA- FLJ21313 fis, 3.2 
clone COL02176 

H3120H10:strain MilP mltocondrion genome, 3.2 
complete sequence 
H3150C03:Homo sapiens hypothetical protein 

3.2
FLJ10276 (FLJ10276)� 
H3018B11:Homo sapiens mRNA; eDNA� 

3.2
DKFZp434A139 (from clone DKFZp434A139) 

3.2
H3129E01:Homo sapiens mRNA for KIAA0643 
H3138A05:guanlne nucleotide releasing factor 3.2
1 gene, exon 10 
H3008D08:Homo sapiens mRNA; eDNA 3.1
DKFZp564H0764 

3.1H3002A05:Homo saoiens eDNA- FLJ23442 

3.1 
H3158H05:Homo saolens clone 23860 

3.1H3150C01 :Homo saoiens mRNA for KIAA0660 

3.1 
H3132H09:Homo sapiens 14032 Jaaced2 

3.1H3140G12:H19 and muscle-specific Ncte1 
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(FbI6) 

3.8
H3103C07:icos Iiaand (IcosJ) 
H3123G06:Homo sapiens hypothetical 
protein DKFZp761K1423 3.8 
(DKFZp761K1423) 
H3156B10:Homo sapiens eDNA­

3.7
FLJ22025 fis 
H3010H01:Human mRNA for 3.7
KlAA0062 cene 
H3085B11 :Homo sapiens eDNA­ 3.7
FLJ23602 fis, clone LNG15735 
H3025A02:Homo sapiens eDNA 3.7
FLJ20845 fis 
H3138B12:Homo sapiens hypothetical 

3.0
protein FLJ10583 (FLJ10583) 

H3111 E02:Homo sapiens hypothetical 3.0 
protein FLJ13220 (FLJ13220) 

3.0H3029H05:tdcf1 cene (exons 1-5) 

3.0 
H3091C10:hnRNP K homoloaue 

3.0H3114A08:eIF-1A (eIF-1Al 
H3018B05:Homo sapiens hypothetical 2.9
protein FLJ20399 (FLJ20399) 
H3082E06:Homo sapiens enigma (LIM 

2.9
domain protein) (ENIGMA) 
H3085F03:Homo sapiens hypothetical 2.9
protein (LOC51247) 
H3124G08:diaphanous homolog 3 2.9
(Drosophila) (Diap3-oendlncI 
H3045F07:hypothetical brain protein 
similar to X96994 BR-1 protein (Helix 2.9 
pematia) (LOC56412) 
H3116C05:Homo sapiens mRNA; 
eDNA DKFZp434P106 (from clone 2.9 
DKFZP434P106) 
H3154H02:Homo sapiens mRNA; 
eDNA DKFZp586E0820 (from clone 2.9 
DKFZp586E0820) 
H3150F10:hypothetical protein from 
clone MNCb-1932, similar to Homo 2.9 
sapiens FLJ20644 (LOC59032) 
H3075G06:molybdenum cofactor 
synthesis-step 1 proteins A and B 2.9 
solice tvoe I (Mocs1) 
H3150H02:Homo sapiens (subclone 

2.8
2 b8 from P1 H56)� 
H3116D10:Homo sapiens hypothetical� 

2.8protein FLJ20850 (FLJ20850) 
H3005H05:Homo sapiens eDNA­ 2.8
FLJ23445 
H3136F08:LU mRNA fOf Lutheran 

2.8
antigen 

2.8
H3095G06:RAB27A (Rab27a) 

2.8H3029G11 :traube (LOC56321) 
H3129D09:Homo sapiens mRNA: 
eDNA DKFZp761C169 (from clone 2.8 
DKFZp761C169) 

2.8 

H3134B06:protease (prosome, 
macropain) 265 subunit, ATPase 1 2.8 
(Psme1) 

H3082H11 :mRNA for PC3B 

2.7H3114E02:oroteasome (prosome, 



3.1H3018H06:Homo sapiens done CTB-10G5 
H3139H05:Homo sapiens ribosomal protein 

3.0
S23 (RPS23) 

3.0
H3004G12:P4Q-8, functional IP40-81 

2.5
H3147B09:Human mRNA for KlAA0308 cene 
H3125D08:Homo sapiens hypothetical protein 

2.5
FLJ10579lFLJ105791 
H3153F06:Homo sapiens CGI-147 protein 2.5
ILOC51651) 
H3150F06:famesyltransferase, CAAX box, 

2.5alpha (Fnta) 

2.4H3012H08:brain eDNA, done MNCb-2442 
H3015C04:Homo sapiens hypothetical protein 

2.4
FLJ20487 IFLJ204871 
H3124G06:Homo sapiens ribosomal protein 2.4
821 (RP821) 

2.4
H3080C09:Homo sapiens cDNA- FLJ22195lis 
H3127D01 :small nuclear ribonucleoprotein B 

2.3(8nrpb) 

2.3
H3040H04:Homo sapiens eDNA- FLJ21919 

2.3 
H3006B10:H.sapiens dathrin Iiaht chain b 
H3121 G11 :tetratricopeptide repeat domain 

2.3
(Ttc3) 

2.3
H3081 H07:Homo sapiens eDNA FLJ12439 flS 

2.2H3143F08:Homo sapiens eDNA- FLJ21370 tis 

2.2
H3141H09:Homo sapiens H8PC227 

2.2H3061 F04:Homo sapiens HYA22 protein 
(HYA22) 
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macropain) 268 subunit, non-ATPase, 
7lPsmd7\ 

2.7H3146H06:Homo sapiens CTL2 

2.7
H3117D11 :Iumican ILdel 
H3153B10:unr gene, 3' end, and N­

2.7
ras proto-oncoaene 
H3091E12:Homo sapiens eDNA 2.7
FLJ20547 tis 
H3146B07:rlbosomal protein 819 

2.6
IRos191 
H3150B01:ribosomal protein 815 

2.6
IRps15)� 
H3008B08:H.sapiens mRNA for pur� 

2.6
aloha extended 3'untranslated recion 

2.6H3139E03:CD82 antiaen ICd82) 
H3056F03:Homo sapiens eDNA­ 2.6
FLJ22334 tis 
H3144D06:8ee61 alpha isoform 2 2.6
18ee61a2\� 
H3048H11 :gene rich cluster, C8 gene� 2.6
IGrcc81 
H3132A04:Homo sapiens done RP11­

2.6
132A1 
H3110G02:mRNA for SCID 2.6
comolementina aene 2 

Down-regulated 
Growth factors 
H3057G12:transforming growth factor ­
beta 1 induced transcriot 4 tTafb1i4) 1.9 

Proteins 
H3042C07:Homo sapiens HBV pX ­
associated orotein-8 ILOC51773) 2.0 

Cell cycle-Cell 
adhesion 
H3075C08:Kruppel-like factor 4 (gut) ­
IKlf41 1.8 
H3041 G03:solute carrier family 15 ­
IH+/peptide transoorterl 1.9 

Apoptosis 
H3131G08:nudear RNA helicase Bat1 ­
ILQC56472) 2.1 

Cvtokines 
-

H3096A05:Rattus norveaieus rap7a 2.2 
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3.5 Discussion 

In the process of aging bone distinct changes take place with trabecular bone, cortical 

bone and bone marrow. In bone marrow an increase in AD and a decrease in OB are 

observed (8,15,153). Besides a reduction in trabecular bone volume, there is also a 

reduction in cortical bone (8) attributed to bone resorption on the endosteal surface that 

occurs at a greater rate than appositional growth (8). Changes in hormone levels 

potentiate the development of osteopenia and age related bone loss. After estrogen 

deprivation there is an increase in osteoclastic activity due to increasing levels of local 

factors such as interleukins, tumor necrosis factors and colony stimulating factors (2). 

In addition to the cellular changes, with aging there is a reduction in serum levels of 

vitamin D due to lower intake and sun exposure (15,145,146,158), as a consequence there 

is a reduction in the absorption ofcalcium in the gut (146,158). This reduction in calcium 

absorption will induce an increase in the production of PTH with a subsequent increase in 

osteoclastic activity in bone and thus in bone resorption (15,146,158). 

Vitamin D3 has proved to be beneficial in combination with Ca++ in reducing 

osteoporotic fractures in the elderly (146,147,158,159). Although the active form of 

vitamin D, 1,25(OH)zD3, can correct secondary hyperparathyroidism that occurs in renal 

osteodystrophy (160) its benefits in the treatment of post-menopausal osteoporosis is 

inconclusive (145,147,161,162). 

A new concept has emerged recently to explain the mechanism of action of vitamin D in 

bone: the "super-coupling or bone effect" (145). According to this concept 1,25(OH)zD3 

would have direct effects on bone cells in addition to its well known effects on intestinal 

Ca absorption and its suppressive effect on PTH secretion (145,158) 
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Table 4. Functional classification of differentially expressed genes between e 
1,25(OHhDJ treated vs. non-treated SAM-P/6 mice. 

Gene expression patterns in 1,25(OH)2D3 treated vs. non-treated SAM-P/6 mice were 

generated from 5 mice per group in two experiments. A ± 2 fold change in average gene 

expression was considered significant. Genes are listed with their Gene Bank ID and their 

fold change. The table shows a total of 48 up-regulated genes known as regulators of 

osteoblastogenesis, adipogenesis or both. 

Those genes previously reported as regulated by vitamin D are shaded. A functional 

approach was used by identifying the specific gene function by its role in 

osteoblastogenesis and/or adipogenesis. All of the genes are known to encode proteins 

that stimulate osteoblastogenesis. Among them, genes known to stimulate adipogenesis 

are grouped in the left column while those known to inhibit adipogenesis are grouped in 

the right column. There is a higher number and expression of genes inhibiting 

adipogenesis (right column). 

e� 
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·e 
Osteo~astogenesis (+) 

H3005C08: Larrinin alp" 5~ --4.6- 1-lJ1 31 EOB:l:M1herin 2 
~ 

6.2 
H3136G12: Himn. Hl 4.4 1-lJ1 13C01: Beta Globin 4.9 
H3157D01: AST 4.3 1-lJ144009: Cank2b 4.7 
H3011804: Actin gamma 4.3 H3OO8C09: hsp 90 4.5 

H3084G03: e-bs 4.0 H3019009: PKC inhibibr 4.3 
H3022C02: Il-1 receptor 3.3 1-lJ1 .23G08: Rpo-2 4.2 
H3007FOe: lipoprot.in lipue 2.8 1-lJ113Bl1: Cspg 6 3.6 

H3027Dll: APe l 3.5l H3158011: Matrix metaJlop.2 2.6 
H3116A04: SDaI'C 2.3 1-lJ140A08: MAPK14 3.4 
H3029F11:Hexo~nase 5.3 1-lJ154G12: Proteuome beta 3.3 
HJ020C02: Metalbthioneinl 4.8 H3099Bl1 :Glutation peroxida.. 3.2 
HJ142F05: STATe 4.5 1-lJ134F03: Glutalion ....,....... 3.0� 

H3018801: AP-2 alpha subunit 3.9 H3098H10: Calbindin 1 3.0 
HJ156E04:Penecan 2.7 I-lJl 04A04:CSF receptor 2.9 
HJl50FOO: Farnesyltransferase 2.5 H3021 EO9: Vascular ATPase A 2.7 

I-lJl09Gl0: HGF actiwdor 2.2 
HJl57810: HspJ2 6.1 
HJ123A01: Alpha gbbin 5.7 
H3021 E08: CaJrrodulin 5.6 
HJ115F04: Tuftelin 5.1 
HJ140805: Presenilin 2 5.0 
H3010Hl0: Calcitonin receplor 4.7 
H3114H12: Collagen alpha 4.7 
HJ141 Hl1: anti-mullerian rae. " 4.5 
H3006H04: Syndecan 1 4.4 
H3062E02: 19Xitrate deOHase 4.4 
HJl37E11: IL-11 4.1 
HJ101E12: GTPase(Rabl1a) 3.9 
H3057812: Tubulin bela 3 3.2 
H31 07C11: EGF-fibu~n matrix 3.2 
HJ124H07: ovalbumin 3.0 
HJl38D08: Paraoxonase 3 2.8 
HJl17Dl1: Lurrican 2.7 

Adipogenesis (+) Adipogenesis (-) 
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In vitro. 1,25(OH)2D3 stimulates OB and decreases AD in culture ofbone marrow cells 

(163) and also inhibits osteoblast apoptosis (120). In addition, induces the expression of 

RANK-L at the surface of the osteoblasts precursors in bone marrow (2) which then binds 

to RANK at the surface of the osteoclasts to stimulate osteoclastic bone resorption. Our 

data using ex-vivo cultures ofbone marrow cells derived from mice treated with 

1,25(OH)2D3 as well as histology and morphometry data show similar effects on OB and 

AD (Fig. 16, and 17). 

Recent studies on the effect of 1,25(OHhD3in bone in vivo have demonstrated an 

anabolic effect independently ofPTH levels or calcium absorption by stimulating 

osteoblast activity in oophorectomized rat models (162). Thus, 1,25(OH)2D3 stimulates 

bone matrix formation in vitamin D-replete animals (161,162). More recently, 

1,25(OH)2D3 was reported to have an inhibitory effect on osteoclast differentiation in 

vivo (150) 

In this study we used the Senescence Accelerated Mouse SAM-6/P developed by Takeda 

et al (151,152) a widely accepted model for senile osteoporosis (153,154,164-167) due to 

their particular characteristics that correlate with those seen in senile osteoporosis in 

humans (8). The peak of the bone mass ofSAM-P/6 is lower than ofSAM-R/ITA, their 

normal controls (151). These mice are characterized from the cellular point ofview by a 

severe decline in bone mass due not only to a premature decrease in the ability of 

mesenchymal progenitors ofbone marrow to differentiate toward the osteoblastic 

lineage(154) but also to increased bone marrow AD(153,165). Furthermore, bone loss in 

this model is hormone-independent as shown by a lack ofacceleration ofbone loss after 

oophorectomy or orchiectomy (151,152). Biochemically, SAM-P/6 are characterized by 

an increase in urinary excretion rates ofcalcium, cAMP, and hydroxyproline while blood 
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calcium concentrations tend to decrease as compared to their control SAM-R/lTA 

(151,152,37). In addition high levels of urinary cAMP and urinary hydroxyproline 

correlate with increasing levels ofPTH in serum ofSAM-P/6 mice suggesting secondary 

hyperparathyroidism owing to decreased calcium absorption (151,152,166,167). 

Additionally, accelerated bone resorption due to increased osteoclastic activity has been 

reported in this strain most probably due to high levels ofPTH (164).. 

Several treatments have been assessed in SAM-P/6 with variable results. It has been 

reported that SAM-P/6 can regain bone mass following treatment with PTH and calcium 

supplements but are not responsive to hormonal therapy (166,167). Furthermore, other 

treatments have been successful on increasing bone mass in SAM-P/6 including 

geranylgeranoic acid (168) and more recently by intrabone marrow injection ofallogenic 

bone marrow cells (169) 

Our initial objective was to assess the overall effect in vivo of 1,25(OHhD3 in this model 

of senile osteoporosis and at the same time assess the changes in gene expression in their 

trabecular cells. Animals tolerated welll,25(OH)2D3 administration as indicated by the 

absence ofchanges in weight or general well being and minor increase in calcium 

concentration during the course of the experiment. 

Histomorphometric analysis ofproximal tibiae (Fig. 17) showed a significant increase in 

indices ofbone formation (BV/TV and Ct.Wi.) and there is a marked reduction in indices 

ofbone resorption (ES/BS, NOc/Tar and NOc/BPm) following 1,25(OH)2D3 

administration (Table 1). In addition, the dynamic parameters (BRF/BV,AjAR,MS/OS) 

measured by fluorescent markers (Fig. 17, E and F) are higher in the 1,25(OH)2D3 treated 

animals as compared to vehicle treated mice(Table 1). Furthermore, the number ofALP 

positive cells (osteoblasts) is higher in the 1,25(OH)2D3 treated as compared to vehicle 
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treated mice whereas vehicle treated mice showed a higher number ofTRACP+ cells 

(osteoclasts) (Fig. 17, G, and H). Overall, both static and dynamic histomorphometric 

indices indicate that 1,25(OH)2D3 stimulates matrix formation and inhibits bone 

resorption (Table 1). Subsequently, micro architectural data of tibiae using 3D micro CT 

(Fig. 17, I-L) correlated well histomorphometric data (table 1) for both cortical and 

trabecular parameters. 

As indicated earlier SAM-P/6 are characterized by an increase in bone marrow AD and 

we could demonstrate here that 1,25(OH)2D3 was a potent inhibitor ofbone marrow AD 

in vivo (Fig. 18, A and B)extending recent in vitro data of 1,25(OH)2D3 effect ofbone 

marrow cells AD (163,37). 

Overall, the architectural changes observed by microCT and morphometry translated in 

significant changes on bone mass in treated animals measured at timed intervals during 

1,25(OH)2D3 treatment. Indeed the positive effects ofon bone mass occurred in both, 

femur and spine confirming that 1,25(OH)2D3 acts on both cortical and trabecular 

bone.(Fig. 18, E and F). 

The mechanism of 1,25(OHhD3 on bone turnover was further explored using ex-vivo 

cultures ofMSC obtained from tibiae in both 1,25(OH)2D3 and vehicle-treated groups. 

Interestingly, 1,25(OH)2D3 treated mice had a higher number of bone forming nodules 

identified by Alizarin red staining as compared to control mice indicating that 

1,25(OH)2D3likely affects the commitment ofMSC into osteoblasts (Fig. 18, G and H). 

From the mechanistic stand point it was important to analyze circulating concentrations of 

calcium regulating hormones (PTH and 25-0HD) and biochemical markers ofbone 

turnover. Previous reports indicating that serum calcium circulations are low in SAM-P/6 

were confirmed here. 1,25(OH)2D3 tended to normalize calcium concentrations which 
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remained in the nonnal range throughout the experiment (Table 2). To assess if these 

calcium changes per se may have resulted directly or indirectly in the observed 

1,25(OH)2D3 effects we measured serum concentrations ofPTH and 25-0HD in both 

groups. Concordant with previous reports PTH levels in vehicle treated SAM-P/6 mice 

were higher than the nonnal range (Table 2); in contrast, 1,25(OH)2D3 treated mice 

showed a significant reduction in their serum concentrations ofPTH after 6 weeks of 

treatment (Table 2). The reduction in serum levels ofPTH might explain in part the 

reduction in osteoclastic activity seen in the 1,25(OH)2D3 treated group (Fig. 17 and 

Table 1) since PTH is a well know stimulator ofosteoclast differentiation and activity. 

Additionally to the nonnalization ofPTH levels, the reduction in osteoclast activity seen 

in 1,25(OH)2D3 treated mice can be explained by a direct effect of 1,25(OHhD3 on 

osteoclast fonnation as mentioned previously (149). Interestingly, in both groups the 

levels of25-0HD were below the nonnal range. This finding correlates with the changes 

in serum levels of25-0HD seen in moderate to severe vitamin D deficient elderly human 

subjects before and after treatment with 1,25(OH)2D3 (6). Furthennore, serum markers of 

bone fonnation (OSN) and resorption (N-telopeptide) indicate that 1,25(OH)2D3 has a 

marked effect on both markers similar to observations done by morphometry(Table 2). 

These changes in the bone microenvironment are also reflected by changes in gene 

expression. Earlier reports indicate that exposure to 1,25(OH)2D3 ofosteoblasts and 

trabecular cells result in a wide array of gene changes including: Biglycan, OPN, 

osteonectin, collagen alpha I, DAP-like kinase, Calmodulin,lysophospholipase, smad2 

etc(121,126,170). 

We analyzed these gene changes in trabecular cells isolated from 1,25(OHhD3 or vehicle 

treated animals. Changes in gene expression in the 15K gene array which includes 32000 
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genes and ESTs (indicated a significant change (± 2 fold up or down regulation) in 440 

genes (Fig 18, A and Table 3). Our functional classification (Table 4) indicated that genes 

previously shown to be regulated by vitamin D were among them including cadherin, 

calmodulin, c-fos, calbindin and AP-1. Subsequently, each of the 440 genes was 

classified according to its known function as regulator of either OB or AD or both. A total 

of 48 up-regulated genes were found (Table 4). The totality of the up-regulated genes 

were found to be involved in DB including Cadherin, calbindin, beta-globin, andactin 

gamma etc. 15/48 up-regulated genes were found to be stimulators ofadipogenesis while 

a vast majority were inhibitors ofproteins involved in adipogenesis. Overall, our 

functional analysis seems to indicate that 1,25(OHhD3predominantly upregulates OB 

and inhibits AD. 

Summary ofour data indicate that 1,25(OH)2D3 has a complex effect on cell and 

differentiation in the major components of the bone microenvironment in vivo. A gain in 

bone mass as a consequence ofhigher OB as well as lower AD and OC is observed 

indicating that 1,25(OH)2D3 is a potent agent to correct senile osteoporosis in this model 

and warrants further investigation in human models. 
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INTRODUCTION TO CHAPTER FOUR 

Two important changes happen with aging in mature osteoblasts: a significant reduction 

in the number ofreceptors to hormones and GF, and, a shorter life span due to increased 

levels of apoptosis. Given that E2 is known to inhibit osteoblast apoptosis and that the 

numbers of its receptors decrease with age, in this chapter we assessed if the reduction in 

VDR expression seen in aging osteoblasts was regulated by E2 in vitro and in vivo. We 

found a significant interaction between E2 and VDR and further determined the 

significance of this interaction on osteoblast activity and survival. 

We found that some of the molecular changes in aging osteoblasts are indeed reversible 

and that E2 and vitamin D have a synergetic effect to further increase the life span of 

active osteoblasts in the BMU. 
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4.1 Summary 

Studies on the effect ofE2 on the expression ofvitamin D receptor (VDR) and its 

bioresponse in bone have demonstrated that E2modulate activity and increase the number 

ofVDR in vitro; however, no in vivo studies have been pursued to assess this interaction. 

Our study identifies the changes in the number ofVDR-expressing cells in bone of 

C57BU6J young and old oophorectomized mice (4 months and 24 months) with and 

without 17 {3 Estradiol (E2) replacement. A total of 36 mice were sacrificed; both tibiae 

and femora were isolated and VDR expression was quantified by northern blot, 

immunohistochemistry, immunofluorescence and flow cytometry. Among the intact mice 

there was a significant difference in the number ofVDR-expressing osteoblasts between 

young (68%) and old (56%) (p<0.04). In young oophorectomized mice the number of 

VDR-expressing osteoblasts decreased from 68% to 46% after OVX and recovered to 

72% after E2 administration (p<0.02), while in the group ofold mice, the number of 

VDR-expressing osteoblasts decreased from 56% to 48% after OVX (p< 0.01) and 

recovered to 85% after E2 administration (p<O.OOI). Our results show that VDR 

expression in bone decreases with aging and estrogen deprivation but recovers after E2 

supplementation in both young and old mice with a more significant level of response in 

older bone. To evaluate the level ofVDR bioresponse to E2 we assessed the effect ofE2 

supplementation to human osteoblasts (N-976) in vitro. Northern blot showed a 

significant up-regulation ofVDR expression in E2 treated cells as compared to non­

treated cells (p <0.05). We also assessed the previously known anti-apoptotic effect of 

vitamin D in osteoblasts in vitro after serum deprivation by using either E2, E2+ 

1,25(OH)2D3 or 1,25(OH)2D3 alone. We found a lower number of apoptotic cells and 

longer cell survival after 48 hours of treatment with 1,25(OH)2D3 + E2 as compared to 
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1,25(OH)2D3 or E2alone(p<O.002). In summary, our results demonstrate that E2 increases 

VDR expression in bone in vivo and potentiate the bioresponse ofVDR in osteoblasts in 

vitro. 

4.2 Introduction 

Vitamin D is a secosteroid hormone that exerts its effects through its active form 

1,25(OH)2D3 in several target tissues, including bone, kidney, intestine and parathyroid 

(145,146). The major effects ofvitamin D include bone development and metabolism, 

calcium homeostasis and regulation ofcell growth and differentiation(l72-174). Vitamin 

D exerts its effects via genomic and non-genomic mechanisms(172). The genomic 

mechanism involves the activity ofVDR; these are trans-acting transcriptional factors 

which belong to the nuclear receptor superfamily. The binding of the hormone to the 

receptor dissociates co-repressors and facilitates the interaction between the VDR and co­

activator proteins such as p160, steroid receptor coactivators (SRCs), and the protein 

complex called VDR-interacting protein (DRIP). These interactions modulate the 

chromatin structure and the contact with basal transcriptional factors (175). 

The trans-activational complex regulates the gene transcription via the binding motifs in 

the promoter regions of target genes designated vitamin D response elements (VDREs). 

VDREs have been localized in genes such as calbindin, OSN, OPN, vitamin D 24­

hydroxylase, cyclin dependent kinase inhibitor and TGF-{n. The non-genomic response 

involves the activation ofnontranscriptional responses, including voltage dependent Ca+ 

influx, and G-protein dependent stimulation (172,176). 
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In osteoblasts, 1,25(OH)2D3 regulates cell proliferation and differentiation through the 

VDR (177). Recent evidence has showed the effect of 1,25(OH)2D3 in osteoblast-like 

cells survival through the inhibition ofapoptosis in vitro (120,178). 

Age has been shown to have a profound effect on several physiological events related to 

calcium and vitamin D metabolism. For example, variations of intestinal calcium 

absorption related to age have been demonstrated in both animal and human studies (179­

181). Target cell responsiveness to 1,25(OHhD3 is impaired when receptor numbers are 

reduced or lacking (177). Therefore, changes in calcium metabolism with age may reflect 

alterations in the quantity and functionality ofVDR in target tissue. It has been shown 

that the number ofVDR decreases with age, and this could be responsible for functional 

changes in target tissue response to 1,25(OH)2D3 associated with advanced age (182­

184). 

Estrogens also belong to the group of steroid honnones; they have their own nuclear 

receptors alpha and beta and modulate some of the mechanisms ofbone turnover, 

including osteoclast survival and osteoblast-osteoclast interaction (67,68). Direct effects 

ofestrogen in osteoblast cell lines and in ovariectomized rats have been shown such as 

inhibition ofbone resorption and stimulation ofbone fonnation (68). As with vitamin D, 

the level ofestrogens decreases with age at the time ofmenopause. During estrogen 

deprivation the bone loses its balance between resorption and fonnation with a marked 

decline in matrix fonnation and bone mineralization (185). It has been also demonstrated 

that calcium malabsorption in osteoporosis can be corrected by estrogen therapy, 

suggesting a direct interaction between E2 and vitamin D action (186,187). 

The responsiveness of target cells to 1,25(OHhD3 can depend on the amount ofVDR. 

Many factors can modulate VDR levels including glucocorticoids, prolactin, estrogens, 
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retinoids, and GF (172). Estrogens increase 1,25(OH)2D3 expression and bioresponse in 

rat uterus (188), duodenal and colon mucosae (186,188), and liver (190); by contrast E2 

decrease VDR expression in the kidneys (190). The bioresponse ofosteoblasts to VDR 

activation includes increasing cell differentiation (191) and lower apoptosis (178). In vitro 

studies have assessed the interaction between estrogen and VDR in bone cells showing 

that E2 modulate VDR activity in osteoblast-like cells by increasing their expression and 

OSN secretion (192). Despite the available evidence, no in vivo studies have assessed the 

E2- VDR interaction in bone and its significance in the bioresponse to VDR activation. 

In this study we assess the changes in VDR expression in aging bone by comparing 

young vs. old C57BL/6J mice, an accepted model to study both estrogen deprivation 

(193), and age-related bone loss (194). We also compare VDR expression in a population 

ofestrogen-exposed vs estrogen-deprived young and old animals. Finally, in order to 

assess the changes in the bioresponse ofVDR to estrogens stimulation we compare the 

effect of 1,25(OH)2D3 with and without E2 on apoptotic osteoblasts in vitro. Thus, this 

study assesses not only the changes in the expression levels ofVDR with age but also the 

interaction between steroid hormones in bone and their importance in bone physiology 

and metabolism. 

4.3 Materials and methods 

4.3.1 Animal tissue preparation 

Five week-old virgin female C57BU6J mice (Jackson Laboratory, Bar Harbour, ME) 

were housed triply in cages in a limited access room restricted to aging mice (light: dark 

12h:12h). Bedding, food and water were as previously described (195). Animal 



115 

husbandry adhered to Canadian Council on Animal Care Standards, and all protocols 

were approved by the McGill University and Royal Victoria Hospital Animal Care 

Utilization Committee. The colony was free ofany parasitic, bacterial, or viral pathogens 

as determined by a sentinel program. Only mice exhibiting a minimum of three regular 

estrus cycles as assessed by daily vaginal smears were included in the study. 

Six treatment groups were evaluated. a) Normally cycling (young - 4 months, n=6; old ­

24 months. n=6) (intact): b) OVX (young - 4 months, n=6; old - 24 months, n=6): c) 

OVX treated with 17 {3 Estradiol (young - 4 months, n=6; old - 24 months, n=6). The 

animals were OVX after 6 weeks of age and implanted with capsule containing 17{3 

Estradiol (E2)' For OVX and insertion of the E2 capsule, animals were anaesthetized with 

2.2.2-tribromoethanol. E2 capsules were prepared as previously described (196) and 

contained EstradioI17-~ (16mm) in polyethylene (p.E.) tubing (o.d. 2.80 mm: i.d. 1.77 

mm). This size ofP.E. capsule has demonstrated to produce physiologic levels ofE2 (9­

12 pglml) in our colony(195). Animals were sacrificed by decapitation, bone marrow 

cells were obtained from the left femora and tibia by flushing with Dubelcco's alpha 

modified medium (DMEM). Red blood cells in marrow cells were hemolyzed in 0.017 M 

tris-HCI, pH 7.5, buffer containing 0.8% ammonium chloride. Hemolyzed bone marrow 

suspensions were rinsed twice with phosphate buffered saline (PBS) and either fixed with 

paraformaldehyde 4% or placed at -70°C for further RNA extraction. Right-side limbs 

were placed in 10% formaldehyde for further histology analysis. 
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4.3.2 RNA isolation 

Total RNA was extracted from bone marrow cells, according to a protocol for single-step 

RNA isolation based on acid guanidinium-thyocyanate-phenol-chloroform extraction 

using Tri-reagent solution (Triazol, Invitrogen Canada Inc, Hamilton, ON). Aliquots of 

total RNA were separated in sterile tubes and quantified. 

4.3.4 Northern blot procedures 

After denaturation, 25Jlg total RNA samples were electrophoresed in 1% agarose, 2.2 m 

formaldehyde gel, transferred to nylon membranes (Hybond N, Amersham) and 

hybridized with 32P-Iabeled VDR probes. The probes were labeled with a 32p_CTP by a 

random-primed DNA labeling procedure with Klenow polymerase. 

4.3.5 Probe preparation by peR 

Complementary DNA sequences for the detection ofmRNA transcripts ofVDR genes by 

Northern blot procedures were obtained by RT-PCR using appropriate primers and 

reverse transcriptase enzyme. The PCR buffer consisted of 10 mM tris (pH 8.3), 50 mM 

KCI, 2 mM MgCI2, 0.01 % gelatin, 0.2 mM deoxynucleotide triphosphates, and 1.25 U/50 

JlI Taq polymerase. The VDR-gene PCR primers consisted ofbases in the sense direction 

(5'-CTCCTCCTTCCGCTTCAGGATCATCTC) and bases in the antisense direction 

(5'ATGGCGGCCAGCACTTCCCTGCCTGAC). The calculated PCR product length 

was 330 bp. The PCR program involved 3 cycles: 40 sec at 94°C, 60 sec at 50°C, and 90 

sec at 72 DC. 
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4.3.6 Decalcification o/tissues 

EDTA-glycerol (EDTA-G) solution was prepared as previous described (197). 14.5 g 

EDTA, 1.25 g NaOH, and 15 m1 glycerol were dissolved in distilled water and the pH 

was adjusted to 7.3. The solution was then made up to 100 ml and stored at 5°C. 

After fixation, specimens were serially washed for 12 hours at 5°C in each of the 

following solutions: O.OlM PBS containing 5% glycerol, 0.01 M PBS containing 10% 

glycerol. and 0.01 M PBS containing 15% glycerol. The specimens were then decalcified 

in EDTA-G solution for 10-14 days at 5°C. This EDTA-G solution was replaced every 5 

days. Progression ofdecalcification was checked by X-ray. To remove EDTA and 

glycerol from the decalcified tissues. they were washed at 5C for 12h successively in 15% 

sucrose and 15% glycerol in PBS; 20% sucrose and 10% glycerol in PBS; 20% sucrose 

and 5% glycerol in PBS; 20% sucrose in PBS; 10% sucrose in PBS; 5% sucrose in PBS 

and 100% PBS as previously described (196). 

4.3.7 Detection o/VDR by Immunohistochemistry 

After decalcification, bone samples were embedded in low-melting-point paraffin in a 

Shandon Citadel 2000 automatic tissue processor (Shandon Scientific Limited. Runcorn, 

UK). Coronary and transverse sections (4f.l) were made for the epiphyseal parts and the 

shaft, respectively. Sections were mounted on silane-coated glass slides (Fischer 

Scientific. Springfield. NJ, USA) and paraffin was removed with three washes ofxylene 

and rehydrated with ethanol washes (80-50-30%) and PBS. Non-specific binding was 

blocked by addition of goat serum for 1 hour. Sections were then incubated with rabbit 

polyc1onal IgG VDR Ab (Santa Cruz Biotechnology, Santa Cruz. CA, USA) for either 4h 
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at room temperature or 8-24 h at 4°C. After washing with PBS, goat antibodies to rabbit 

IgG were added to the sections at room temperature for 30 minutes, followed by a 30 

minute incubation with 0.6% hydrogen peroxide + chromogen and then counterstained 

with hematoxylin. Control slides were incubated with rabbit IgG, according to 

manufacturer instructions, and triplicate tests and control slides were included in 

immunodetection. 

4.3.8 Detection ofVDR in bone by immunofluorescence 

Bone sections were treated as described above, omitting the final step involving treatment 

ofcells with hydrogen peroxide. After fixation in 4% paraformaldehyde, sections were 

washed with PBS and then incubated in 10% normal blocking serum in PBS for 20 

minutes to suppress non-specific binding of IgG. Sections were incubated with rabbit 

polyclonal IgG VDR Ab (Santa Cruz Biotechnology, Santa Cruz, CA, USA) with 1.5% 

normal blocking serum overnight at 4°C and then incubated for 45 minutes with 

fluorescent conjugated secondary Ab (FITC-Santa Cruz, Santa Cruz, CA, USA) diluted to 

2 Jlglml in PBS with 1.5% normal blocking. Control slides were incubated with rabbit 

IgG, according to manufacturer instructions, and triplicate tests and control slides were 

included in immunodetection. 

4.3.9 Quantification ofosteoblasts expressing VDR 

Each longitudinal section was analyzed in six zones of0.8 mm starting from the 1°-2° 

spongiosa interface and moving in the direction of the diaphysis as described by 

Tomkinson et al. (68). Osteoblasts were identified as cuboidal cells lining the osteoid­
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covered trabecular perimeter. The sections were scored for the total number ofosteoblasts 

and the number ofosteoblasts expressing VDR. In all cases at least 100 osteoblasts were 

assessed per section. 

In the immunoperoxidase stained sections, cells positive for VDR displayed a nucleus 

with punctillate brown staining from the peroxidase-labeled Ab as well as the blue from 

the hematoxylin. Under fluorescence, positive cells for VDR were found using the same 

technique; positive cells showed intense nuclear green fluorescence, negative controls 

showed light cytoplasmic and nuclear fluorescence. 

4.3.10 Controls 

In all immunofluorescence and immunochemistry detection methods for VDR, non­

immune mouse serum and mouse IgG, in place of the primary Ab, were included as 

controls. Three tests and three control slides were included for each variable, and runs 

were performed on at least three different blocks from the same bone on separate 

OCCasiOns. 

4.3.11 Cell sorting andjlow cytometry 

One femur ofeach mouse was flushed with 5 ml ofphenol red-free Dulbecco's modified 

Eagle's Medium DMEM (GIBCO BRL, Gaithersburg, MD) containing 10% FBS to 

obtain marrow cells. After hemolysis as described above, cells were washed in PBS and 

then fixed in 4% paraformaldehyde, rinsed with PBS, and preserved with 75% ethanol at 

-20°C. Cell suspensions were incubated with rabbit polyclonal IgG VDR Ab (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) with 1.5% normal blocking serum for 1 hour at 

room temperature and then incubated for 45 minutes with FITC fluorescent conjugated 



120 

secondary Ab (Santa Cruz, CA, USA). Control samples, consisting ofcells labeled with 

FITC Ab, but without VDR Ab, were used to align the cytometer and to set the 

fluorescent signal. Cells were analyzed by flow cytometry using a FACScan flow 

cytometer (Becton Dickinson, San Jose, CA, USA) at a peak fluorescence wavelength of 

530 nm for fluorescein. The percentage ofcells expressing VDR was determined after 

electronic subtraction of signal due to background fluorescence, which was determined 

using cells incubated with FITC-Iabeled dUTP without primary Ab. A minimum of 104 

cells were analyzed. This experiment was repeated three times. 

4.3.12 Culture ofHuman Osteoblasts 

Newborn human calvaria osteoblast cell line N-976 was generated as described 

previously (197). These cells contain osteoblast precursors at various stages of 

differentiation, including cells already committed to the osteogenic pathway. These cells 

express specific osteoblast markers such as alkaline phosphatase, type I collagen, and 

osteonectin, as well as the vitamin D receptor. Cells were plated at a density of2 x 104 

cellslwell in six well plates (Falcon, Becton-Dickinson, NJ, USA) in phenol red free 

DMEM (GffiCO, Grand Island, NY, USA) containing 5% heat-inactivated fetal calf 

serum (FCS), 100 Ulml ofpenicillin, and 100 Ulml of streptomycin. When cells reached 

80% confluence, the medium was replaced with serum free medium containing 10·3M 

thymidine (to block cell proliferation) and either 1,25(OH)2D3 (lO·8M) (LEO 

pharmaceutical, Sweden) or Estradiol (lO·7M) (Sigma-Aldrich, S1. Louis, MI, USA) or 

both. Cells were counted at time intervals of24,48 and 72 hours in a coulter counter 

(Coulter Electronics, Beds, UK). 
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4.3.13 Effect ofestrogen (E2J on VDR expression in human osteoblasts in vitro 

To determine VDR expression regulation by estrogens in vitro, N-976 cells were plated in 

phenol red free DMEM with 5% FCS as described above. After 24 hours, medium was 

replaced with phenol red free DMEM containing 5% FCS with or without Estradiol (10­

7M). After 48 hours treated and non-treated cells were trypsinized and RNA was 

extracted. Northern blot was performed as previously described. Due to the close match 

between human and mouse sequences for VDR (96%), complementary DNA sequences 

for the detection ofmRNA transcripts ofVDR genes by Northern blot procedures were 

obtained by RT-PCR using the same primers and reverse transcriptase enzyme as in vivo 

experiments. 

4.3.14 MTS Formazan-Cell survival assay 

N-976 cells were seeded at a density of4x102cells/well in 96-well cluster plates (Falcon, 

Becton-Dickinson, NJ, USA) and grown to 30% confluence. After 24 h in phenol red free 

DMEM containing 5% FCS, the medium was replaced with serum free medium 

containing 10·3M thymidine with either 1,25(OH)2D3 (10,sM)or estradiol (10-7M) or both. 

MTS Formazan assesses mithocondrial function by the ability ofviable cells to convert 

soluble 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTS) into an 

insoluble dark blue Formazan reaction product measured photometrically as previously 

described (198). A stock solution ofMTS was dissolved in PBS at a concentration of 

5mglml and was added in a 1:10 ratio (MTSIDMEM) to each well incubated at 37°C for 

4h and the optical density determined at a wavelength of 570-630 nm on a microplate 

reader model 3550 (Biorad, Hercules, CA). In preliminary experiments the absorbance 

was found to be directly proportional to the number ofcells over a wide range (2 x 102to 
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350 X 10 cells/well). The percent survival was defined as [(experimental absorbance - blank 

absorbance)/control absorbance - blank absorbance)] X 100, where the control absorbance is the optical 

density obtained for lOx 103cells/well (number ofcells plated at the start of the 

experiment), and blank absorbance is the optical density determined in wells containing 

medium and MTS alone. 

4.3.15 Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling 

(TUNEL) assay 

DNA cleavage was assessed by the terminal deoxynucleotidyl transferase-mediated dUTP 

biotin nick end labeling (TUNEL) reaction as described previously (200). Newborn 

human calvaria osteoblasts (N-976) were cultured in 2 well glass chamber slides (Angle 

Nun Int. Naperville, IL, USA) in serum free DMEM medium containing 10-3M thymidine 

with or without 1O-8M 1,25(OHhD3. At 48h cells were fixed in 4% paraformaldehyde for 

10 minutes, washed in 10 mM tris-HCI, pH 8.0, and preincubated for 10 min at room 

temperature in the reaction buffer for terminal deoxynucleotidyl transferase (200-mM 

potassium cacodylate, 0.22 mg/ml BSA, and 25-mM tris HCI, pH 6.6). The preincubation 

buffer was then removed, and a reaction mixture containing 500 Ulml terminal 

deoxynucleotidyl transferase, 25 mM CoCI2, and 40 IlM biotinylated dUTP was added 

for 60 min at 37°C. The reaction was terminated by the addition of300 mM NaCI and 

30mM sodium citrate for 25 min at room temperature and for 60 min at room temperature 

in the dark. After extensive washing in PBS cells were examined in a Leica fluorescence 

microscope. Propidium Iodine was used as counter staining. Those cells that stained 

individual apoptotic nuclei with green fluorescence were considered positive. 
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4.3.16 Statistical analysis 

All results are expressed as mean ± SEM of 3 replicate determinations, and statistical 

comparisons are based on one-way analysis ofvariance (ANOVA) or Student's T-test. A 

probability value ofp<0.05 was considered significant. 

4.4 Results 

Throughout this study, uterine weight served as an independent marker for estrogenic 

activity in the different mouse groups (data not shown). The markedly reduced uterine 

weight in OVX mice confirmed least exposure to estrogens in this group, compared with 

the intact and OVX+E2 groups. Both of the OVX + E2 groups had higher uterine weights 

which can be attributed to the supraphysiological dose ofestradiol and to lack of the 

physiological cyclicity in estrogens production. 

4.4.1 Effect of Estradiol on VDR transcription 

Northern blot analysis showed a significantly higher level ofVDR mRNA in the younger 

group than in the older group (Fig. 20)(*p < 0.04). Densitometric quantification of the 

signals produced by the hybridization in each treatment group, normalized according with 

GAPDH RNA expression indicated a decrease in VDR RNA content with aging, and an 

increase of approximately five fold in VDR RNA content in OVX estrogen-exposed mice 

vs estrogen-deprived mice, with more marked and significant response in older than in 

younger mice (**p<0.002). 
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Figure 20. VDR RNA expression in bone of young and old oophorectomized 

C57BL/6J mice with and without estrogen administration. 

Total RNA was extracted from bone marrow cells with acid guanidinium-thyocyanate­

phenol-chlorofonn using Tri-reagent solution (Triazol, Invitrogen Canada Corp. 

Hamilton, ON). After denaturation, 25J.tg of total RNA samples were electrophoresed in 

1% agarose, 2.2% fonnaldehyde gel, transferred to nylon membranes and hybridized with 

a 32P-Iabeled VDR probe. The signals were quantified by densitometry and nonnalized 

according with GADPH RNA expression. The bar graph shows the ratio between 

GADPH NDR. A significant reduction in VDR expression from young to old mice was 

found (*p<O.04), while both groups experienced a similar reduction in the expression of 

YDR after OYX. Finally, after E2 administration an increased expression in both groups 

was found, with a higher and significant increase in the old group (**p<O.002). 
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4.4.2 VDR in bone - immunohistochemistry and immunofluorescence 

Quantification ofVDR expressing osteoblasts by immunohistochemistry and 

immunofluorescence showed a significant reduction ofVDR-expressing osteoblasts in 

old mice as compared to young mice, from 68% in young to 52% in old mice (Fig. 21 A 

and B) (p<0.04). In young oophorectomized mice the number ofVDR decreased from 

68% to 46% after OVX (Fig. 21, A and C) and recovered to 72% after Ez administration 

(p<0.02) (Fig. 21,E), while in the group ofold mice, the expression ofVDR decreased 

from 56% to 48% after OVX (p< 0.01) (Fig. 21,B and D) and recovered to 85% after Ez 

administration (p<0.001).(Fig. 21, F). 

4.4.3 Flow cytometry 

A higher level of VDR-expressing bone marrow cells was detected in both groups of old 

and young Ez exposed mice vs. Ez deprived mice (Fig. 22) with a higher and significant 

response in the older group vs the younger one (table)(p<O.OOI). 

4.4.4 Effect of estrogen (Ez) on VDR expression in human osteoblasts 

The effect ofEz on VDR expression in human osteoblasts is shown in Fig. 23 (upper 

panel). Densitometric quantification ofVDR expression shows a significant VDR up­

regulation in treated as compared to the normal VDR expression in non-treated cells 

(lower panel) (p<0.05). 

e� 
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Figure 21. Detection ofVDR by immunohistochemistry and immunofluorescence. 

After decalcification, bone samples were embedded in low-melting paraffin, coronary and 

transverse sections were made for the epiphyseal parts and the shaft respectively. Sections 

were treated as described in materials and methods for immunohistochemistry (top of 

each panel) and immunofluorescence (bottom of each panel). In both cases sections were 

incubated with rabbit polyclonal IgG VDR Ab (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA). Each longitudinal section was analyzed as described by Tomkinson et al (68). 

The percentage of nuclear VDR-expressing osteoblasts was determined by counting 

groups of 100 osteoblasts per zone. The arrows in Fig. 20 show the positive nuclear 

expression of VDR in young (A) and old (B) non-OVX mice compared to young OVX 

(C) and old OVX (D). By contrast, the number ofVDR-expressing osteoblasts increases 

in both young OVX (E) and old OVX (F) after estrogen supplementation. 

The bars in the bottom show the percentage ofVDR-expressing osteoblasts in each one of 

the groups. There is a significantly higher number ofVDR-expressing osteoblasts in 

young vs. old (*p<0.04), and a higher number ofVDR expressing osteoblasts in both 

groups after E2 supplementation as compared to the OVX groups (**p<O.OOl). 
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Figure 22. Flow cytometry quantification of VDR expression changes in bone after 

estrogen supplementation in old and young oophorectomized mice. 

One femur from each mouse was flushed with 5 mil of phenol red-free DMEM (GillCO 

BRL, Gaithersburg, MS,USA) containing 10% FBS to recover marrow cells. After 

hemolysis, cells were washed in PBS and then fixed in 4% paraformaldehyde. Cell 

suspensions were incubated with a rabbit polyclonal IgG VDR Ab (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) with 1,5% normal blocking serum for 1 hour at 

room temperature and then incubated for 45 minutes with a FITC fluorescent conjugated 

secondary Ab (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Cells were analyzed by 

using a flow cytometer as described in methods. The percentage of cells expressing VDR 

was determined after electronic substraction of the signal due to background fluorescence. 

A minimum of 104 cells were analyzed. This experiment was repeated three times. 

The figure shows the results of flow cytometry in young OVX (B) and old OVX (C). 

After estrogen supplementation the level ofVDR expression increases in both groups 

with a more marked increase in the old (E) as compared to the young group (D). The 

percentages ofVDR expressing cells are shown in table showing a significant increase in 

VDR-expressing cells in both groups with a more marked response in the older group. 
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e 4.4.5 Effect of 1,25(OHhD3 and estrogens on proliferation and survival of human 

osteoblasts 

We examined the effects of 1,25(OHhD3 alone or together with estradiol on proliferation 

of N-976 cells following induction of apoptosis by serum deprivation as described in the 

Methods. As can be seen in Fig. 24 (A), after different time intervals a significant 

increase in osteoblast number and survival was found in all three treated groups 

(1,25(OHhD3, Ez or 1,25(OH)zD3 + Ez. However, we found that in the presence of 

1,25(OH)zD3 + Ez, the cells survived longer as compared with cells treated with either 

1,25(OHhD3 or Ezalone (*p<O.OI). 

4.4.6 TUNEL Assay 

Green fluorescence was detected in apoptotic cells under fluorescent microscopy. Fig. 24 

(B) shows a marked decrease of osteoblasts with chromatin condensation at the nuclear 

membrane, which indicates apoptosis, in the presence of 1,25(OHhD3 + Ez at 48 hours as 

compared to cells treated with either 1,25(OHhD3 or E2 alone. In addition, E2and 

1,25(OHhD3 treated cells showed less apoptotic changes as compared with non-treated 

cells (lower right panel). 

4.5 Discussion 

In this study, we have assessed not only the effect of aging on steroid hormone interaction 

in vivo but also the significance of changing estrogens levels on the bioresponse ofVDR 

e in vitro. By using a OVX model, we have simulated postmenopausal osteoporosis and by 
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Figure 23. Expression changes of VDR RNA after estrogen (E2) administration in 

human osteoblasts in vitro. 

N-976 cells were plated in phenol red free DMEM with 5% FCS. After 24 hours, medium 

was replaced with phenol red free DMEM containing 5% FCS with or without Estradiol 

(10-7M). After 48 hours RNA was extracted, denaturized, and then electrophoresed in 1% 

agarose, 2.2% formaldehyde gel, transferred to nylon membranes and hybridized with a 

32P-labeled VDR probe. The signals were quantified by densitometry and normalized 

according with GADPH RNA expression. The bar graph shows the ratio between 

GADPH NDR. A significant up-regulation on VDR expression was found in the treated 

e cells as compared to non-treated cells (*p<O.05). 
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Figure 24. Effect of 1,25(OHhD3 with and without E2 on osteoblast apoptosis using 

cell survival and TUNEL assays. 

Human osteoblasts (N-976) were plated in phenol red free DMEM containing 5% FCS 

for 24 hours. The medium was then replaced with serum free medium containing 10-3 M 

thymidine with either 1,25(OHhD3 (10-8M) or E2 (10-7M) or both. After 24,48 and 72 

hours cell activity was assessed by MTS Formazan as described in methods. A significant 

difference was observed at all time points between cells treated with either 1,25(OHhD3, 

E2 or both as compared to non-treated cells (A) (*0.002). In addition, at 48 and 72 hours 

a significant difference in survival between cells receiving 1,25(OHhD3 or E2 alone vs. 

cells receiving both treatments was found (t 0.01). 

Apoptotic cells were identified by using TUNEL assay. Cells were cultured in 2 well 

glass chamber slides in serum free medium as described in methods. After 48 hours cells 

were fixed and preincubated in the reaction buffer for terminal deoxynucleotidyl 

transferase. Biotinylated dUTP was added for 60 min at 37°C. Propidium iodine (PI) was 

used as counter staining and cells were examined in a Leica fluorescence microscope. The 

top of each panel in Fig. 23(B) shows a minimum of 10 cells per field stained with PI. In 

the bottom of each panel cells positive for DNA fragmentation show green fluorescence. 

The figure shows a higher proportion of apoptotic cells in the control cells (upper left 

panel) as compared with the treated groups. However, the number of cells showing DNA 

fragmentation is much lower in cells receiving both 1,25(OH)2D3 + 17{3 Estradiol as can 

be seen in the lower right panel. 
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Table 5. Percentage of VDR-expressing bone marrow cells in young and old 

oophorectomized C57BL/6J mice with and without E2 replacement. 

OVX OVX+E2 

Young 15±4 26±4* 
Old 10±2 58±6* 

Bone marrow cells from femora were flushed and hemolized. After incubation with rabbit 

polyclonal IgG VDR Ab (Santa Cruz Biotechnology, Santa Cruz, CA USA) with 1,5% 

normal blocking serum for 1 hour at room temperature, cells were the incubated for 45 

minutes with FITC fluorescent conjugated secondary Ab (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA). A minimum of Ix 103 cells was analyzed by flow cytometry. The 

table shows the percentage ofVDR expressing cells. (*) represents a significant 

difference. Data are representative of three different experiments. 

e� 
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using an aging model we have assessed the effect ofage related bone loss in this 

interaction as well. 

There is evidence that E2 regulate the activity and expression ofVDR in target organs like 

bowel (186,187,189) as shown by the increasing calcium absorption after E2 

supplementation in postmenopausal women (189). Other target organs with the same 

interaction but with unclear physiological significance are breast and uterus (188). In 

addition, an interaction between vitamin D and estrogens has been also documented in 

VDR knock out mice which present the typical findings ofestrogen-deficient state 

demonstrating that the presence ofVDR is essential in estrogen biosynthesis ofboth 

female and male gonads (199). The aging process in bone includes two different 

phenomenons: the first is detennined by decreasing levels ofcirculating estrogens known 

as menopause, a process which involves increasing osteoclast activity, bone resorption 

and higher osteoblast apoptosis (185). The second phenomenon is known as age-related 

bone loss that includes decreased OB, increasing AD and increasing osteoblast apoptosis 

(8). The only previous evaluation ofVDR expression changes with age was reported by 

Martinez et al. (200); they obtained primary cultures ofhuman osteoblastic cells from two 

different donor age groups and they found a decreased VDR mRNA expression in cells of 

aged donors in mostly cortical bone. 

In this study we assessed the changes ofVDR expression by simulating both of the 

phenomena that happen to bone during aging, which are honnone deprivation and pure 

aging related bone loss. First, we assessed the effect of aging in VDR expression in bone 

by comparing two different C57BU6J mice populations (4 and 24 months old). As shown 

in figure 20, we found a higher level ofVDR mRNA expression in younger mice as 
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compared to an older mouse population. These results were confirmed by using 

immunohistochemistry and immunofluorescence to quantify the number ofVDR­

expressing osteoblasts in bone sections (Fig. 21). Our findings corroborate previous 

observations of reduction in the number ofVDR in bone during aging (184). 

We also assessed the effect ofchange in estrogens levels on VDR expression in bone by 

comparing estrogens deprived (after OVX) and estrogens exposed (OVX + E2) mice. We 

found that after OVX, the level ofVDR expressing osteoblasts decreased in both groups 

(Fig. 21, C and D) as well as their levels ofmRNA expression decreased significantly as 

shown in Fig. 20. In contrast, when mice were exposed to E2 there was a significant rise 

in the levels ofVDR-expressing osteoblasts (Fig. 21) and mRNA expression (Fig. 20) in 

both groups with a greater increase in the older group. Interestingly, in OVX young and 

old mice exposed to E2, the proportion ofosteoblasts-expressing VDR was higher than in 

the intact mice. This may possibly be attributed to the supraphysiological dose of 

estradiol and to lack of the physiological "cyclicity" in estrogens production. 

Several methods have been used to assess the bioresponse ofVDR to E2 in vitro including 

quantification ofchanges in cytosolic free calcium (202) or changes in OSN production 

(192). Initially, we assessed the effect of E2 on VDR expression in a human osteoblasts 

(N-976) cell line. A significant up-regulation ofVDR expression in E2 treated osteoblasts 

was found (Fig. 22). These findings correlate with prior reports on the effect ofE2 on 

VDR expression in osteoblasts in vitro (201). 

Previous studies have demonstrated the anti-apoptotic effect ofboth 1,25(OH)2D3 (178) 

and E2 (202) in human osteoblast-like cells. By using the anti-apoptotic effect of 

1,25(OH)2D3 as a marker ofVDR bioresponse, we measured the effect of 
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E2+1,25(OH)2D3, as compared either to E2 or to 1,25(OH)2D3 alone on osteoblast 

apoptosis in vitro. Our results showed that E2potentiate the effect ofvitamin D as an anti­

apoptotic agent, suggesting that E2 enhance the bioresponse ofVDR in osteoblasts in 

vitro (Fig. 24, A and B). 

The mechanism that could explain this interaction is still unclear. Osteoblasts express 

both estrogen and VDR and this expression is developmentally regulated (203). Estrogen 

could exert its effect on a genomic level directly by stimulating VDR gene transcription 

(204,205). There is evidence that 17{llistradiol enhance activity of an specific VDR 

promoter. In the study by Byrne et al (206), a hormonally responsive promoter region 

upstream of exon lc in the VDR gene was found, demonstrating a regulation ofcell 

sensitivity to 1,25(OH)2D3 via transcriptional regulation of the VDR promoter. 

The present study in addition to previous observations concerning osteoblasts in vitro 

(8,200,206) indicates that E2increases total VDR mRNA content. There is also a higher 

response of the osteoblasts to the administration ofE2and there is an important and 

significant difference in the expression ofVDR between young and old bone under E2 

supplementation. 

With aging, there is a decline in BMD associated not only to age-related bone loss but 

also to hormone deprivation. E2 are a pivotal factor in the pathophysiology and treatment 

ofmenopausal osteoporosis and the mechanisms to explain their effect have been 

partially elucidated. In this study we demonstrate the interaction between E2 and VDR in 

vivo and its significance in vitro. The intrinsic mechanisms to explain this interaction are 

still unknown, but the demonstration of this complementary effect of two steroid 
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honnones in bone may open an important field to search for new therapeutic interactions 

in the future. 
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INTRODUCTION TO CHAPTER FIVE 

The process ofapoptosis ofmature osteoblasts is the result of the activation ofdeath 

domains by extrinsic (hormones and growth factors deprivation) and intrinsic factors 

(aging). The elucidation of the apoptotic pathways and the identification of their major 

regulatory points will offer a new approach to understand one of the fates of the aging 

osteoblast and the significance that inhibition of apoptosis could have on bone formation. 

In this chapter we describe the apoptotic pathways that are activated during osteoblast 

apoptosis. In addition, based on previous data described in chapter four, we identify the 

key steps to be regulated in order to inhibit osteoblast apoptosis and increase osteoblast 

survival and activity. 
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5.1 Summary 

Apoptosis plays an important role in the regulation ofbone turnover. Previously, we 

showed that 1,25(OH)2D3, the active form ofvitamin D, may increase osteoblast survival 

by inhibiting apoptosis induced by serum deprivation. Human osteoblasts express the Fas 

receptor on their surface and its interaction with Fas ligand is necessary for human 

osteoblast apoptosis. To investigate the mechanism of 1,25(OH)2D3 inhibition of 

apoptosis in osteoblasts isolated from human calvaria, cells were subjected to either 

serum deprivation or addition ofFas antibody. Visualization of apoptotic cells using 

annexin V revealed a significant decrease in apoptosis at 48 hours in the presence of 

1,25(OH)2D3 (16% ± 2%, p<O.04) compared with non-treated cells (45% ± 3%). 

Furthermore, flow cytometric analysis ofTUNEL labelled osteoblast showed a significant 

decrease in apoptotic cells in 1,25(OHhD3 treated cultures (21 % ± 2%) at 48 hours 

compared with non-treated cultures (44% ± 4%, p<O.04). To further explore the 

mechanism of 1,25(OH)2D3 mediated inhibition ofapoptosis we examined the changes in 

activation ofdeath domain proteins, cleavage ofcaspases and mitochondrial regulators of 

apoptosis by western blot analysis. A significant inhibition ofcaspase-8 cleavage and 

activity in 1,25(OHhD3 treated cells was observed in conjunction with a decrease in the 

levels of the proapoptotic protein Bax and an increase in the expression of the 

antiapoptotic protein Bcl-2. Furthermore, the levels ofp21Cipi/WAFl, which inhibits the 

cleavage ofcaspase-8, was found to be highly induced in 1,25(OH)2D3 -treated cells. In 

summary, these results demonstrate that the anti-apoptotic effect of 1,25(OH)2D3 in 

human osteoblasts is mediated by the regulation ofcomponents of the mitochondrial and 

Fas-related pathway. 
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5.2 Introduction 

The skeleton is a dynamic tissue in which there are continuous interactions between bone 

fonning osteoblasts and bone resorbing osteoclasts. Together these cells fonn a basic 

multicellular unit (BMU) that continuously remodels the skeleton replacing old bone with 

new one (1). This remodeling process can be affected by multiple factors including 

honnone deprivation and aging during which apoptosis, or programmed cell death, may 

contribute to the imbalance between the number ofosteoclasts and osteoblasts available 

in the BMU (207-209). 

Apoptosis is an important determinant of the life span ofcells in regenerating tissues (59) 

and represents a "physiological" mode ofcell death (57). Cells undergoing apoptosis are 

recognized by condensation ofchromatin, degradation ofDNA into oligonucleosome­

sized fragments, and fonnation ofplasma and nuclear membrane blebs leading to the 

fonnation ofapoptotic bodies (57,58). Both osteoclasts and osteoblasts can undergo 

apoptosis (61) Under physiological conditions osteoclasts undergo apoptosis and are 

quickly removed by local phagocytes once they have eroded bone to a specific distance 

from the central axis, in cortical bone, or to a particular depth from the surface in 

cancellous bone (61,64). Osteoclast apoptosis can be induced in vitro and in vivo by 

administration ofestrogens (E2) (64) or bisphosphonates (210), which leads to a decrease 

in bone resorption. 

Mature osteoblasts can alter their phenotype to become either lining cells or osteocytes. 

However 65% of the osteoblasts present in a remodeling site cannot be accounted for in 

either of these ways and are thought to die by apoptosis (61). Recent evidence suggests 

that osteoblast apoptosis in vitro can be induced by serum deprivation (SD) (120,211) or 
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by the activation ofCD95/Fas receptor by its ligand (63,212). The lack ofgrowth factors, 

glucose and aminoacids during SD, activates an apoptotic pathway shared by TNFR, 

Fas/Apo1 and TRAIL-R/Apo2 pathway with subsequent ligand binding and the 

recruitment and activation ofcaspase-8 (213,214). 

In addition, human osteoblasts express CD95/Fas, and both membrane-bound and soluble 

forms of the Fas-ligand (Fas-L) (63). Osteoblasts undergo apoptosis after being exposed 

to antibodies to the CD95/Fas receptor which activate two specific adaptor molecules 

such as Fas-associated death domain (FADD) and TNFa death domain (TRADD) with 

the subsequent activation ofthe caspases cascade (214). Furthermore, CD95/Fas is 

involved in the activation of the apoptotic pathway not only by directly inducing the 

cleavage ofcaspase-8 but also by increasing the ratio ofBax (pro-apoptotic factor) to Bcl­

2 (antiapoptotic factor) which favors the formation ofBax homodimers (215) which 

activate the effector caspases. Additionally, tumor necrosis factor a (TNF-a) and 

interleukin 1a (IL-la) are also known to activate the CD95/Fas pathway in human 

osteoblasts leading to recruitment and activation ofcaspase-8 (212,216). 

The action of the active metabolite ofvitamin D3, 1,25 dihydroxyvitamin D3 

(1,25(OH)2D3), on bone is primarily indirect through the intestinal absorption ofcalcium 

(Ca++) and phosphorus, which are necessary for mineralization ofbone matrix and 

prevention ofrickets and osteomalacia (217-219). In'addition, 1,25(OHhD3binds to 

vitamin D receptors (VDR) in osteoblasts and induces expression ofreceptor activator of 

NF-KB ligand (RANK-L) (220,221), which in turn mediates osteoclastogenesis and 

osteoclastic bone resorption (221). In previous work it was shown that 1,25(OH)2D3 

rescued serum-deprived osteoblasts from apoptosis (120). Since the mechanism to explain 
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this effect remains unknown, the assessment ofthe key elements of the CD95/Fas 

pathway that could be regulated by 1,25(OH)2D3 might offer a new approach to the 

inhibition ofosteoblast apoptosis and therefore to the promotion ofosteoblastic activity 

and bone formation. The current work investigates the hypothesis that this anti-apoptotic 

effect could be mediated through down regulation of the CD95/Fas pathway and caspase­

mediated cell death. 

5.3 Materials and Methods 

5.3.1 Culture ofHuman Osteoblasts 

Two different newborn human calvaria osteoblast cell lines N-976 and N-704 were 

generated as described previously (197). These cells contain osteoblasts precursors at 

various stages ofdifferentiation, including cells already committed to the osteogenic 

pathway. These cells express specific osteoblast markers like alkaline phosphatase, type I 

collagen, and osteonectin as well as the vitamin D receptor. Cells were plated at a density 

of2 x 104 cells/cm2in six well plates (Falcon, Becton-Dickinson, NJ, U.S.A.) in 

Dubelcco's modified Eagle's Medium, DMEM (GmCO, Grand Island, NY, U.S.A.) 

containing 5% heat-inactivated fetal calf serum (FCS), 100 Ulml ofpenicillin, and 100 

Ulml of streptomycin. When cells reached 80% confluence, medium was replaced with 

either serum free medium or medium containing l)lg/ml ofFas Ab (Oncor, 

Gaithensburg,MD,USA)+ 5% FCS and either 1,25(OHhD3 (10-10 to 1O-7M) or vehicle 

alone. 
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5.3.2 Apoptosis measured by Annexin V staining 

Newborn human calvaria osteoblasts (N-976 and N-704) were cultured in 2 well glass 

chamber slides (Nalge Nunc Int. Naperville, IL, USA) in serum free DMEM medium or 

in medium containing l).tglml ofFas Ab+ 5% FCS with or without lO-sM 1,25(OH)2D3' 

After 48 hours cells were resuspended in 100 ).tl Hepes buffer containing 140 roM NaCh, 

2.5 roM CaCh, and stained with 5).t1 annexin V FITC (Roche, Nutley, NJ, USA) and 

Propidium Iodine (PI) (SIGMA, St. Louis, MI, USA) 5 ).tglml for 15 minutes at room 

temperature in the dark. Five thousand cells were measured on a FACScan flow 

cytometer and analyzed with WinMDI software. Results were expressed as the percentage 

(pI negative and annexin V positive) apoptotic cells. 

5.3.3 Detection and quantification ofapoptosis by Annexin Vand TUNEL assay 

DNA cleavage was assessed by the TUNEL reaction as described by Gavrieli et al (62). 

Newborn human calvaria osteoblasts (N-976 and N-704) were cultured in 2 well glass 

chamber slides (Nalge Nunc Int. Naperville, IL, USA); apoptosis was induced and cells 

were treated as previously described. After 48 hours cells were fixed in 4% 

paraformaldehyde for 10 minutes, washed in 10 roM tris-HCI, pH 8.0, and preincubated 

for 10 min at room temperature in the reaction buffer for terminal deoxynucleotidyl 

transferase reaction (200-roM potassium cacodylate, 0.22 mglml BSA, and 25-roM tris 

HCI, pH 6.6). The preincubation buffer was then removed, and a reaction mixture 

containing 500 Ulml terminal deoxynucleotidyl transferase, 25 roM CoCI2, and 40 J.1M 

biotinylated dUTP was added for 60 min at 37°C. The reaction was terminated by the 

addition of 300 roM NaCI and 30mM sodium citrate for 25 min at room temperature and 
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for 60 min at room temperature in the dark. Propidium Iodine (PI) (SIGMA, St. Louis, 

MI, USA) was added to cell suspensions at a concentration of 5 Jlg/ml. Cells were 

analyzed using a FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA) at a 

peak: fluorescence wavelength of 530 nm for fluorescein and over 620 nm using linear 

amplification for PI. The percentage ofapoptotic cells was detennined after electronic 

subtraction of signal due to background fluorescence, which was detennined using cells 

incubated with FITC-Iabeled dUTP without tenninal deoxynucleotidyl transferase. A 

minimum of 104 cells were analyzed. This experiment was repeated three times. 

5.3.4 Western blot analysis 

N976·and N704 cells (adherent and non-adherent) were treated as previously described 

and then lysed in 20 mM tris-HCI, pH 7,5, 200 mM DTT, 200 mM KCI, 0.5 ml glycerol 

and protease inhibitor tablets (Roche Diagnostics Canada, Laval, QC, Canada), freeze­

thawed 3 times in a dry ice-ethanol bath and centrifuged at 11500 rpm for 15 minutes to 

remove insoluble material. 

Apoptotic Jurkat cells (kind gift ofDr. Andrea LeBlanc, McGill University) were used as 

positive control cell. Lysates were dissolved in SDS electrophoresis buffer (Bio-Rad, 

Hercules, CA, USA) and proteins separated on SDS-polyacrylamide gels and 

subsequently electrotransfered to polyvinylidene difluoride membranes. After membrane 

blocking with PBS containing 0.1 % Tween 20 and 5% non-fat dry milk, membranes were 

incubated overnight at 4°C using an Ab directed against either FADD,TRADD, caspase­

8,-9,Bcl-2, Bax, p21ciPiIWAFl (Santacruz, Santacruz, CA, USA), Poly(ADP-Ribose) 

Polymerase (PARP) (Calbiochem, San Diego, CA, USA), or tubulin (Sigma, St. Louis, 

MO, USA). The bound antibodies were detected with the corresponding secondary 
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antibodies conjugated with horse radish peroxidase. Blots were developed by enhanced 

chemiluminescence using Lumi-GLO reagents (Kirkegoard & Perry, Gaithensburg, MA, 

USA). 

5.3.5 Detection ofCaspase-8 activity by colorimetry 

N976 cells were cultured under serum deprivation or Fas Ab in the presence or 

absence of 1,25(OH)2D3 (l0·8M). At 48 hours, celllysates were obtained from both 

adherent and non-adherent cells. Lysates were then analyzed using ApoAlert Caspase 

Colorimetric assay (Clontech Laboratories, Palo Alto, CA, U.S.A.). This assay uses the 

spectophotometric detection of the chromophore p-nitroaniline (PNA) after its cleavage 

by active caspase-8 from the labeled caspase-specific substrate and therefore represents 

caspase activity. Optical density was detennined at a wavelength of405 nm on a 

microplate reader model 3550 (Biorad, Hercules, CA). 

5.3.6 Statistical analysis 

All results are expressed as mean ± SEM of3 replicate detenninations, and statistical 

comparisons are based on one-way ANOVA or Student's T-test. A probability value of 

p<O.OS was considered significant. 
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5.4 Results 

5.4.1 Effect of 1,25(OH)2D3 on apoptosis using in vitro labeling of osteoblasts 

5.4.1.1 Annexin V 

FACS analysis ofcells stained with annexin V and propidium iodide is shown in Table 6. 

The percentage ofapoptotic osteoblasts in non-treated cells was 45± 3 % and 52 ± 4% 

after SD and treatment with Fas Ab respectively. In contrast, the number of apoptotic 

cells was reduced to 16 ± 4 % in serum deprived cultures and those treated with Fas Ab in 

the presence of 10-8 M 1,25(OH)2D3 (p<O.OI). 

5.4.1.2 TUNEL Assay 

Fig 25 shows fluorescent images ofserum deprived osteoblasts cultured for 48h in the 

absence (A,B) or presence (C,D) of 1O-8M 1,25(OH)2D3 and stained with propidium 

iodide, to indicate cell numbers (A,C) and labelled with TUNEL, to identify fragmented 

DNA (B,D). The percentage ofTUNEL positive cells was much greater in the un-treated 

cultures (B) compared with the 1,25(OH)2D3 treated cultures (D)(Table 6)(P<O.OI). 

5.4.2 Effect of 1,25(OH)2D3 on the Fas and serum deprivation activated pathways 

Initially, the activated pathway (s) after two different apoptotic stimuli was (were) 

assessed. There was not a significant different in the levels ofTRADD in both, Fas Ab 

treated and serum deprived cells (Fig. 25). In contrast, although there was a more marked 

expression ofFADD in Fas Ab treated cells, no differences after treatment with 

1,25(OH12D3 was found. 1,25(OH12D3 showed a marked effect as inhibitor ofcaspase-8 

cleavage after both apoptotic stimuli with a more important effect in the Fas Ab treated 

cells (Fig. 25). No cleavage of Caspase-9 was found in both groups. 
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Figure 25. In situ labeling of apoptotic osteoblasts. 

N-976 human calvaria osteoblasts were cultured as described in Experimental Procedures 

in the absence (A and B) or presence (C and D) of 1,25(OH)2D3 (la-8M). After 48h, the 

cells were fixed, perrneabilized and processed for TUNEL. For identifying purposes cells 

were counterstained with PI (panels A and C, 40X magnification). Panel B shows a 

typical example of osteoblasts with high DNA fragmentation after 48 hours of serum 

deprivation. Panel D shows cells cultured in presence of 1,25(OHhD3(la-8M) showing 

less DNA fragmentation. Only cells expressing apoptotic changes were visible following 

fluorescein staining. Data are representative of 3 different experiments. 

The table shows the percentage of apoptotic cells after 48h in I ,25(OHhD3 (I a-8M) 

treated and non-treated cells by using two different labeling methods (Annexin V and 

TUNEL). In both methods, five thousand cells were measured on a FACScan flow 

cytometer and analyzed with WinMDI software as described in methods. 
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Table 6 

Serum Deprivation FasAb 

Annexin V TUNEL Annexin V TUNEL 

Control 45 ± 3 38±4 52±4 44±3 

1,25(OH)2D) 16± 2 * 18 ± 2 * 18 ± 4 * 21 ± 2 * 

The table shows the percentage of apoptotic cells after 48h in 1,25(OH)2D) (1 0-8M) 

treated and non-treated cells by using two different labeling methods (Annexin V and 

TUNEL). In both methods, five thousand cells were measured on a FACScan flow 

cytometer and analyzed with WinMDI software as described in methods. (*) represents a 

significant difference from control cells (p<O.05). Data are representative of three 

different experiments. 
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In both groups of apoptotic cells there is an increase in the synthesis ofbcl family that is 

involved in the regulation of apoptosis. An important reduction in the level of the pro­

apoptotic Bax was found in 1,25(OHhD3 treated cells while there was an increase in the 

level of the anti-apoptotic bcl-2 (Fig. 26). In addition, the cleavage ofPoly (ADP­

ribose)polymerase (PARP), a zinc-dependent DNA binding protein that recognizes DNA 

stand breaks and is regarded as a marker of caspase activation was assessed in cells 

exposed to both pro-apoptotic methods. As shown in figure 26, in cells treated with 

1,25(OHhD3 the content of the 29kDa cleaved fragment was markedly reduced. 

5.4.3 Changes in caspase-8 activity 

Fig 27(A) shows a significant decrease in caspase-8 activity at 24 hours after induction of 

apoptosis in 1,25(OHhD3treated cells compared with control, with a further decrease by 

48 and 72 hours in both serum deprived and Fas Ab treated cultures (p<O.Ol). 

5.4.4 Induction of p21 CipilWAFI in 1,25(OHhD3 treated osteoblasts 

Fig. 27(B and C) shows a significant higher expression of p21 Cipi/WAFI in 1,25(OH)2D3 

treated osteoblasts as compared to non-treated cells. The levels of expression of 

p21 Cipi/WAFI were determined by western blot (B), quantified by densitometry and 

normalized according with tubulin expression. The bar graph (panel C) shows the ratio 

between tubulin/p21 Cipi/WAFI • A significant up-regulation on p21 CipilWAFI expression was 

found in the treated cells as compared to non-treated cells (p<O.OOl). 
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Figure 26. Changes in apoptosis related proteins in osteoblasts induced to undergo 

apoptosis in the presence of 1,25(OH)zD3• 

A. Apoptosis was induced in N976 and N704 cells by SD or Fas Ab in the presence or 

absence of 1,25(OHhD3(1 0-8M) . Cells were lysed after 48h and whole celllysates 

evaluated by Western blot using specific antibodies for FADD,TRADD, caspases-8,-9 

(pro-caspase and cleaved fragments), Bax, Bcl-2 and PARP, using tubulin as a control. B. 

Scanning densitometric analysis is expressed as a ratio oftubulin to each of the specific 

proteins. * p<0.01, ** <0.001. Representative data from three different experiments is 

shown. 
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5.5 Discussion 

Investigation of the role of apoptosis in mediating a balance between bone deposition and 

bone resorption has gained momentum in recent years as a consequence of understanding 

the mechanism of action of antiresorptive agents such as Ez and bisphosphonates (222) 

and anabolic agents such as PTH (29). Ez induces osteoclast apoptosis possibly through 

the induction or activation ofTGF-B (70). Similarly, bisphosphonates induce osteoclast 

apoptosis either by inhibiting post-translational phenylation of proteins (72) or by 

inhibiting specific enzymes of the mevalonate pathway and prenyl protein transferases 

(224,25). In the case ofPTH, in vivo studies indicate that daily injections ofPTH promote 

bone formation by increasing the lifespan of mature osteoblasts by inhibition ofapoptosis 

(29). 

Although osteoblast apoptosis is a physiological process that may playa role in 

determining the number ofosteoblasts available in a BMU (4,8,9), the molecular 

pathways by which it is regulated remain to be identified. Previous work has identified 

1,25(OH)zD) (120), Ez(10, 203), bisphosphonates (30,225) IL-6 (9), TGF-B (64),vitamin 

K2 (226) and PTH (29) as anti-apoptotic agents in osteoblasts. These observations 

support the conjecture that inhibition of osteoblast apoptosis will increase the number of 

osteoblasts in a BMU, which will result in a gain in bone mass. In addition to its anti­

apoptotic effect in osteoblasts, 1,25(OH)zD) has also shown to inhibit apoptosis in other 

cell lines including hair follicle keratinocytes of C57 BL/6 mice with chemotherapy 

induced alopecia (227), monocytes (228), and in human osteosarcoma cells (178). 

In agreement with our previously published data on cell survival (120), the data shown in 

Figure 26 indicate that morphological indices of apoptosis were reduced in 1,25(OH)zD)­
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Figure 27 

A. 1,2S(OH)2D3 inhibits caspase-8 activity in apoptotic osteoblasts. 

N976 cells were serum deprived and cultured in the presence or absence of 10-8 M 

1,25(OHhD). Celllysates prepared at the indicated times were processed as described 

and subjected to colorimetric analysis. The results are the mean ± SEM of 6 replicates and 

are representative of 3 different experiments. Significant differences in caspase-8 activity 

between 1,25(OH)2D3-treated and un-treated control cells was seen starting at 24 hours 

after SD. * p< 0.001. 

Band C. Changes in the expression of p21 CipiIWAFI induced by 1,2S(OH)2D3 in 

apoptotic osteoblasts. Cells were treated as previously described and then lysed after 48h 

of treatment with or without 1,25(OHhD3' Celllysates were evaluated by Western blot 

with specific antibodies for p21 Cipi/WAFI using tubulin as a control. Panel B shows a 

significant increase in p21 CipilWAFI expression in 1,25(OHhD3-treated as compared to 

non-treated cells. C. Scanning densitometric analysis is expressed as a ratio oftubulin. 

*p<O.OOl. Representative data from three different experiments is shown. 
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treated cells under conditions ofSD and Fas activation. Further analysis of the main 

elements of the CD95/Fas activated pathways (Fig. 27)demonstrated that while both 

FADD and TRADD were activated, 1,25(OHhD3 did not affect this level of the pathway. 

By contrast, at the caspase level no significant change in caspase-9 cleavage was found, 

which suggested that caspase-8 must be the prevailing initiator caspase in this pathway. In 

support of this conjecture was the significant down-regulation of caspase-8 cleavage (fig. 

27) and activity (Fig. 28A) in the 1,25(OH)2D3-treated cells compared with un-treated 

cultures of serum deprived or Fas Ab treated cells. Similarly, monocytes and human 

monoblastic U937 cells were shown to be Fas resistant after treatment with 1,25(OH)2D3, 

through inhibition of caspase-8 c1eavage(228). 

In addition, at the mitochondrial level there was a concurrent reduction in the level ofBax 

and an increase in the level ofBcl-2 which is maybe induced either by a reduction in 

caspase-8 activity or a direct effect of 1,25(OHhD3 on the BcI-2/Bax ratio. Furthermore, a 

subsequent reduction in PARP cleavage, which is a zinc-dependent DNA binding protein 

that recognizes strand breaks that is required for cleavage of the downstream effector 

caspases (229), was observed in 1,25(OHhD3 treated cells compared with control (Fig. 

26). Overall, the effect of 1,25(OH)2D3 on these specific regulatory points would 

contribute to the rescue of cells induced to undergo apoptosis. 

The mechanism to explain the Fas resistance induced by vitamin D in other cell lines has 

been found to involve the induction of p21 Cipi/WAFI which inhibits cell-cycle progression 

by binding G1 cyclin/CDK complexes and proliferating cell nuclear antigen (PCNA) 

through its N- and C terminal domains, respectively (230,231). The CDK-inhibitory 

domain of p21 CipilWAFI is known to block the processing and cleavage ofcaspase-8 in 

mononuclear cells, additionally p21 CipilWAFI interacts with caspase-3 to prevent Fas 
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mediated apoptosis and therefore PARP cleavage (232,233). Interestingly, p21 CipiIWAFI 

has demonstrated to be a mediator of the pro-differentiating and antiapoptotic effects of 

IL-6 type cytokines on human osteoblasts (233). 

To determine if p21 CipiIWAFI has a role in the anti-apoptotic effect of 1,25(OHhD3 in 

osteoblasts, we assessed the change in p21Cipi/wAFI expression in 1,25(OHhD3 treated vs. 

non-treated cells. We found a significant increase in the expression ofp21 CipiIWAFI in 

1,25(OH)2D3 treated cells (Fig. 27. B and C) which might therefore inhibit the cleavage 

of caspase-8 with the subsequent reduction in the levels ofosteoblast apoptosis. 

In summary, we have shown that 1,25(OH)2D3 inhibits apoptosis in vitro in osteoblasts by 

suppressing the cleavage and activity ofcaspase-8. In addition, it was shown that the 

mitochondrial apoptotic pathway (Bax-Bcl-2) is also involved in osteoblast apoptosis and 

that 1,25(OHhD3 inhibits apoptosis by increasing the levels of Bcl-2 as a concomitant 

mechanism. A proposed model by which the inhibitory effect of 1,25(OHhD3 on 

osteoblast apoptosis is shown in Fig 28. The figure shows the main points of the apoptotic 

pathway, after the activation ofCD951Fas, that are regulated by 1,25(OH)2D3 including 

an increase p21 CipilWAFI which would subsequently reduce the recruitment and activation 

of caspase-8. In addition to the effect of 1,25(OHhD3on caspase-8, the higher expression 

ofBcl-2 will potentiate the inhibition ofapoptosis in a mithocondrial related mechanism. 

In conclusion, in this study we described the mechanism to explain the anti-apoptotic 

effect of 1,25(OH)2D3 in osteoblasts. Our findings elucidate the mechanisms involved in 

osteoblast apoptosis and its main regulatory points which could become important target 

when looking for the inhibition ofosteoblast apoptosis with the subsequent gain in their 

function at the BMU as bone forming cells. 
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Figure. 28. A proposed mechanism of action of 1,25(OHhD3 on apoptotic 

osteoblasts. The elements that increase their expression after exposure to 1,25(OHhD3 

are identified in blue (. ) while those elements whose levels of expression are reduced 

are identified in red ( • ). The figure shows that the levels of expression of pro-caspase-8 

increase while there is a reduction in the cleavage of this caspase. In addition the levels of 

the anti-apoptotic factor Bcl-2 are increased while Bax levels are decreased by 

1,25(OHhD3. Finally, expression PARP a marker of effector caspase cleavage is 

decreased in the1,25(OH)2D3 treated cells. No differences in the expression ofFADD or 

TRADD were found in the 1,25(OH)2D3 treated vs. non-treated cells. 
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CHAPTER 6 

Discussion 

The primary objective ofthis thesis was to elucidate the mechanisms involved with the 

aging process in the osteoblast and their possible role in the genesis and regulation ofage 

related-bone loss. We used a developmental approach by analyzing the three major steps 

in the osteoblast life span: its differentiation from MSC to pre-osteoblasts, the changes in 

the mature osteoblast including changes in receptors expression and bioresponses and 

finally the mechanisms of osteoblast apoptosis. 

Initially, we used a genomic approach by using gene array analysis ofMSC before and 

after their differentiation into osteoblasts. By using a human model ofMSC 

differentiation into osteoblasts we found a variety ofchanges in gene expression that 

included genes encoding elements of the pathways involved in osteoblastic differentiation 

such as TGF~ (TGF~-receptors II and III), EGF(EGF response factor 2) PTH-receptor, 

aggrecan 1 etc. Our results suggested a role for two pathways which have been either very 

recently reported (VEGF) or previously unknown (interferon inducible genes) as 

involved in the process ofosteoblast differentiation. The group of genes known as IFNIG 

was up regulated in a transitory mailner during the first week or proliferative phase of 

osteogenic differentiation ofMSC. This finding is remarkable because although in 

previous gene array analysis some of these genes were already mentioned as up regulated 

(31,32) further studies were not pursued. 
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We decided to assess if IFN and IFNIG playa role in the process ofosteogenic 

differentiation ofMSC. Due to the fact that the role ofIFN a. and Pon bone cells has , been widely studied and that the majority of the IFNIG that we found as up-regulated 

were closely related to the IFNy pathway, we decided to assess the role of this IFN in OB 

and osteoblast recruitment. As shown in Chapter Two, we not only found that IFNy plays 

an important role during the early phases of osteoblastic differentiation of MSC but also 

that its absence induces osteoporosis in mice. In addition, we assessed the effect ofIFN 

on the most important factor in osteoblast differentiation, the Runx2/Cbfal. Interestingly, 

we found that IFNy accelerates the differentiation ofMSC into osteoblasts by inducing 

the expression ofRunx/Cbfa1. Figures 9 and 10 illustrate the possible role ofIFNy as 

modulator of the osteoblastic differentiation of MSC. Based on the evidence described in 

chapter two, we can propose that confluent MSC secrete IFNy in an autocrine manner. 

Subsequently, IFNy pathway is activated with further up-regulation of IFNIG which 

therefore induce the expression of Runx2/Cbfal with the final induction ofosteoblastic 

differentiation ofMSC. 

In addition, the complete lack ofIFNy could be replaced by other factors inside the bone 

microenvironment. This hypothesis might explain the transitory deficit in bone formation 

that is found in the IFGR knock out mice. Although these experiments were performed in 

young mice, further studies will be required to determine if the changes in IFNy in the 

bone microenvironment with aging, their significance in the pathogenesis of the age­

related bone loss and finally the elucidation of their precise role in the steps that happen 

upstream the activation ofRunx/Cbfal during MSC differentiation. 
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In Chapter Three, we assessed the effect of 1,25(OHhD3on bone in a non-honnone 

dependent model of senile osteoporosis, the SAM-P/6 mice. Our aim in this study was not 

only to see if 1,25(OHhD3, a honnone that reduces its action during aging, has an effect 

on the changes that happen in senile osteoporosis and aging osteoblast, but also to 

describe the gene changes that can explain this effect and, furthennore, to evaluate if 

there is a target genes or group of genes for future interventions to regulate the process of 

age-related bone loss. 

Interestingly, we found that 1,25(OHhD3 was able to increase the activity of mature 

osteoblasts, the differentiation and commitment of MSC into osteoblasts and finally to 

markedly inhibit bone marrow AD. The complete evidence obtained from this study 

supports the concept of bone cells plasticity as a therapeutic approach for senile 

osteoporosis. Initially, 1,25(OHhD3 induced the recruitment and differentiation ofMSC 

into mature osteoblasts as it could be seen in ex-vivo cultures ofmesenchymal cells. In 

addition, 1,25(OHhD3 induced bone fonnation by two different ways: stimulating the 

activity of mature osteoblasts and inducing the trans-differentiation of adipocytes into 

active osteoblasts (Fig. 18). To understand the mechanisms that regulate this effect on 

cells plasticity, we analyze the gene changes in trabecular cells induced by 1,25(OHhD3. 

We found that there is a predominant up-regulating effect of 1,25(OH)2D3 on genes 

known as inducers of osteoblastogenesis including some previously identified (Cadherin 

2, beta globin, hsp90 etc) or unknown (HspJ2, alpha globin, calmodulin, presenilin 2, 

etc.) as regulated by 1,25(OH)2D3' This evidence demonstrates that the effect of 

1,25(OHhD3 is explained by the predominant up-regulation of strong inducers of 

osteoblastogenesis which simultaneously act as inhibitors ofadipogenesis. Our results 

will help to understand the mechanisms of the regulation of osteoblast differentiation in 
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vivo and the significance of the regulation of cell plasticity as a therapeutic approach for 

senile osteoporosis. 

In Chapter Four, we looked at the changes in the interaction between aging osteoblasts 

and two steroid hormones that playa pivotal role in their action and life span (8,145): 

vitamin D and E2 • Initially, we found that the expression ofVDR in osteoblasts in vivo 

decrease with aging in an accepted model of hormonal and senile osteoporosis 

(C57CBLl6J mice). In addition, we found a significant reduction in VDR expressing 

osteoblasts after E2 deprivation. This fact was significantly potentiated by aging. This 

evidence is important to delineate the interaction between these two steroid hormones and 

between steroid hormones and aging in the mature osteoblasts and may explain some of 

the changes that happen during the menopause in the function of osteoblasts and 

furthermore their effects on osteoblasts function during their wholesome aging process. 

A striking finding in Chapter Four was the fact that not only vitamin D inhibits osteoblast 

apoptosis in vitro but also that using both E2 and 1,25(OHhD), their effect can be 

potentiated. This finding is important since it gives a significant role to the increase 

bioresponse of osteoblasts exposed simultaneously to E2 and 1,25(OHhD) and may offer 

a new approach to steroid receptors interaction and their role in the pathogenesis of senile 

osteoporosis. 

Finally, the pathways involved in osteoblast apoptosis in vitro which have been 

previously described (8) were assessed in our model by using two different methods of 

induction of apoptosis. Our initial aim was to compare the pathways activated during 

either serum starvation or exposure to Fas Ab in normal human osteoblasts. We found 

that in both cases there is a predominance of the Fas activated pathway, which was 
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expected in the second case, and also that there is predominance ofcaspase-8 activation 

and subsequently of the cascade ofcaspases. 

Additionally, we assessed the mechanism of action ofvitamin D on osteoblast apoptosis. 

Based on the apoptotic pathways found in non-treated cells we found that vitamin D 

exerts its anti-apoptotic effect on normal human osteoblasts by regulating the activation 

ofcaspase-8 and by increasing the expression ofbc12 an anti-apoptotic factor for the 

mitochondrial apoptotic pathway (60). Accordingly, we proposed a model of inhibition 

of apoptosis in human osteoblasts that may become a target for the regulation of this 

process which plays an important role into the mechanisms ofaging in osteoblasts. 

6.1 Uncovering the gene regulation of OB: a new approach to build new bone. 

The reduction is OB is due to a dysfunction of the transcription machinery that regulate 

the osteogenic differentiation ofMSC (8) and an imbalance between the osteogenic and 

adipogenic factors with an increasing predominance of the former versus the later. 

We found in our gene array analysis a good correlation between the genes that were 

previously known as up-regulators ofMSC differentiation into osteoblasts (31,32). In 

week 1 we found that genes such as TGF-p, vascular endothelial growth factor (VEGF), 

11-10 and calmodulin dependant genes were up-regulated. Furthermore, after week 3, we 

found a significant up-regulation ofgenes involved in the mineralization phase such as 

OSN, bone sialoprotein, OPN, and matrix metalloproteinase. 

Additionally, there was a good correlation between the changes in gene expression and 

the cell phenotype. As shown in Fig. 6, after three weeks of exposure to osteogenic media 
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MSC acquire a fibroblast-like phenotype characteristic ofmature osteoblasts and are also 

able to induce mineralization. 

After the analysis ofgene expression at the first and third week ofdifferentiation we 

found that IFNIG were upregulated only after the first week in a transient manner. IFNs 

are important cytokines in the bone microenvironment. IFN I (a and 13) are produced by 

leucocytes and fibroblasts and IFN II (y) is released by activated T lymphocytes, natural 

killer and multipotential stem cells (122). IFN action is mediated through transcriptional 

control of a variety oftarget genes which include a novel family of inducible nuclear 

factors whose expression appears to be associated with myeloid differentiation (122) and 

more recently with odontoblastic differentiation ofMSC through the activation ofCK2 

(132). 

In Chapter Two, we assessed the production of IFN by MSC during their process of 

differentiation, interestingly, we found that IFNy is secreted in a paracrine fashion by 

confluent MSC while in MSC exposed to OIM IFNy is secreted earlier (week 1) and in a 

more significant quantity (Fig. 12,A and B). This evidence lead us to hypothesize that 

IFNy is secreted into the bone microenvironment during the process ofosteogenic 

differentiation ofMSC and that IFNy and IFNRG play an important role in this process 

(Fig. 28). 

In addition, when OIM treated cells were exposed to IFNy we found that they 

differentiate early into mature osteoblasts demonstrated by their change in phenotype and 

by both, their capacity of express ALP and by their potential to produce mineralized 

nodules (Fig. 12, C). To elucidate the mechanism that explains the osteogenic effect of 
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IFNy we looked at its role in the differentiation pathway ofMSC. We found that IFNy is 

able to induce the earlier expression ofRunx2/Cbfal (Fig. 12,D). 

Based on previous research by other groups (45), and on the novel findings described on 

this work, we propose a new role of IFNy and IFNIG upstream the expression of 

Runx2/Cbfa1 during the osteogenic differentiation ofMSC (Fig. 28). Furthennore, new 

evidence supports the role either of IFNy or its IFNIG on the process ofosteoblast 

differentiation. When the IFNy pathway is activated, one of the end products is NO 

recently described as an important factor in osteoblast differentiation (138-140). When 

BMD and OB was assessed in mice lacking NO synthase, a very significant and also 

temporal deficit in OB was found (138). This evidence may support our hypothesis that 

IFNy and IFNRG playa transitory but important role in the regulation ofosteoblast 

differentiation. 

When the role ofIFNy in OB and osteoblast recruitment was assessed in the IFNG-1- mice, 

we found that they were osteoporotic with very particular features: a reduction in 

osteoblastic differentiation and activity, a deficit in endochondral ossification, and a 

marked deficit in osteoclastic activity (Fig.13-1S). All this findings seem to be temporal 

since these mice recover their capacity ofbone fonnation and after 24 weeks ofage have 

the same BMD than their nonnal counterpart (Fig. 13). 

A striking finding ofour study was the temporary role of IFNy and IFNIG on osteoblast 

differentiation, recruitment and activity. We postulate that although they play an 

important role in the regulation of the first phase ofosteogenic differentiation ofMSC 

and osteoblast recruitment they are overcome by new players involved in the same 
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process that may include other cytokines and GF. Afterwards, once the Runx2/Cbfa1 

system is activated the process ofdifferentiation is completed (Fig. 29). 

6.2 The gain of bone mass by inhibiting bone marrow AD: the advantages of cell 

plasticity 

Although much has been written about the increasing levels ofAD in aging bone (8,153) 

the mechanism to explain and regulate this phenomenon remains unclear. It is known that 

there is a predominance ofpro-adipogenic factors like PPARy and CEBPa inside the 

bone marrow ofold mice while the levels ofosteogenic factors decrease (48). 

In Chapter Three, we used an accepted model of senile osteoporosis which has shown the 

main features of this syndrome (152,153). Studies assessing the effect ofdifferent 

hormones and compounds (165-169) in this mice model have shown that it is possible to 

re-gain bone mass while increasing the levels of OB and bone formation. However, there 

are not studies showing the effect that replacing adipose tissue by osteogenic tissue has in 

the bone microarchitecture and BMD and, more interestingly, the genes that should be 

regulated to obtain these specific effects. Our study showed that, first, 1.25(OH)2D3 was 

able to increase the BMD and improve all markers (architectural and serological) ofbone 

formation(Fig.16, 17,G and H, Table 1 and 2) ; second, adipose tissue was markedly 

replaced by osteogenic tissue into the bone marrow (Fig. 17, A-D); and third, when we 

assessed the changes on gene expression induced by vitamin D in trabecular cells we 

found asignificant change in 440 genes, most of them previously unknown to be 

regulated by this hormone (Table 3). 
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Since our aim was to give a functional significance to our findings, we decided to group 

these genes in those involved in AD and OB (Table 4). Amongst the OB inducing genes 

we found some ofthe most commonly reported such as cadherin, IL-ll, c-fos, Cspg6, 

AP-l, calbindin etc. (Table 4). 

Concerning adipogenic genes, we found that an important group ofgenes that inhibit AD 

were up-regulated by vitamin D including calmodulin, tubulin beta3, glutathione 

peroxidase, and calmodulin (Table 4). Furthermore, a significant inhibition ofosteoclastic 

activity was found in the vitamin D treated mice. Although this effect has been already 

described in vivo in other strain ofmice (150), the mechanisms to explain this effect 

remain unclear. We went further by assessing the possible link between the hormone 

changes in the SAM-P/6 treated with 1,25(OH)2D3 and the inhibition in osteoclasts 

number and activity. We found a very significant reduction in serum concentrations of 

PTH (Table 2), an important regulator ofosteoclasts activity and differentiation, in the 

1,25(OHhD3 as compared with the vehicle treated group which may explain the 

important reduction in osteoclastic activity seen in our model (Fig. 16, and Table 1). 

The concept ofcell plasticity in the bone environment involves the transformation of 

osteoblasts into adipocytes and vice versa. The genes involved in the regulation of this 

process were elucidated in our study by not only increasing OB, osteoblast recruitment 

and bone formation but also by replacing mature adipocytes with mature osteoblasts. We 

show in (Table 4) how some of the genes up-regulated by 1,25(OH)2D3 play divergent 

roles by stimulating osteoblast differentiation and inhibiting AD with a predominance of 

"osteogenic" genes. 

In table 4 we proposed a genomic approach to the process ofosteoblast and adipocyte 

differentiation after the exposure of aging mice to vitamin D. Although this model applies 



172 

to the specific effect of this compound, we offer a novel list of unrecognized factors that 

can be assessed in the future. 

6.3 Steroid hormones and the aging osteoblast: A potentially reversible decline in 

their interaction with the external world 

The reduction in the number and bioresponse ofVDR with aging in vivo has been 

demonstrated in several organs such as intestine and kidney (186-189). By contrast in 

bone, the reduction in VDR expression has been only documented in vitro (191). In 

Chapter Four we are the first to document a significant decline in the number ofVDR in 

osteoblasts in C57Bl/6J mouse model, an accepted model for both senile and hormone 

dependent osteoporosis (194)(Fig. 19-21). 

In addition, we assessed if the deprivation ofEz has any effect on VDR expression. We 

found that in both young and old oophorectomized animals there is a significant reduction 

in VDR expression in the osteoblasts (Fig. 20-22). Our results elucidate a new interaction 

between these two steroid hormones since demonstrate that Ez can regulate the expression 

ofVDR and thus their bioresponse. By contrast, when oophorectomized mice were 

supplied with Ez, their proportion ofVDR expressing osteoblasts came back to normal in 

the young group with a much higher and significant response in the old group (Fig. 22). 

These results demonstrate that although there is a reduction in the number ofactive 

osteoblast in old bone, they conserve their potential of recovering the expression of 

receptor to steroid hormones. 

Finally, to assess if effectively there is a regulation of the bioresponse ofVDR after 

exposure to Ez, we assessed the effect ofeither Ez and/or vitamin D on osteoblast 

apoptosis in vitro (Fig. 23,24). Initially, we showed that the same effect ofEz on VDR 
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expression found in vivo was also found in our cell model in vitro(Fig. 23). Subsequently, 

we found that when given simultaneously to apoptotic osteoblasts 1,25(OH)2D3 and E2 

have an additive effect as inhibitors ofapoptosis (Fig. 24). 

To sum up, Chapter Four brings not only a new evidence on the changes in the number 

and bioresponse of VDR in aging osteoblasts but also opens a new field ofresearch into 

the possible mechanisms involved in this interaction and the possible therapeutic utility of 

the regulation of the action ofsteroid hormones on bone cells. 

6.4 The inhibition of apoptosis: the last piece of the puzzle 

We analyzed the phenomenon ofapoptosis in osteoblasts from two perspectives, first, we 

tried to elucidate its possible mechanisms, and second, we essayed to inhibit it in order to 

offer a longer life span to mature osteoblasts. 

Even though osteocyte apoptosis has been well documented (67), the demonstration of 

osteoblast apoptosis in vivo has multiple difficulties due to the fact that its detection and 

quantification in bone sections has multiple difficulties(61). However, evidence 

demonstrates that there is a percentage ofosteoblasts that do not become either lining 

cells or osteocytes which most probably die by apoptosis (8,61). The importance of 

studying osteoblast apoptosis underlies in the theory that ifosteoblasts have a longer life 

span then their role on building bone mass is enhanced due a higher amount ofmature 

osteoblasts in the BMU. 

Based on this theory, in Chapter Five we have used two in vitro models ofosteoblast 

apoptosis to test first, the pathway that is activated during these processes and, second, to 

elucidate the key target points to modulate these pathways. 
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Initially, the two used methods to induce apoptosis, SD and exposure to Fas Ab, 

demonstrated a significant activation of the Fas related pathway. These findings correlate 

with previous studies that reported an important role of the activation of the Fas-FasL 

related pathway on osteoblast apoptosis (63). Furthermore, we found that the activation of 

the Fas-FADD pathway in osteoblasts induces both, the cleavage of caspase-8 and the 

activation of the Bax-Bcl-2 mithocondrial pathway with increasing levels of the pro­

apoptotic Bax expression (Fig. 25). 

Previous studies have demonstrated the inhibitory effect on osteoblast apoptosis of 

several compounds including PTH, calcitonin, and IL-6. In our study, we decided to 

assess the effect ofan important regulator of calcium and bone metabolism, 1,25(OH)2D3, 

on osteoblast apoptosis. 1,25(OH)2D3 inhibits apoptosis in mononuclear cells by 

inhibiting the cleavage ofcaspase-8 and by inducing resistance to Fas activation; the two 

main mechanisms involved in osteoblast apoptosis (228). 

As in Chapter Three and Four, we found a new and important role of 1,25(OH)2D3 on 

osteoblasts. In this case since we found that 1,25(OH)2D3 inhibits apoptosis in human 

osteoblasts in vitro not only by a similar mechanism than the previously reported in 

mononuclear cells (inhibition of the cleavage of caspase-8 and induction ofFas­

resistance) but also by increasing the expression of the anti-apoptotic Bcl-2 inside the 

mitochondrial pathway. These results will be fundamental for future research on the 

regulation ofosteoblast apoptosis since the pathway was fully identified· as well as the 

possible mechanisms to promote the survival ofthe human osteoblasts in vitro. 
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6.S Conclusion 

We hypothesized that to regulate the molecular changes that happen in aging osteoblasts 

we should identify and control the internal pathways involved in their differentiation, 

their interaction with external factors in the bone microenvironment and finally their 

death by apoptosis. During the analysis of the pathways involved in osteoblast 

differentiation we found a new and important player in this process: IFNy. Additionally, 

we found that the role ofIFNy in osteoblast differentiation happens upstream of the most 

important regulator of this process, the Runx2/Cbfal factor. This finding will open a new 

and interesting area of research to elucidate the interaction and time-related significance 

between the two molecules. 

We also found in an animal model of senile osteoporosis that it is possible to inhibit AD 

and stimulate OB with further gain in bone mass. Although in this case we used 

1,25(OH)2D3 as the regulator ofthis process our main interest was to look at the gene 

regulation ofosteoblast differentiation in vivo and the possible interventions to prevent 

AD with aging. Moreover, we found significant changes in the number and bioresponse 

ofVDR in aging osteoblasts in vivo. This change was reverted by E2 in a previously 

unknown steroid hormone interaction. Finally, we not only confirmed the apoptotic 

pathways activated during the process ofosteoblast apoptosis in vitro, but also 

demonstrated a new effect of 1,25(OH)2D3 as inhibitor of this process. In addition we 

identified new target elements for the regulation ofosteoblast apoptosis: the cleavage of 

caspase-8 and the induction of resistance to Fas. All these findings illuminate our 

understanding of the molecular changes in the aging osteoblasts and bring together very 
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important infonnation about not only the changes that happen during aging but also the 

target pathways to regulate these changes. 
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ORIGINAL CONTRIBUTIONS 

The following findings reported in this thesis constitute original scientific contributions: 

1- The finding of the gene changes that occur in a human model or osteogenic 

differentiation ofmesenchymal stem cells in vitro. 

2- The finding ofa new role for the interferon y and IFNGRG as regulators of early 

osteoblastogenesis. 

3- The demonstration that mice lacking Interferon y activity are osteoporotic. 

4- The demonstration that Interferon y regulates the expression ofCbfal 

5- The demonstration of Interferon y as a new bone forming agent. 

6- The finding that adipogenesis in bone marrow ofSAM-P/6 mice can be reverted by 

1,25(OH)2D3' 

7- The demonstration of 1,25(OHhD3 as a new bone forming agent. 

8- The demonstration that VDR expression and bio-response decreases during aging in 

osteoblasts in vivo. 

9- The finding that E2 can revert the decreasing levels ofVDR in aging osteoblasts in 

vivo. 

10- The finding that Fas-FasL is the predominant apoptotic pathway in human osteoblasts 

in Vitro. 

11- The demonstration that 1,25(OH)2D3 has an anti-apoptotic effect on human 

osteoblasts in vitro. 
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12- The demonstration that the cleavage of caspase-8 and induction ofFas resistance are 

the key mechanisms to inhibit apoptosis in osteoblasts. 
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APPENDIX 1: ANIMAL USE PROTOCOL AND REPORT FROM THE ANIMAL
 

CARE COMMITTEE FOR THE USE OF SAM-P/6 MICE
 



FEB 26 '03 10: 30AI'I 
~ McGill University 
~ Animal Use Protocol 

Invcsti:;ntor # 

e	 ~~_~....:...:+..-:::...::..:::....lI:-___Jr---"_p_,,r_o_"H_I_E_n_d_o_'1r_e 

O	 Facility Committee New Application	 L--.,..:...--------....J---_~'-.!.,..w o.._.J 

G Renewal of Project #	 _4.;;;2..;.1..;.9 _ 

1. Investigator Information 
Principal Investigator: Dr. Richard Kremer	 Telephone: (514) 543-1632 

~_-.:......;;....;;...:..;.;..;.;.;.;..;;..:......_----------------

Department: Calcium Research Laboratory. Room H4.67 Fax: (514) 543-1712 

Address: RVH. S87 Pine Avenue West. Mol'ltreal. Quebec H3A 1A1 

E-mail: gduQue@rvhmed.lan.mcgill.ca 

Animal Use; Research WTeaching D Specify Course number:	 _ 

Project Title:	 Changes in bone mass and apoptotic markers In the senescense accelerated mousa ISAM) treated 
with modulators of bone tumOver. 

2. Funding Source 
External	 InternalW 
Source(s): Helen McCall Hutchinson Research Award. Mi'l I Ri£S3'~h I~tl:rtoe "'lfld Leo FObitElatieR IScillllarlc7 

ACTION ~ DATE
Peer Review ed source: Yes 0 No D *If no, see instructions· section 2
 

Awarded X Pending 0 .. P.!. 1.J'JI/.<) '(),
 V0 
~.c....Funding Perio d: From: 1999 To: 2002	 ~ACC
 

AGO C ....
Proposed Start Date of Research: (Day/Month/Year)
 
01/01/01 VET ../ _L
 

Expected Oate of Completion: (Day/MonthlY earl DB V (.\
 

31/01/2002 , . , ,f
~'" . 

" . 
3. Emergency: Person(5) designated to handle emergenciss (2 emergency telephon9 numbers must be indicat9d)
 

Name: _Gustave Duque Phone #: Work: /5141843·1632 Alternative #: (514) 720-7473
 

e: V'asilios (Bill) Papavasiliou Phone #: Work: (514) 643-1632 Alternative #: (514) 699·1564 

Cert;f;cat~n:~----';----------------------------------....,

The informatio~ in this application is exact and complete. I agree to follow the policies and procedures set forth by the Facility 
Animal Care Co'mmittees and McGill University, as well as those described in the ·Guide to the Care and Use of Experimental 
Animals· prepa~d by the Canadian Council on Animal Care. I shall request the Animal Care Committee's approval prior to any 
deviations from lhe procedures described witl}in. 

Prineipallnvesti I tor/Course Director ~	 January 29, 2001 

Approval; 

Begin, 

\ 
_ NOTE REVIEWER'S ODlFICATIONlS) 

n..,{ud O:J~1 

-'"",' 

.'
(. ..... , ,'. ;.: II. ~
 

' ..
 

I 
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4. Research Personne and QUjifications (See Instructions - Section 4) 

Give the names of 1111 individuals who ill work wJth animals In this study (including the PrIncipal Investigator) and their employment 
cl3sslfication (investigator, technicl3nlr se01rch assistant, under graduate Or graduau student, fellow or student supervisor). The 

..PrincIpal Investigator certifies that all per onnelll~tedin this section will be provIded with the specifIc training O1nd/or experience Which 

..qualifies them to perform the procedures escrlbed In the protocol. Each person listed in this section must initial to indicate s/he havo 
read this APpli~atjOn. ! 

NAME CL~SSIFICATION INITIAL 

Richard Kreme'r Invttigator
 
Gustavo Duque Rekearch Fellow
 
Bill Plipavasl\lou Tlchnlclan
 

5. Reviewer's Modification(s : The following modlficationls) have been made to this Application during the review 
process. Please make these changes to your 0 Iglnal documentation. You must comply with the recommended changes as a condition 
of sDDroval for this Application. I ' 

6. Summary (See Instructions - Section 6) 
BACKGROUND ,NFORMATION, fln,'udo to the p'1Onli,1 benofd to hum~., ~lm,1 health., t. the .dyoncemont.f s<lontlfi, 
knowledge)- LAY TERMINOLOGY 

, 

In this project we will determine the potel'ltial benefit of modulators of bone turnover (vitamin 0 and blsphosphOl1ates) in the 
treatment of involutive osteopenia and os'eoporosiS. 

1/ 
GLOBAL AIM 'OF THE STUDY: (Include here the principal direction of the study) • LAY TERMINOLOGY 

To determine if vitamin D and bisphosphona18s Improve the survival and the activity of osteobla5ts, thus stimulating bone 
formation. 

SPECIFIC OBJECTIVE(S) OF THE STUDY: (Distinct from procedures) • LAY TERMINOLOGY 

I) 10 determine ifvitamin D and bisphosphonstes can prevent programmed cell death in osteoblasts. 

2) To determine the mechanism ofaetion ofvitamin D and bisphosphonates 00 osteoblast survival 

3) To identify, genes involYed in the prevention' of osteoblast cell death. 

4) To analyse these genes using knockout or transgenic technology. 

SUMMARY OF PROCEDURES REQUIRED FOR CCAC ANIMAL USE DATA FORM: (Please give a descriptIve summary (40 words 
or fess) that indicates inlay terms the procedures usedl - LAY TERMINOLOGY 

Senescense Accelerated Mice SAMP/6 will be grown under conventional conditions. Bone densitometry will be performed at
 
ages 3 and 10 months. At 3 months the mice will be treated wIth vItamin D, alendronate or placebo. At 10 months the mice
 
will be sacrificed by decapitation.
 

2 '~.• 
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7.a) Animal Subject Description: 
Animal Species Strain Age Sex Weight # needed Total per #/cago 

at one time year 
Senescense Accelerated Mice SAMPIS 2·10 months M & F 25-30g 45 1$0 2 
Senescense Accelerated Mice SAMP/1 2-10 months M & F 25-309 30 120 2 

A • mma S used for genetic a teratlons: 

Category Total per year 

Oocyte donors 

Pseudo-pregnant females 

Stud males 

Other (speclfv): 

Other (specify): 

Phenotype: After a period of normal development, these mice reveal a characteristic feature of aging, early onset and 
irreversible advance of senescense manifested by a loss of normal behavior, various skin lesions, hair loss and 

;> lordokyphosis. Their mean life span is 12.7 months. 
.=......­

Please justify the number of animals to be used: ( See instructIons • section 7) 

1) SAMP/6 (Senescense accelerated in bone): 15 control anlmlas, 15 animals treated with vitamin D and 15 animals treated with 
alendronate per experiment to have sufficient power. 4 experiments are planned: thus 180 animals are required. 
2) SAMP/1 (Senescense accelerated non-bone affected): Used as control group. 60 animals are required. 15 animals willbe required 

) as a control for each experiment. - ­

Please justify the need for live animals versus alternate methods, (e.g. tissue culture):
 
SAMP/S is the closest model for human bone aging to be used. There is not' any in vitro model of aging in bone.
 

Describe the characteristics of the animal species selected that justify its use in the proposed study, (consider such characteristics
 
as body size, species, strain. breed, data from previous studies or unique anatomic or physiologic features). 
SAMP/S mice is the optimal model for involutive osteopenia or osteoporosis type II, where the me of osteoblast cell death is 

increrased and therefore there is a deficit in bone formation, This type of mice age earlier than normal mice (10 months) and their 
bones show early osteoporotic changes affecting osteoblasts independently of the hormonal status of the animal. 

Purpose of Animal Use (See Instructions· Section 7) 

7.b) Animal Husbandry & Care 
Special cages No o Yes 0 Specify 

Special dIet No Specify CE.2, Nihon ClEA, containing calcium 1.01 % and phosphorus Yes ~ 
0.85%.o
 

Special handling No W Yes W Specify 

Is there any component to the proposed procedures which will result In immunosuppression or decreased Immune function, (e.g. 
stress, radiation, steroids, chemotherapeutics)? 

No 0 Yes 0 Specify 

Multiply Facility Housing? Yes 0 No 0 
Mdicate all facilities where animals will be housed: -,-,H~~..;cA...:..n...:..i_m_a_J.;.;R;,.;.o.;..o;.;.m;...-...:..R;.;.V..;..;.;H _ 

.tate area(s) where procedures will be conducted on live Building: Royal VictorIa Roam # H3 Animal 
animals: _H...:..o...:..s.....p_it_8_1 Room 

'.~ 

3 
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If animal housing location and animal use procedure location are in different buildings, briefly describe procedures for transporting 
animals: 

Animals will be transported to bone densitometry by groups of 10 in their cages. Bone densitometry will be performed Cit 
the RVH, Department of Radiology. 

e 8. Proposed Procedures with Animals: Provide description of surgical procedures, Immuni:zations, behavioural 
tests, immobilization, foodlwater deprivation, requirements for post oDcr:ltive care, sample collection, subst:mcll administration, etc. 

A}	 SAMP6/SAMP1 MIce 
(1 )	 One male per 2 females will be placed in a cage for breeding until the expected population is reached. A total of 2 males 

and 4 females for breeding purposes. 
(2)	 Maintained under con-;;entional conditions. 
(3)	 At 3 months, bone densitometry wlII be performed on a QOR·2000 plus densitometer (Hologic, Walthman). Before 

scanned. animals will be sedated (intramuscularly) with Ketamine (60.100mg/kg), Xylazine /4·6mg/kgl and 
Acepromazine-NaCI (15mg/kgl 1M. Scans will be done wIth the animals positioned prone. 

(4)	 Subcutaneous implantation of an AI~et osmotic minipump (model 2004, Alz8 Corporation, Palo Alto, CAl under 
anesthesia. The pump contains either 1,25/0H):D3 or AJendronate or vehicle alone delivered at a continuous dose for up 
to 4 weeks. In cases of difficult pump location or infection, an intra-peritoneal catheter will be used. The pump willbe 
removed at the end of the experiment under anaesthesia (xylazine & ketamine) and skin closed by stitches. 

(5) Blood is taken from the saphenous vein. We take a total of 150~1 of blood at monthly intervals. 
B) Monitoring and sacrifice 
(1 I The animals will be monitored ,every 2 months. Weight, blood samples will be col/ected for measurement of serum 

calcium levIes and biochemical markers of osteoblast activity (osteocalcin, procol/agen). 
(2)	 One group of animals will be sacrificed after 4 months and a second group of animals will be sacrificed after 10 months. 
(3)	 At 10 months the mice in the study will be sacrificed by decapitation with anesthesia and blood samples and bones 

collected. 

Name the drug(s) proposed for anaesthesia, analgesia or tranquili.z8tion, indicatlt the dosage in mllkg body weight and route of
 
administration:
 
Ketam/ne (60"00 mglkg), Xylazine (4·8 mg/kg) and Acepromaxine-NaCI (15 mglkg)lM,
 

Specify person(s) who will be responsible for Bill Papavasiliou Phone# 843·1632
 
animal monitoring, including post operative care: .....;;G;.;;u;.;;s..;;ta;;.v;.;o;...::;D..;;u"'QUc:..::.e _ 843·1632
 

9. Pain and Discomfort: CategorIze pain and discomfort level in accordClnce with the CCAC guidelines which accompany 

th~ ••••0:°
c	 o0	 o 

10. Danger and Hazard to Staff and to Animal PopUlation:
 
Attach a copy of Biohazard and/or Radiation Safety permits if appropriate.
 
Indicate which, if any, of the following will be used in the anImals. N/A 

Radioisotopes 0 CarcInogens D Infectious agents D Transplantable tumors ~ 

Amount involved per animal experiment: NJA 

Route of administration Oral 0 Injection 0 Other 0 (specify)
 

Frequency of administration
 

Number of animals Involved
 

Survival time after admInistration 

Ahar adminIstration, animals will be housed in: 0 the animal care facility 

o the laboratory ullder supervision of laboratory personnel 

>••'A 
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Yes No 
The cages will be labeled with biohazard or radiation labels D D 

•
Describe measures that will be used to reduce risk to the environment and animal facility porsonncl: 

11. Method of Euthanasia: 

SPECIES l$pecify) 

anaesthetic oVQrdOl!i9, agent route 

Mice 9ll5i1nguinetion with anaesthesIa. agsnt 

cervical dislocation 

r-----------...., decapItatIon: with anlllllsthssia ~ 
CO2 chamber1-----------1 
other (specify)1----------01 
not applicable (explain) 1-0 ----' 

specify Ketllmine I Xylal:ine wIthout anaesthQsia 0 

'..1 

5 
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BIOHAZARDS CONTAJNMENT CERTIACATION AlTESTATlON DE CONFINEMENT DES 

• 
REPORT OF BIOH~ROS COMMITTEE , RISQLlES BIOLOGIQUES 

I RAPPORT DU COMlrE SUR LEs BIORlsaUES 

Requll'8d for all Applications PrapoaJng Raurc:h InllO/\IIn9 BlohmBrds Obligator,. peur ttnrlIIS I. domandes concernant des rech8l'ehO! 
compo~t daI rtsqu.. bJololllqlJOI

M.n:fs fran tho ModcnJ Ros&areh C~I of ~ may not be used rot' 
rasaan;h InvotvIng racanblnant DNA mclecues Of' animal vilUiElS and cells lBs fcn1S que Ie CmsGil de recherches medlcales du Canada a accoroes /'l( 
mess the ~ild roseazcn na been fcund ag:aptable by a Blohazan1a pamau servlr .. ds3 ~ impiquant fa manip'ualiQ'l de mol6:lJoc 
CammltfBe 8PPolnUld and openrtlng In -=cord with ttl. Haalth Ind d'ADN P"'l!!tos par rocantinai$Q'\ lit deS cellules et 'liM l1nimaux a moll"(: 
Will,.,.. Canadillll1d MRC LabOtaory Bla~ Guldell".. (19QOl. and Ifte gu'1ZI Comilli lar I. blonsquea &tabll It dlrig& confcnnement auz Ug~ 
ree-rd'l Invalvtn9 blaflazarda wllll)e c:arri~ ollt und.tt1. requTred level dlrectrlcas (19901 de So1rtt8 CIt Blen«e soCIal canada Ie clu CJiM er 
of containment hidII11-. matlllnt CIa blCls8curltli M1 18DOratoirl n'./t cenvena que II I'IIdIM'dlE 

FOPosee ~nd .. ca narmes 8t qUll Ia rwc:tuIrd1. compClrtanl d«i 
risquesblologlqu.. ~ I- ilIYNU rtlquls d. COnftntmllln 
phYSques. ' 

STATEMENT FROM THE INSTITUTION- IN WHICH THE DECLARATION DE L'ErASUSSEMEN,... oli SE
 
RESEARCH WILL BE PERFORMED DEROUlERA LA RECHERCHE
 

The 8iohazards Committee established by Le Comita sur, les risques biologiques etabli par 

McGill "University 

has examined the application for research funds entitled: a etudie la demande de financement de la recherche intituJee. 

Changes in bone mass ~~d apoptotic mar~ers in Helen McCall Hutchison
the senescense accelerated mouse (SAM) treated 

R\ill Research Insti t:.::u:!.::t:.:::e~ _
with modulators of bone turnover. ..ACC..nt_r 

'*' GIl .ww.mlcwt 011 ~ 

submitted by presentee par 

Richard Kremer, MD, PhD 

and cer1ifies that the proposed research will be carried out under et a convenu que Ja recherche proposee respectera Ie niveau 
containment conditions meeting level 2 in accord with the de confinemel1t conformement aux directives du CRM. 
MRC's Guidelines. 

January 31, 2001
Date: 

Signatures:
 

Dr. Dana Baran r Chairperson
 
.RVH Biohazards Committee
 

. (Print /1llI1I8 rJ Institution':!" f8PRl9entalive fDl'
(Signatural RlJlIUrCh Involving Sloh8%ardS I
 

Nom en leltnls mouI6es dU dlll8guli de r~~ent·
 
en mmlllre de rodlerche compor1llnl dn r1squ_ blologlqu.)
 

------..Q;, ~ )J,~~ 
I Appicarrt(s) I Candldal(s) Oale' 

·'nstitutiofl includes \Jniversilies, hospitals, ·Par etablissement, on entend les universites, les Mpitaux, 
research Institutes ot companies , . res Instituts de recherche ou las compagnies 

',.1 

MRc/CRM 34 (1995) 
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APPENDIX 2: REPORT FROM THE ANIMAL CARE COMMITTEE FOR THE USE
 

OF C57BL6/J MICE
 



----------

514 398 489b TO 93407541 P.02/82FEB 2b 2003 12: 31 FR 1'1CG I LL PSYCH 

• Protocol ;;:McGill University 
Animal Use Protocol - Reseal'ch Investigator #: 

Guldelir1es fcr ccmpleling the form are available at 
www.mcgill.caltgsr/rgo/animal/ Approval End Date:HIW...l\\ '2jI, ~co'? 

Facility Committee: 5 ( 1. 
Pilot _ New Application X Renewal of Protocol # 4108 

Title (must match the title of the funding source applicoltion): Effect of estrogen on the cholinergic system 

1. Investigator Data:� 
Principal Investigator: Dr. Keith Franklin Office #: 398-6081�

Department: Psychology Fax#: 398-4S96 

Address: 1105 Dr. Penfield Ave., Montreal, Quebec, H3A IBI Email: keith@hebb.psych.mcgill.ca 

2. Emergency Contacts: Two people must be designated to h,mdle emergencies. 

~arnc: K. Franklin Work #: 398-6081 EmergeDC)' #: 488-2734 

Name: P. Lauzon Work #: 398-6091 Emergency #: 381-6230 

3. Funding Source: 

External US Alzheimer's Associ:ltion_ Internal� 
Source (5): _� Source (5): 

Peer Reviewed: X_ YES Peer Reviewed: _ YES _NO""" 

Status: L A warded _ Pending Status: _Awarded _Pending 

FundiOl~ period: 111/00 to 3118/02 Fundine period: 
*'" All projects that ha"e not been peer reviewed for scientific merit by the funding source require:2 Peer Re\'iew Forn1.~ to be completed.� 
e.:!. Projecl~ funded from industrial source.~. Peer Review Forms are available at www.mcciU.~resr/rl!a1animall
 

Proposed St:1rt Date of Animal Use (dimly): or ongoing X_� 

I::xpect~d DlIte of Completion at Animal Use (dimly): 

Investigator's Statement: The information in this applic:ltion is exact and comp!e;ce. I assure that all C:lft! and use of nnim:ls in this prOp'1S:lJ� 
will be in a.ccorO;mct! widl the guidelines and pOlicies of the Canadi:lIl Council on Aninul CAre lind those oi McGil1 UniverSity. I shall request the� 
Animal C:l!'e Committee's approval prior to any dcvi:uions from this prolocol as approved. r understand thaI: this :lpprov::l is v~id ior one year and� 
mu~t be; :looroved on :In annual basis.� 

Principal Investigator: Keith FrolnkJin //. c2 (~... IDate: 2b f!:;~( ~~,
 

Approval Signatures: /1� 

Chair, Facility Animal C:Jre Committee: --it. .L - r Date:�,
:.'~--

_--·f 
LJniversity Veterinarilln: 

.kt~{ I'U IDace: 5/:TL hZ-
Chair, Ethics Subcommittee(as per UACC Date: ( I 
policy): 
ApprDved Period for Animal Use Beginning: G{0 \, Ending: \J,/\-\.1..l\k ")1 .}~'"3'1ce~ , 

April 2001 "'~ 

** TOTAL PAGE.02 ** 




