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Abstract 

 

Signals from the extracellular matrix (ECM), mediated by integrins, play critical roles in 

regulating gene expression, differentiation, function, and survival of osteoblasts. 

Following engagement with the ECM, integrin receptors signal via multiple downstream 

effectors, including the Integrin-Linked Kinase (ILK). The net effect of stimulating the 

ILK signaling cascade is to modulate gene transcription: ILK-dependent phosphorylation 

of the cJun transcriptional coactivator, αNAC, induces the nuclear accumulation of the 

coactivator and potentiates c-Jun-dependent transcription. In order to determine the role 

of ILK in osteoblasts, we first inactivated ILK using RNA knockdown in osteoblastic 

cells. In parallel, we engineered mice with specific inactivation of ILK in osteoblasts and 

analyzed the phenotype of the mutant animals, as well as the behavior of primary cultures 

of ILK-deficient osteoblasts. MC3T3-E1 preosteoblasts were stably transfected with 

expression plasmid vectors encoding specific ILK siRNAs or a control, unrelated siRNA. 

Pools of cells stably transfected with each of the expression vectors were established and 

analyzed. ILK protein expression was efficiently inhibited in the ILK siRNA-transfected 

cells. Inhibition of Ilk expression led to cytoplasmic retention of αNAC and increased 

expression of the osteoblastic differentiation markers, collagen type I, bone sialoprotein, 

and osteocalcin. Strikingly, ILK-deficient osteoblasts showed dramatically increased 

mineralization. Mice with one inactivated ILK allele (ILK+/-) were mated with Col-I-Cre 

transgenic mice. Progeny from this cross (Col-I-Cre;ILK+/-) was bred to mice 

homozygous for a floxed ILK allele (ILKfl/fl) to yield mutant mice with ILK-deficient 

osteoblasts (Col-I -Cre;ILK-/fl). The mutant animals thus had one ILK allele inactivated in 

all tissues, and both alleles disrupted in osteoblasts. Bone was harvested at intervals and 

analyzed using micro-CT and histomorphometry. Surprisingly, while we could document 

ILK inactivation in the target cells, we did not measure any significant changes in any 

static or dynamic histomorphometric parameter. Gene expression levels assessed using 

RT-qPCR were unchanged between control and mutant mice, with the exception of 

reduced ILK expression in bone tissue. These surprising results prompted us to evaluate 
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the behavior of primary osteoblasts isolated from the osteoblast-specific ILK deficient 

mice. When placed in culture, ILK-deficient primary osteoblasts showed increased 

expression of osteoblastic differentiation markers and increased mineralization, similar to 

the ILK-knockdown osteoblasts. These data suggest that in vivo, redundancy of function 

could account for the absence of an obvious osteoblast phenotype. The main difference 

between the tissue environment and the ex vivo cultures involves the ECM, and thus we 

cultured the ILK-knockdown cells on either plastic or the ECM component, type I 

collagen. Culture on collagen reduced the exuberant mineralization of ILK-deficient 

osteoblasts, and this was accompanied by increased phosphorylation of Focal Adhesion 

Kinase (FAK) on residue serine 722. Taken together, our data suggest that the ILK-

αNAC cascade normally inhibits osteoblastic activity, and that this activity involves 

ECM-integrin interaction. We propose that in vivo, other signaling pathways operating 

downstream of ECM-engaged integrins, such as signaling through FAK, are able to 

compensate for the loss of ILK activity, leading to the absence of an obvious phenotype 

in osteoblast-specific ILK-deficient mice. 
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Résume 

 

Les signaux de la matrice extracellulaire (ECM) qui sont transmis par les 

récepteurs intégrines sont essentiels pour contrôler l’expression génique, la 

différenciation, la fonction, et la viabilité des ostéoblastes. Suite à la liaison entre les 

intégrines et l’ECM, ces récepteurs transmettent leur signal via des messagers 

secondaires, incluant l’Integrin-Linked Kinase (ILK). La stimulation de ILK a comme 

effet de moduler l’expression génique : ILK est capable de phosphoryler le coactivateur 

transcriptionnel αNAC, ce qui induit la translocation nucléaire de ce dernier.  Notre but 

était d’étudier le rôle de ILK dans les ostéoblastes. Premièrement, nous avons inhibé ILK 

en utilisant des ARN interférents dans les ostéoblastes MC3T3-E1. En parallèle, nous 

avons développé des souris déficientes en ILK dans les ostéoblastes seulement, et nous 

avons analysé le phénotype osseux ainsi que le comportement en cultures primaires des 

cellules ostéoblastiques déficientes en ILK. L’inhibition de ILK par interférence à l’ARN 

induit la rétention cytoplasmique d’αNAC, et augmente l’expression de marqueurs 

ostéoblastiques, tel le collagène de type I, la sialoprotéine de l’os, et l’ostéocalcine. De 

plus, nous avons mesuré une augmentation dramatique de la minéralisation. Des 

croisements précis ont permis de produire des souris dont un allèle de ILK est inactif dans 

tous les tissus, et l’autre allèle est inactif seulement dans les ostéoblastes (génotype : 

ColI-Cre; ILK-/fl). Les os ont été récoltés à plusieurs intervalles, et analysés par µCT et 

histomorphométrie. Les souris déficientes en ILK dans les ostéoblastes ne présentent  

aucun changement des paramètres histomorphométriques statiques ou dynamiques. 

L’expression génique par analyse RT-qPCR ne présente aucun changement, à l’exception 

d’une réduction du niveau d’expression de ILK. Ces résultats nous ont conduit à évaluer 

le comportement des ostéoblastes déficients en ILK en cultures primaires.  Celles-ci 

présentent une augmentation des marqueurs d’expression génique ostéoblastiques, et 

forment plus de dépôts de minéral que les contrôles; un comportement similaire aux 

cellules MC3T3-E1 qui sont déficientes en ILK. Ces données suggèrent qu’in vivo, il y a 

un mécanisme de compensation inopérant ex vivo. La différence principale entre les 

conditions de culture et celles in vivo est la matrice extracellulaire. Nous avons donc 
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cultivé les cellules MC3T3-E1 déficientes en ILK sur une matrice de collagène, et celles-

ci ne produisaient pas autant de minéral que celles cultivées sur du plastique. De plus, une 

autre protéine, la Focal Adhesion Kinase (FAK), était plus phosphorylée à l’acide aminé 

Serine 722. Nos données suggèrent que normalement, la cascade ILK-αNAC permet 

d’inhiber l’activité ostéoblastique, et que cette activité est dépendante de l’interaction 

matrice-intégrines. Nous proposons qu’in vivo, d’autres signaux opèrent pour compenser 

la perte d’activité de ILK (en particulier FAK), expliquant le phénotype des souris qui 

sont déficientes en ILK dans les ostéoblastes. 
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I. Introduction 

 

Bone is a specialized connective tissue, and together with cartilage, makes up the 

skeletal system. This tissue serves three functions: (1) mechanical support for locomotion 

and load bearing, (2) protection of vital organs, (3) metabolic buffer for mineral ions such 

as calcium and phosphate. The highly structured components of bone, accompanied by its 

mineral and protein constituents, make it one of the few mineralized tissues of the body. 

As such, bone has unique cell types and regulatory mechanisms that are crucial for its 

formation and maintenance. 

 Three cell types have a predominant role in bone physiology: the osteoblast and 

the chondrocyte of mesenchymal origin, and the osteoclast of hemopoietic origin. Each of 

these cell types has its unique role in bone. Briefly, osteoblasts lay down the protein rich 

osteoid that will become mineralized bone, chondrocytes lay down cartilage, and 

osteoclasts resorb bone matrix. These three cell types, put together, can produce bone 

through endochondral or intramembranous ossification, and can model, remodel, and 

repair bone.  

 Far from being a static tissue, bone is continuously being remodeled: osteoclasts 

resorb bone matrix, followed by osteoblasts that lay down fresh osteoid. In this manner, 

the skeleton can maintain its integrity through time. The process of bone modeling and 

remodeling is highly regulated by autocrine, paracrine and endocrine systems. In addition, 

biomechanical forces can have a dramatic effect on the remodeling process. The 

homeostasis of this specialized connective tissue is dependent upon the integration of all 

these influences. 

 

I.1 Bone formation during development 

 

 Two types of bone formation are evident during development: endochondral 

ossification (mesenchymal progenitors condense and form a cartilage template that will 

be replaced by bone), or intramembranous ossification (mesenchymal progenitors 
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condense and differentiate directly into osteoblasts that lay down osteoid). 

Intramembranous ossification is responsible for the development of the flat bones of the 

skull and the addition of bone on the periosteal surfaces of long bones. In contrast, 

endochondral ossification is responsible for the formation of long bones of the 

appendicular skeleton and the vertebrae of the axial skeleton. In addition to these two 

fundamentally different bone formation processes, different parts of the skeleton derive 

from different embryonic lineages. Both neural crest and mesoderm contribute to the 

skeleton. Craniofacial bones arise from the neural crest, while the mesoderm gives rise to 

the postcranial limb, rib, appendicular skeletons and the skull base. The facial skeleton, 

which includes the mandibular, maxillary, and hyoid bones come from the neural crest, 

while the some cranial bones come from the cephalic mesoderm. The dorsal paraxial 

mesoderm gives rise to somites, the sclerotome and eventually the axial skeleton, and the 

lateral plate mesoderm gives rise to the appendicular skeleton. Once these lineages are 

derived, they have been genetically programmed to give rise to the skeletal element 

intended, and recent molecular genetic techniques has provided insight as to the 

regulatory mechanisms that tightly control the process of bone formation during 

development (Bilezikhan J.P. 2002). 

 

Intramembranous ossification 

 

 During intramembranous ossification, bone is directly laid down in a disorderly 

fashion initially, but will be remodeled with time into stronger lamellar bone. This 

process is particularly important in the craniofacial bones and in the process of cranial 

suture.  

 A group of mesenchymal precursor cells under the influence of local growth 

factors such as FGFs, Hedgehogs, PTHrP, and the transcription factors Runx2 and 

Osterix, will proliferate and form mesenchymal condensations. These form in highly 

vascularised regions of the embryonic connective tissue, and with time, the mesenchymal 

cells will stop proliferating and begin to differentiate into pre-osteoblasts and then into 

osteoblasts. These cells become highly polarized, secreting bone matrix that is not yet 
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calcified. The matrix formed from these osteoblasts contains large amounts of collagen in 

disorganized and irregular bundles. As such, this initial bone matrix will calcify in a 

disorderly manner, and will have a high number of terminally differentiated osteoblasts 

that become surrounded by the matrix, called osteocytes. This type of bone is called 

woven bone, and in areas of bone marrow development, blood vessels that are surrounded 

by this woven bone trabeculae will develop into hemopoietic bone marrow. Eventually 

this woven bone will be remodeled under the action of the osteoclasts that will resorb the 

matrix, and new osteoblasts will be recruited to lay down more organized matrix that will 

be much stronger. This stronger matrix is called lamellar bone (Favus 2003). 

 

Endochondral ossification 

 

 This process of bone formation is distinct from intramembranous ossification in 

that it involves the initial formation of cartilaginous template, which becomes replaced by 

woven bone, and finally by the deposition of strong lamellar bone. This type of bone 

formation is particularly important in lengthening the long bone, and in the formation of 

the axial skeleton.  

 We will focus on the particularities of long bone formation, a process that begins 

with the formation of mesenchymal condensations in vascularised areas of the embryo, 

which receive local growth factors and transcription factors very similar to those 

discussed above, but probably in different proportions. These condensations will 

differentiate into pre-chondroblasts then into chondroblasts though the activity of the 

specific transcription factor Sox9. Chondroblasts then begin to secrete collagen type II 

rich matrix, and this becomes the foundation of a cartilaginous template that forms the 

primordial skeleton. As the chondroblasts form the cartilage, they also become entombed 

into their own matrix, and differentiate into chondrocytes. These chondrocytes will 

continue to differentiate, and at the epiphysis of the long bones, called the growth plate, 

they will proliferate and form isogenous groups, while continuing to secrete collagen. 

These chondrocytes begin to terminally differentiate into hypertrophic chondrocytes 

closer to the diaphysis of the bone under the influence of local factors such as PTHrP and 
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Indian Hedgehog that are produced by these chondrocytes in a self-regulation loop. These 

hypertrophic chondrocytes allow for the limb to lengthen, and will eventually undergo 

apoptosis (Figure 1).  

 At the outer ring of the cartilage template, woven bone begins to form by 

intramembranous ossification, this will become the periosteum, and under the influence 

of VEGF, new blood vessels invade and penetrate the cartilage with the help of matrix 

resorbing osteoclasts. These blood vessels will form the basis for the development of 

hemopoietic bone marrow. 

 At the diaphysis of the growth plate, the calcified cartilage becomes resorbed by 

the osteoclasts, and woven bone is then deposited by osteoblasts that are recruited from 

the newly formed blood vessels. This region of the growth plate is called the primary 

spongiosa. This woven bone undergoes resorption by the osteoclasts, and the new 

osteoblasts lay down stronger lamellar bone in the region of the growth plate called the 

secondary spongiosa. 

 In this manner, it is truly the interplay of these three major bone cells that allow 

for the longitudinal growth of the bone through development into a fully modeled adult 

(Favus 2003). 

 

I.2 Bone remodeling 

 Once growth and modeling of the skeleton has taken place, bones constantly alter 

their internal structure in a process called remodeling. Remodeling is crucial for bones to 

maintain their integrity, and involves the coordinated action of osteoblasts and osteoclasts 

under the control of biomechanical forces and biochemical factors in the 

microenvironment. Remodeling allows for the bone to adapt to changes in mechanical 

forces, and repairs the cracks and fatigue damage that accumulates with use. Finally, 

remodeling influences the serum biochemical levels because bone is a large reservoir of 

calcium and phosphate, as such, it can be used to increase ionic levels in serum over a 

long period. Ionic regulation is not under the minute-to-minute control of bone, however, 

because remodeling is a very slow process, and occurs in many discriminate 

microenvironments (Bilezikhan J.P. 2002). 
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 Basic multicellular unit (BMUs) is the name of the subset of cells (osteoclasts and 

osteoblasts) that are required for remodeling bone at any given location (Figure 2). The 

process begins with the origination and organization of cells that have been stimulated by 

systemic hormones such as parathyroid hormone, 1,25- dihydroxyvitamin D, interleukins 

6 and 11, estrogen, androgens, and prostaglandins. The cells are then activated as more 

osteoclasts are recruited to the site, and the activation front spreads across the periosteal 

surface of the bone. Circulating pre-osteoblasts are recruited to the site, and bone lining 

cells begin to secrete RANKL. The fully mature osteoclasts resorb the bone and digest the 

collagen, leaving Howship’s lacunae. As the osteoclasts advance, fresh osteoblasts are 

recruited to form new bone and fill the lacunae. All that will be left is fresh mineralized 

bone with new bone lining cells and osteocytes until the site becomes target to another 

BMU (Bilezikhan J.P. 2002). 

 

I.3 The osteoblast lineage 

 

Overview of osteoblast differentiation 

 

 The osteoblast is the functional cell type in bone that will produce osteoid that will 

mineralize with time. It is characterized by a series of genetic markers that control its 

differentiation from mesenchymal stem cells to terminally differentiated osteocytes or 

bone lining cells. 

 Osteoblasts are derived from the local proliferation of mesenchymal stem cells in 

the bone marrow or along the periosteum (Figure 3). These condensed cells are highly 

proliferative, and express transcription factors such are runt-related-transcription factor 2 

(Runx2/Cbfa1), osterix (Osx), distal-less homeobox-5 (Dlx5), and msh homeobox 

homologue-2 (Msx2) (Lian et al. 1998; Wagner 2002). The expression of these markers 

allows for the mesenchymal condensations to differentiate into osteoprogenitor cells (pre-

osteoblasts), driving them away from other mesenchymal cell types such as fibroblasts, 

adipocytes, myoblasts, and chondrocytes (Lian et al. 2006). Differentiation along the 

osteoblast lineage requires the coordinated action of two important transcription factors: 
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Runx2 and Osx. Mice that are deficient for either of these genes show complete lack of 

osteoblasts, suggesting that these two genes are crucial for the coordinate differentiation 

of osteoblasts (Komori et al. 1997; Otto et al. 1997; Nakashima et al. 2002). 

Pre-osteoblasts are elongated cells that remain highly mitotic, and are often visible 

near mature osteoblasts. With time, committed pre-osteoblast express type I collagen and 

bone sialoprotein, and differentiate further into mature osteoblasts, that have a developed 

rough endoplasmic reticulum required for production of matrix proteins such as type I 

collagen, osteocalcin, osteopontin, bone sialoprotein, and enzymes required for 

mineralization such as alkaline phosphatase (Erlebacher et al. 1995; Robling et al. 2006). 

Osteoblasts are post-mitotic, cuboidal cells, that line the bone forming front and lay down 

unmineralised osteoid (Franz-Odendaal et al. 2006). The proteins that are secreted by the 

osteoblasts are important in determining the characteristic of the biomineralized matrix. 

As proteins are secreted from the osteoblasts, calcium and phosphorus ions incorporate 

into the matrix in a highly ordered and repetitive structure, allowing for mineralization of 

the matrix to occur under the control of the secreted proteins (Anderson 1989). As osteoid 

begins to accumulate, some of osteoblasts become trapped within their own matrix. With 

time, these osteoblasts generate long cytoplasmic extensions, and express E11, and 

become immature osteocytes (Robling et al. 2006). As they become more deeply 

embedded into the mineralizing bone, they become terminally differentiated osteocytes, 

expressing dentin matrix protein-1 (DMP-1), matrix extracellular phosphoglycoprotein 

(MEPE), and SOST. These osteocytes remain entombed in the bone. Their role in bone is 

still under investigation; however, it is widely postulated that they act as a sensory 

mechanism that can provide biomechanical stress signals and guide the repair/remodeling 

process) (Lian et al. 1998; Franz-Odendaal et al. 2006) (Rubin et al. 2006). 

 

Pathways regulating osteoblastogenesis 

 

The AP-1 transcription factor complex 
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 A great variety of dimers composed of members of the Fos, Jun and ATF families 

of proteins constitute the transcription factor complex AP-1. While Fos proteins (c-fos, 

fosB, fra-1, fra-2) can only heterodimerise with members of the Jun family, the Jun 

proteins (c-jun, JunB, JunD) can both homodimerise and heterodimerise with Fos 

members to form transcriptionally active complexes. Certain members of the ATF family 

of proteins are also part of the AP-1 complexes. This transcriptionally active complex has 

been shown to have important roles in many cells types, including bone, where various 

knock-out mice have been generated (Wagner 2002). 

 In osteoblasts, AP-1 activity can be induced by transforming growth factor β, 

PTH, and 1,25 dihydroxy vitamin D, which are all potent regulators of osteoblast 

proliferation and differentiation. Expression of all Fos and Jun members are initially very 

high in the developing osteoblasts, but in mature osteoblasts, Fra2 and JunD become the 

major components of the AP-1 complex (McCabe et al. 1996). This suggests that they are 

important for the synthesis and secretion of the matrix proteins. Corroborating the role of 

AP-1 in increasing bone formation, the Fra-1 and ΔFosB overexpressing mice show 

strikingly similar phenotypes that includes increased bone formation and osteosclerosis of 

the skeleton. In addition, these mice show reduced adipogenesis, suggesting that these 

proteins are important in promoting differentiation along the osteoblast lineage (Jochum 

et al. 2000; Sabatakos et al. 2000). 

 A role for c-jun in osteoblast gene expression has recently been suggested with in 

vitro work looking at the osteocalcin gene. Osteocalcin is a terminal differentiation 

marker of the osteoblastic lineage. It is synthesized, secreted and deposited by the 

osteoblast at the time of bone mineralization. Mice deficient in osteocalcin show 

increased mineralization as well as endocrine disruption leading to β-cell proliferation, 

glucose intolerance, and insulin resistance (Lee et al. 2007). Thus although initially 

thought to be an inhibitor of mineralization, osteocalcin’s role in bone is now being 

reevaluated. Additional work is required to determine if osteocalcin is a direct regulator 

of mineralization or if it is an indirect manifestation of the endocrine role of the protein 

on mineralization.  
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It has recently been shown that c-jun homodimers have the ability to bind the AP-

1 site proximal to the OCN gene and activate its transcription, and that this process is 

dependent upon the binding of the αNAC coactivator (Akhouayri et al. 2007). This 

suggests an important role for both c-jun and αNAC in terminally differentiated 

osteoblasts, and maybe osteocytes. 

 In addition to these transcription factors, a bZip factor activating transcription 

factor 4 (ATF4) was recently shown to regulate the onset of osteoblasts differentiation, 

and was an important factor throughout the osteoblast differentiation process, regulating 

both collagen type I synthesis and osteocalcin activity. It has been shown to bind and 

regulate the osteocalcin promoter in a RSK2-dependent manner (ribosomal S6 kinase-2)  

(Yang et al. 2004). The physiological role of ATF4 is clearly important, as suggested by 

the ATF4 deficient mice that are small, and have low bone mass compared to littermates 

(Tanaka et al. 1998; Hettmann et al. 2000; Masuoka et al. 2002; Yang et al. 2004). 

 Thus, several signaling events will modulate the proliferation and differentiation 

of osteoblasts through indirectly activating or repressing the AP-1 transcription factor 

complex. These signaling events are mediated cell adhesion to the ECM, and then 

transmitted by second messengers to the nucleus to regulate gene expression. 

 

I.4 Regulation of bone by mechanosensors 

 

 These transcriptional pathways are highly dependent upon the cell’s ability to 

adhere and sense its external physical environment. In order to fulfill its mechanical and 

metabolic roles, bone must be able to integrate local and systemic signals that will 

determine the optimal bone mass and guide its remodeling pattern, as well as balance 

osteoblast bone deposition and osteoclast resorption.  

 While metabolic demands of the skeleton are managed largely through hormones, 

the structural functions of bone are set primarily by genetic determinants and then by 

mechanical loading. The body’s ability to function properly is ultimately dependent on 

the mechanical properties of bone. Bone must be stiff, resilient to fatigue, and have the 

ability to withstand extremes of physical activity. Like many organs, it has the capacity to 
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adapt to its physical environment, and respond to subtle changes in functional demands, 

such as to be optimized for each individual’s physiology. Bone cells such as the 

osteoclast, osteoblast and osteocyte must all be fine tuned to work in unison when 

remodeling the skeleton. It has been known for a long time that these cells must have 

some kind of framework to transduce mechanical stimuli into intracellular signaling 

pathways and ultimately gene transcription that reflect the needs of the 

microenvironment. (Rubin et al. 2006). 

 Mechanosensors on the cells surface that direct gene transcription include ion 

channels, connexins, and integrins. These form the basis for attachment and in 

conjunction to hormonal stimuli, determine the cell fate. Below we will detail on a 

particular cell surface receptor that has a particularly important role in osteoblasts. 

 

I.5 Integrin Receptors 

 

 Integrins are the major cell receptor molecules that regulate cell adhesion to an 

extracellular matrix (ECM). Their activation is usually required for cell survival, and 

although they are located on the cell membrane, they have profound effects in the 

cytoplasm by engaging several protein complexes, and indirect influences in the nucleus 

where gene expression can be regulated. 

 These receptors are key players in transducing extracellular signal such as matrix 

composition and biomechanical forces to the intracellular compartment, where effector 

proteins can integrate this information and regulate cell survival, differentiation, 

migration, and proliferation. Integrins are essential for anchoring a cell to the extracellular 

matrix, and through partner protein interactions, can effectively link the ECM to the actin 

cytoskeleton of the cell. 

 Since their discovery, integrins have been intensely studied. Their critical role in 

several cell types has been clearly demonstrated by the variety of phenotypes present 

when one of the subunits is knocked-out. Phenotypes for these knock-outs include: 

complete block in preimplantation development (β1), lethal developmental defect (α4, 

α5, αv, β8), perinatal lethality (α3, α6, α8, β4, β8), defects in leukocyte function (αL, 
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αM, αE, β2, β7), inflammation (β6), hemostasis (αIIb, β6, α2), bone remodeling (β3) 

and angiogenesis (α1, β3) (Hynes 2002). 

 

Structure of the integrin receptor 

 

 Integrins are heterodimeric proteins with an α and a β subunit. There are currently 

18α and 8β subunits that have been characterized and these have been known to assemble 

into 24 αβ integrin receptors to date (Hynes 2002). The combination of one α and one β 

confers the specificity of the integrin receptor to a number of ECM proteins. Ligands to 

the integrin receptors are generally short peptide sequences of ECM proteins such as 

collagen, fibronectin, vitronectin, and laminin. Other ligands for integrins have been 

demonstrated as leukocyte specific, which will bind counter-receptors of the Ig 

superfamily such as VCAM-1 (Figure 4) (Hynes 2002). 

 Signaling through the integrin receptor is bidirectional: signals from the matrix are 

transmitted to the cytoplasm, while the ability of the integrin to bind to the matrix is 

regulated by intracellular signals, as such, the cytoplasmic domain of integrins determines 

the receptor’s activation state (Hynes 2002). This reciprocal interaction is required for 

adherent cells to survive and differentiate, while neoplastic cells often loose this 

anchorage dependent survival signal. 

 

Integrin function 

 

 The cytoplasmic tail of integrins is generally short and always devoid of kinase 

activity. In order to transduce signals to and from the intracellular milieu, integrins must 

cluster together and form focal adhesion complexes. These focal adhesions promote more 

clustering along the membrane in a positive feedback loop, and strengthen the bond to the 

ECM, which in turn restructures its extracellular proteins, thus forming aggregates on 

each side of the membrane. On the cytoplasmic tail of the integrin, protein kinases and 

adaptor proteins are recruited sending downstream signals to the nucleus and other 

cytosolic organelles. In addition, the actin cytoskeleton binds to these adaptor proteins, 
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and reorganized the actin network depending on the location of the focal adhesion. In a 

migrating cell, the leading edge will form new adhesions, as the actin network will create 

new protrusions in the membrane based on integrin signaling. In parallel, the rear of the 

cell will dissolve its current focal adhesions, and recycle the actin to the leading edge 

(Brakebusch et al. 2003). 

 Thus, integrins as a stand-alone protein can accomplish very little, and in order for 

the cell to survive, grow, migrate, and differentiate, partner proteins must be activated to 

transduce signals.  

 

The role of integrins in osteoblasts 

 

 Osteoblasts are highly polarized cells that will secrete large amounts of osteoid 

before terminally differentiating into osteocytes, or into bone lining cells. To effectively 

secrete proteins and then differentiate, they are particularly dependent on their attachment 

to bony extracellular matrix. Bone matrix is formed mainly of hydroxyapatite crystals, 

but the main protein is collagen type I, accompanied by fibronectin, and laminin. All of 

these form a scaffold on which the osteoblast can bind via its array of integrin receptors.  

 

In vitro models 

 

 The importance of the matrix in osteoblasts is particularly evident in studies using 

antibodies targeted at integrins or extracellular matrix proteins. Fibronectin is a major 

component of bone matrix, and has been shown to be a ligand for several αβ integrin 

heterodimers. In vitro studies using targeted antibodies to fibronectin suggest that it is 

required in the early process of osteoid mineralization. In addition, immature osteoblasts 

that are exposed to anti-fibronectin fail to fully differentiate, while maintaining the ability 

to attach to the matrix (Moursi et al. 1996). However, when mature osteoblasts are 

exposed to anti-fibronectin treatment, they show characteristic apoptotic features (Globus 

et al. 1998). Thus fibronectin is required for early osteoblast differentiation, and becomes 
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a survival factor in mature osteoblasts. These data suggest an important role for integrin 

signaling in osteoblastogenesis. 

 Conversely, when antibodies are targeted to specific integrin receptors known to 

be expressed in the osteoblasts, differentiation is inhibited and osteoid mineralization is 

reduced. Mineralisation is blocked as much 95% for the collagen type I receptor α2β1, up 

to 65% in the vitronectin αvβ3, up to 20% for α3β1 and α8β1, and 45% for the β1 

subunit (Schneider et al. 2001). In addition to blocking mineralization, the differentiation 

of the osteoblasts is also reduced. In contrast, when the αvβ3 or αvβ5 receptors are 

blocked using specific antibodies, mineralization and differentiation are unaffected 

(Moursi et al. 1997). Thus, put together, the signaling pathways involved in integrin 

signaling can effect several different aspects of osteoblast physiology, and integrins can 

even have an influence on the extracellular matrix formed by the osteoblasts, emphasizing 

the bi-directional role of these receptors.  

 Signaling pathways are also dependent upon the ECM surrounding the cell. A 

recent study proposed separate pathways regulating mesenchymal progenitor cell 

differentiation based on the ECM plating. Here, they showed that while vitronectin 

plating was able to activate the focal adhesion kinase and the ERK pathways, plating on 

collagen type I only activated the ERK pathways after one week in culture. Hence, 

signaling through the integrin can be substrate dependent (Kundu et al. 2006). 

 

In vivo model 

 

 The use of transgenic mice has also been particularly useful to the study of 

integrin function in an in vivo setting. These studies have focuses on the β1 integrin 

subunit, which is highly expressed on the cell surface of osteoblast and osteocytes (Gohel 

et al. 1995). It is believed to be of particular importance to this lineage because it binds to 

most of the ECM proteins present in bone, including collagen type I (α1β1, α2β1), and 

fibronectin (α3β1, α5β1, α8β1), to name a few. Thus, a dominant negative form of the 

β1 subunit (β1-DN) was expressed in osteoblast of mice under the control of the 

osteocalcin promoter, ensuring that only differentiated osteoblasts and osteocytes had the 
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extracellular domain of the β1 subunit removed (Zimmerman et al. 2000). As opposed to 

the in vitro assays, the β1-DN osteoblasts growing in their physiological environment 

were able to grow, differentiate, and remain attached to the bone matrix. When these cells 

were then taken out of their milieu, and plated in culture, they lost this ability to remain 

attached and detached from the surface substratum. This highlights the importance of the 

ECM in regulating the survival of these cells, and the local factors present in vivo that 

maintain the cells integrity that are dependent on the integrin receptor.  

 Histologically, the bones of the transgenic mice were abnormal compared to those 

of the wild-type. Although osteocyte lacunae were normal, the canaliculi that contain the 

cytoplasmic extensions of the osteocytes were abnormal. The cortical bone appeared 

thinner, and was more porous in transgenics. In addition, the cortical bone was more 

disorganized and the bone formation rate in these mice was reduced. The parietal bones 

of the skull were thinner than controls. Finally, the osteoblasts lost their polarized 

morphology, and seemed to have defects in either collagen type I and laminin secretion or 

production. 

 This phenotype suggests an important role for integrin signaling in osteoblasts 

matrix secretion and production, and ultimately in the formation and organization of the 

skeleton. The skeletal phenotype of the male mice was compensated for with age, and the 

bone grew stronger. In females, however, the bone remained thinner, and the number of 

osteoclasts was increased compared to wild-types. This further suggests that the role of 

sex hormones may play a role and influence integrin signaling pathways, and that this 

pathway also modulates the activation of osteoclasts. 

 

I.6 Integrins downstream signaling 

 

 There are several important downstream binding partners to integrins, and focal 

adhesions can involve over 50 proteins working in unison. For the purpose of this work, 

we will restrict our focus to two important binding partners of integrins, and examine 

each pathway individually. 
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Focal adhesion kinase 

 

 Focal adhesion kinase (FAK) is a cytoplasmic tyrosine kinase that co-localises to 

sites of integrin clustering. It is a principal mediator of signals from the integrin receptor, 

and has the ability to recruit various proteins to the clustering site. Its binding site to the 

integrin is still being explored, but based on binding of FAK to peptides of the β1 subunit, 

it is believed to bind to integrins directly (Schaller et al. 1995). However, deleting the 

integrin binding domain of FAK does not prevent it from localizing to focal adhesions, 

and deleting the FAK binding region of the β3 subunit does not prevent FAK activation 

(Tahiliani et al. 1997; Shen et al. 1999). Therefore it is possible that in vivo, FAK binds 

integrins indirectly, through an adaptor protein such as talin and paxillin, which are able 

to bind integrins directly and indirectly (Brakebusch et al. 2003). 

 Upon binding to the ECM and integrin activation, FAK becomes phosphorylated 

at Tyr397 either directly by autophosphorylation or indirectly after Src phosphorylates 

Tyr576 and 577. Upon activation, FAK phosphorylates several targets that regulate cell 

fate such as PI-3-kinase that will then phosphorylate PKB/Akt and regulate cell survival. 

FAK has also been suggested to regulate cell cycle progression and proliferation by the 

activation of JNK. Upon FAK activation, a complex forms with the recruitment Src, 

p130CAS, and Crk. This complex activates JNK that gets shuttled to the nucleus and 

phosphorylates the c-Jun transcription factor that binds to c-Fos and forms the AP-1 

transcription complex, an important regulator of gene expression in osteoblasts and other 

cell types (Giancotti et al. 1999). 

 

 In the pre-osteoblastic cell line MC3T3-E1, FAK has been shown to regulate 

differentiation through two parallel pathways when these cells are plated on collagen type 

I. Using antisense FAK to inhibit FAK activity, the ERK-MAPK pathway was inhibited, 

and expression of the differentiation marker alkaline phosphatase was also reduced 

compared to control cells (Takeuchi et al. 1997). In a similar experiment, FAK was 

inhibited using antisense oligonucleotides, and the osteoblasts were stimulated with bone 

morphogenic protein 2, a treatment known to induce differentiation and matrix deposition 
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in the osteoblasts through the Smad pathways. In FAK deficient cells, this pathway could 

not be activated, and cells did not differentiate as determined by osteocalcin expression, a 

marker for late stage osteoblast differentiation (Tamura et al. 2001). 

 Thus, integrin signaling through FAK is one mechanism that regulates osteoblast 

differentiation and gene expression through several well defined pathways. 

 

In vivo model of FAK modulation 

 

 In bone, the role of FAK has only recently been elucidated by the generation of a 

conditional knock-out of FAK in osteoblasts. The group of Helms et al found that when 

FAK is knocked-out in differentiated osteoblasts, the differentiation process is perturbed 

in vitro. This corroborates evidence from other groups that have used blocking anti-

bodies against integrins and have completely blocked osteoblasts differentiation. 

However, some of the FAK null osteoblasts still differentiate, and when the skeletal 

phenotype is observed, there is no change in the bone architecture of mice in development 

or in adult mice, suggesting that FAK is not required for osteoblast differentiation in vivo. 

The group then stressed the system by inducing mono-cortical fractures to the bone of 

these FAK null mice, and observed delayed fracture healing and remodeling at the 

fracture site. To further investigate the relative contributions of osteoblasts or osteoclasts 

in the delayed process, they took bone fragments from FAK null mice and placed them in 

the fracture site of wild-type mice, and vice versa. The results showed that the osteoclasts 

were slower at resorbing the matrix that was produced by the FAK null osteoblasts, 

suggesting that FAK is potentially involved in formation of the osteoid by the osteoblast. 

Thus FAK is required ex vivo, but mechanisms exist in vivo to maintain normal bone 

homeostasis until the system becomes challenged (Kim et al. 2007). 

 

 

Integrin-Linked Kinase 
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 Another protein that has recently been characterized and found to impact on 

integrin signaling is integrin-linked kinase (ILK). This protein was identified in 1996 as 

being able to bind and phosphorylate the β1 integrin subunit (Hannigan et al. 1996). ILK 

plays a dual role in the cell: it has a kinase function that can phosphorylate several 

proteins, thereby mediate a regulatory effect on several signaling cascades; in addition it 

can serve as an adapter molecule that bind to proteins such as PINCH, α-parvin, β-parvin, 

and paxillin. As an adapter molecule, ILK and its binding partners serve to link the actin 

cytoskeleton to the integrin receptor and the ECM, while at the same time regulating actin 

polymerization. As a kinase, ILK can phosphorylate a number of targets involved in cell 

survival, proliferation, differentiation, and migration (Figure 5). Many of these regulatory 

abilities stem from its ability to indirectly regulate gene expression in several cell types, 

and it is increasingly seen as a therapeutic target in tumorigenic cells (Hannigan et al. 

2005). 

 

ILK structure/function 

 

 The gene encoding Ilk was mapped to the distal tip of human chromosome 11 

(11p15.4/15.5). Analyses of mRNA expression and human genomic database searches 

indicated that only one ILK gene exists. The translated ILK protein is 452 amino acids in 

length, and comprises four amino-terminal ankyrin repeats, a central pleckstrin homology 

(Globus et al.)-like domain, and a carboxy-terminal kinase catalytic domain (Figure 6) 

(Hannigan et al. 2005). 

 The ankyrin repeats allow ILK to bind to the β1 integrin subunit, but this region is 

conserved in several proteins, and is important to facilitate protein-protein interactions. In 

this case, this region can also bind to PINCH, and ILKAP, the latter being a negative 

regulator of ILK kinase activity and signaling. The PH-like domain of ILK contains a 

binding site that is a likely target of phosphatidylinositol3,4,5-triphosphate (PIP3) 

regulation. In vitro studies have suggested that this PH-like domain is a mechanism by 

which PI3-kinase can activate ILK through PIP3, but not PIP2 (Delcommenne et al. 

1998). 
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ILK signaling pathway 

 

 ILK has a very important role to play as an adapter protein to regulate the actin 

cytoskeleton. However, its kinase domain phosphorylates a wide range of substrates, 

which mediate many effects on the cell. We will focus on relevant protein pathways here 

that can effect cell survival, differentiation and ultimately gene expression (Figure 5). 

 ILK activity is stimulated by adhesion to the extracellular matrix through the 

integrin receptors, or by extracellular stimuli such as cytokines or growth factors in a 

phosphatidylinositol kinase (PI3K)-dependent manner. The main product of PI3K activity 

is PIP3, and this phospho-lipid acts as a second messenger to bind to the PH-like domain 

of ILK, thereby activating the kinase domain of the protein. This activation step has been 

proven to be important for the regulation of both PKB/Akt and glycogen synthase kinase 

3β (GSK3β) (Delcommenne et al. 1998). 

 The activation of PKB/Akt inhibits apoptosis; therefore this step is important in 

cell survival. It has become clear that the activation of PKB/Akt is dependent upon the 

binding of PIP3 to the PH domain of PKB/Akt, thus allowing the constitutively active 

PDK-1 to phosphorylate threonine 308, and partially activating PKB. At the same time, 

PIP3 activates ILK that will phosphorylate serine 473 of PKB, rendering the molecule 

fully active and able to promote cell survival. 

 On the other hand, glycogen synthase kinase 3β (GSK3β) is involved in cell fate 

determination and is a regulator of gene expression. In vitro experiments suggest that ILK 

can negatively regulate GSK3β by phosphorylating this protein on Serine-9. When 

GSK3β is phosphorylated and inhibited by ILK, it has a direct influence on the c-Jun 

protein, which becomes hypophosphorylated. Under this state, c-jun exposes a DNA 

binding domain, and is able to form homodimers and heterodimers with other jun and fos 

family members, and activate the AP-1 transcription factor family. This is another very 

influential gene expression pathway that has been directly linked to the activation of ILK 

(Troussard et al. 1999; Troussard et al. 2003). 
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 The important role of co-activators in gene expression has recently become more 

evident with the characterization of αNAC that functions in the cytosol to control 

translation and in the nucleus as a transcriptional co-activator. Recent in vitro data has 

suggested that αNAC is shuttled to the nucleus following ILK mediated phosphorylation 

at Serine 43, and once accumulated in the nucleus, αNAC acts as a coactivator by binding 

c-jun, and potentiating AP-1 activation (Quélo et al. 2004). Site-specific mutagenesis of 

this phosphoacceptor site to an alanine prevents phosphorylation of αNAC, and promotes 

cytoplasmic accumulation of the protein, leading to reduced AP-1 activity. Furthermore, 

αNAC cytoplasmic stability is regulated by GSK3β. The latter can phosphorylate αNAC 

on threonine 159, and target it for degradation by the 26S proteasome (Quélo et al. 2004). 

Thus ILK activity mediates direct and indirect subcellular signaling events through 

GSK3β, which will propagate the signal to c-jun and αNAC. These molecules combined 

will potently activate the AP-1 transcription factor family, and impact cell fate. 

 

ILK signaling in bone cells 

 

 ILK signaling has been investigated in chondrocytes and osteoclasts using a 

targeted Cre-loxP approach. This allows for the specific excision of the Ilk gene in 

chondrocytes or osteoclasts specifically. 

 The Cre-loxP methodology allows for the specific ablation of any DNA fragment 

that is flanked by loxP DNA sequences. The Cre recombinase enzyme will excise any 

fragment contained within that region. Thus, by controlling the expression of Cre using a 

cell specific promoter, a gene can be ablated specifically in any cell type, at a specific 

time in the differentiation pathway, given a suitable promoter can be found. 

 This approach allows for the generation of a mouse strain that has ILK-deficient 

chondrocytes, which are important in laying down cartilage, and particularly important in 

the growth plate of long bones. Disruption of Ilk expression leads to chondrodysplasia 

characterized by a disorganized growth plate and dwarfism. Differentiation of the 

chondrocytes was normal as assessed by gene expression markers, but proliferation of 

early chondrocytes of the growth plate was reduced, as assessed by BrdU labeling or 
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proliferating cell nuclear antigen. This phenotype is accompanied by a decrease in cyclin 

D1 expression, a regulator of cell cycle progression (Terpstra et al. 2003). 

 The Cre-loxP methodology was also used to generate ILK-deficient osteoclasts, 

and these mice appeared phenotypically normal, but hostological analysis of the proxial 

tibia showed an increase in bone volume and trabecular thickness. In vitro cultures and 

bone sections stained for TRAP suggest that osteoclastogenesis is not affected by ILK 

deficiency, and that the number of osteoclast is increased. Primary cultures of osteoclasts 

plated on dentin and calcium phosphate discs showed reduced resorption activity, 

however. Serum collagen degradation fragments suggest that there is also a systemic 

decrease in the resorption activity in ILK-deficient mice. Thus, ILK-deficient osteoclast 

show normal osteoclastogenesis but abnormal activity (Dossa 2006). 

 Integrin signaling through ILK is important in bone cells, and this can have a 

profound impact on histomorphometric parameters of bone, as evidenced by ILK-

deficient osteoclasts and chondrocytes.  

 

I.7 Goal and strategy 

 

 The primary aim of our research is to determine the role of ILK in osteoblast 

function. Studies of integrin and FAK modulation in osteoblast suggest that this pathway 

can have profound effects in this cell type. Therefore we set out to test the in vivo and in 

vitro effects of downregulating ILK specifically in osteoblasts. In order to achieve this, 

we used two parallel approaches. 

 The first approach we used was the generation of an ILK deficient cell line 

derived from mouse calvaria, the MC3T3-E1 cell line. Using RNA interference, we were 

able to selectively inhibit ILK translation by degrading ILK mRNA, and study the cells’ 

phenotype in vitro. 

The second in vivo approach was performed on a mouse model generated using 

the Cre-loxP methodology. Briefly, this method involved introducing a loxP DNA 

sequence flanking the Ilk gene. This sequence has no physiological effect under normal 

circumstances. Thereafter, a transgene is incorporated into the germ line of these mice. 
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The cre gene is a recombinase that has the ability to excise the DNA fragment that is 

flanked by these loxP sites, thereby inactivating the Ilk gene in this case. In addition, the 

Cre recombinase is driven by the osteoblast specific promoter of collagen type I, which is 

therefore expressed in maturing osteoblasts. This method allows for the inactivation of 

ILK in mature osteoblasts only. 

We report here that cultured ILK-deficient osteoblasts show exuberant 

mineralization accompanied by cytoplasmic retention of αNAC. RT-qPCR also shows 

that these cells have increased osteoblasts specific differentiation markers, and matrix 

protein production. Surprisingly, in mice with osteoblast-specific ILK inactivation, while 

we could document ILK inactivation in osteoblasts, we did not measure any significant 

changes in static or dynamic histomorphometric parameters. This suggests a redundancy 

of function in vivo. The main difference between cultured cells and the in vivo 

environment is the extracellular matrix. Therefore, we cultured cells on type I collagen 

matrix and observed a decrease in mineralization accompanied by an increase in FAK 

phosphorylation on residue Serine 722.  

 Taken together, our data suggests that the ILK-αNAC cascade normally 

inhibits osteoblastic activity, and that this activity involves ECM-integrin interaction. We 

propose that in vivo, other signaling pathways operating downstream of ECM-engaged 

integrins, such as signaling through FAK, are able to compensate for the loss of ILK 

activity, leading to the absence of an obvious phenotype in osteoblast-specific ILK-

deficient mice. 
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II. Materials and Methods 

 

II.1 Transfection of small interfering RNA sequences 

 

 The siRNA used in these experiments were initially identified from Ambion as 

pre-designed Silencer® sequences. ILK 782 is siRNA ID: 67803 (Cat: 16704), ILK 285 

is siRNA ID: 159172 (Cat: 16704). Both of these siRNA as targeted at different regions 

of ILK (Locus ID: 16202) (Table 1). One Negative Control siRNA (Cat: 4611) is used to 

ensure that the siRNA vector and or transfection has no deleterious effect on the cells, and 

to ensure specificity of the sequence. 

 All three of these siRNAs were tested in culture with transient transfections before 

incorporating the sequences into a vector. MC3T3-E1 cells were seeded in 6 well-plates 

at 100,000 cells/well 24 hours before transfection. siRNA sequences at 20, 50, or 100 nM 

were incubated with siPORT Amine and OPTI-MEM1 for 8 hours, and then diluted by 

75% with addition of OPTI-MEM1. RNA from cells was harvested 48 hours after 

transfection with the siRNA.  

 

II.2 RNA isolation, and RT-Real-Time qPCR 

RNA was harvested using the RNAqueous-4PCR kit (Ambion, Cat: AM1914). 

Briefly, cells are washed in PBS (137mM NaCl, 2.7mM KCl, 4.3mM Na2HPO4, 1.4mM 

KH2PO4, pH 7.3) and lysed by vortexing for several seconds in a guanidinium lysis 

proprietary solution. The sample is then mixed with ethanol, and applied to a silica filter 

cartridge that quantitatively binds mRNAs and rRNAs. The filters are then washed in 

proprietary solutions to removed contaminants, and the sample is treated with a DNaseI to 

remove any remaining DNA. 

Samples were reverse transcribed using the Applied Biosystems High Capacity 

cDNA Reverse Transcription Kit  (Cat: 4368813). The RT reaction involved a proprietary 

mix of RT buffer, dNTP mix, Random primers, RNase inhibitors and the MultiScribe™ 

Reverse Transcriptase.  
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To quantitatively measure the mRNA transcripts in the samples, proprietary 

primers were purchased from Roche Diagnostics. Each primer set is specific to one gene 

of interest. The cDNA that was harvested and reverse transcribed was measured by 

optical density, and mixed to the proprietary buffer and primers for the Real-Time 

reaction. In every Real-Time reaction, a reference gene is used to normalize the amount 

of RNA in the sample, and the target gene is expressed as a ratio to this reference gene. 

The Real-Time plate reader (7500 Real-Time PCR, Roche) measured the fluorescent dyes 

incorporated into the primers (TaqMan, Roche), and as a result, provides a quantitative 

assessment of the mRNA of the gene of interest, called the Ct value. This Ct value of the 

target gene is then normalized to the Ct value of the reference gene (Cttarget – Ctreference = 

dCt). This dCt provides a relative expression in each sample for the target gene. To 

compare several samples, the dCt of each value is compared to a calibrator value 

(dCtsample1 –Ctcalibrator = ddCt). This ddCt value is then expressed in terms of a relative 

value that reflects the exponential nature of PCR that doubles at every Ct increase (2^-

ddCT = final relative expression value).  

 

II.3 Generating Stable ILK Deficient Cells 

 

 Once the sequences identified were known to be effective, the sequences were 

cross-referenced to the NCBI Blast database to ensure that there was no sequence 

homology to other mouse genes. Using the Ambion website, and the sequences already 

tested, we designed the sequences to be incorporated into the vector for transfection 

(Table 2). These sequences have an added loop sequence that will be cleaved once 

expressed in the cell.  

 

These sequences were then synthesized by AlphaDNA (Montreal)  annealed with the 

annealing solution provided (Ambion) at 90oC for 3 minutes, then at 37oC for 1 hour. 

These were then ligated into the Silencer p3.1 H1 vector from Ambion (Cat: 5768) using 

the T4 DNA ligase provided for 2 hours at room temperature, transformed and amplified 

in XL1-Blue Supercompetent Cells (Stratagene, Cat:200236). Plasmid DNA was 
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harvested with the mini-preparation kit (Qiagen) and sequenced at the McGill Univeristy 

and Genome Quebec Innovation Centre on the 3730xl DNA Analyzer systems from 

Applied Biosystems platform. Cells were then plated for transfection at 120,000 

cells/well in 6 well plates, incubated overnight, and transfected with 2 µg of plamid with 

Geneporter (Gene Therapy Systems, San Diego, CA) and αMEM (Gibco) for a total 

volume of 500 µl. Four hours post-transfection, the volume was doubled with the addition 

of αMEM with 20% FBS. Twenty-four hours post-transfection, cells were washed with 

PBS and cultured with αMEM, 10% FBS. Seventy-two hours post-transfection, cells 

were split with Trypsin-EDTA 0.25% (Gibco) for 5 to 10 minutes, and twelve hours after, 

were cultured with αMEM, 10% FBS and 3 µg/ml puromycin. 48 hours later, cells were 

cultured with αMEM, 10% FBS an 2 µg puromycin for the remainder of the experiments. 

Cell populations were established as pools of stably transfected clones and this represent 

the most frequent integration event. 

 

Sequence 

Name 

Sense (5’ > 3’) Antisense (5’ > 3’) ILK 

Nucleotides 

targeted  

ILK 285 GCACGGAU 

UAAUGUGAUGAtt 

UCAUCACAU 

UAAUCCGUGCtc 

285 - 303 

ILK 782 GGAAAAGC 

AGGGACUUCAAtt 

UUGAAGACCCU 

GCUUUUCCtt 

782 - 800 

Table 1. siRNA sequences used for transient transfection of MC3T3-E1 pre-osteoblasts 

 

 ILK 285 ILK 782 

Sense (5’ > 3’) GATCCGCACGGATTA 

ATGTGATGATTCAAG 

AGATCATCACATTAA 

TCCGTGCTCTTTTTTGGAAA 

GATCCGGAAAAGCA 

GGGACTTCAATTCAAGA 

GATTGAAGTCCCTGCTTTT 

CCTTTTTTGGAAA 

Antisense  

(5’ > 3’) 

AGCTTTTCCAAAA 

AAGAGCACGGATTA 

AGCTTTTCCAAAAAAG 

GAAAAGCAGGGACTTC 
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ATGTGATGATCTCTTGAATCA

TCACATTAATCCGTGCG 

AATCTCTTGAATTGAAGT 

CCCTGCTTTTCCG 

Vector pSilencer3.1-H1 puro pSilencer3.1-H1 puro 

Promoter H1 H1 

Cell Selection Puromycin Puromycin 

Table 2. shRNA sequences with hairpin loop that are ligated into a vector and stably 

expressed in MC3T3-E1 cells. 

 

II.4 Mineralisation assay for MC3T3 pre-osteoblasts 

 

 Cells were grown to confluency, subcultured using 0.25% Trypsin (Gibco), and 

plated on 12 well-plates in triplicates. Cells were plated at 120,000 cells per well, grown 

to confluency, and then cultured for another 21 days with the addition of ascorbic acid (50 

µg/ml) and β-glycerol-phosphate (5 mM), in 10% FBS and αMEM. Media was changed 2 

to 3 times per week. In the case of collagen matrix plating, the wells were covered in 

0.1% Collagen type I (Sigma, Cat: C8919), incubated for one hour, and washed with PBS 

before plating the cells.  

 At 21 days post confluency, cells were washed three times with PBS (described 

above), fixed with 10% neutral formalin for 5 minutes, washed with water, and exposed 

to 5% silver nitrate in water for one hour under UV light. Cells were then rinsed with 

water, and exposed to 5% sodium thiosulfate to stop the reaction. Plates were then 

photographed. 

 Photographs were analysed with the Bioquant Osteo II software. This analysis 

consisted of assigning the bone volume as the mineralised volume of the well that appears 

dark, as well as assigning the minimum threshold value for the intensity of the stain. This 

value was then divided by the total volume of the well, to give the ‘BV/TV’. 

 

II.5 Protein Isolation 
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 Cells were grown for one week post confluency, at which point the protein was 

harvested. Cells were washed with PBS, and incubated for 10 minutes with shaking in 

RIPA lisys buffer (50 mM Tris-HCL, pH 7.4,150 mM NaCl, 1 mM EDTA, 1% Na-

deoxycholate, 1 % NP-40, 1 mM PMSF, and aprotinin, elupeptin, pepstatin cocktail to 1 

µl/ml (Sigma, Cat: P8340). Cell membranes were disrupted with 30 seconds exposure to a 

Sonic Dismembrator (Fisher Scientific) at 40% amplitude to ensure that membrane 

protein such as ILK are properly dissolved. Lysates were centrifuged at 12,000 rpm for 5 

minutes, the supernatant was transferred to a new tube and frozen at -80oC. 

 

II.6 Protein Immunoblotting 

 

  Cells lysates were quantified with the Bio-Rad Protein assay (Bio-Rad) to 

determine the concentration of protein in the samples. Proteins were then mixed with 

100mM DTT, and loading buffer (125mM Tris-HCl, 4% SDS, 50 % Glycerol, and 

bromophenol blue until visible). Samples were boiled for 5 minutes and loaded into a 

western blotting apparatus. This consisted of passing the proteins through two gels by 

electrophoresis, the first being a compression gel (4% acrylamide) and a separation gel 

(7.5 to 12 % acrylamide depending on protein size). All gels were loaded with Magic 

Mark XP (Invitrogen LC5602) or Rainbow RPN800V (General Electric Health Care) to 

determine protein size on the gel. Following electrophoresis for one to two hours at 60 V 

initially, then at 120 V in migration buffer (25 mM Tris-HCl, Ph 8.3, 190 mM Glycine, 

0.5% SDS), the membrane was removed from the apparatus and the proteins were 

transferred onto a nitrocellulose ECL membrane (Amersham Biosciences) for one hour at 

60 V in transfer buffer (25 mM Tris-HCl, 190 mM Glycine, 0.05% SDS, 20% methanol).  

 Once the proteins are bound to the membrane, it is incubated into a solution of 

TBS-T (ph 7.4, 10mM Tris-HCl, .150mM NaCl, 0.05% Tween 20) and blocked for one 

hour, followed by overnight incubation at 4oC of the primary antibody at the 

concentration indicated (Table 3). Following this incubation, membranes are washed 3 

times in TBS-T, then incubated for one hour at room temperature in blocking solution and 

the corresponding secondary horse radish peroxidase linked antibody at the indicated 
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concentration (Table 3). Membranes were then washed and incubated for 5 minutes in 

Immobilon Western (Millipore, Cat:WBLKS0100), and exposed to a chemiluminescent 

film (GE Healthcare) and developed. 

 

 Bloking  Primary  

Antibody 

Secondary  

Antibody 

αNAC 5% powdered milk 1/200 1/4000 

P-Gsk3β 5% powdered milk 1/200 1/2000 

Gsk3β 5% powdered milk 1/200 1/2000 

C-Jun 5% powdered milk 1/300 1/4000 

P-Fak 5% BSA, 2%Horse serum 1/200 1/2000 

Fak 5% BSA, 2%Horse serum 1/500 1/3000 

Table 3. List of antibodies with blocking solution used and dilutions. 

 

II.7 Immunocytochemistry 

 

 Glass coverslips were placed in six well plates and gelatin (0.1 %) was used to 

coat the glass for one hour, then washed off. Cells were then plated at 100,000 cells per 

well in a six well plate and cultured for 48 hours under normal conditions (as above). 

Cells were washed three times with TBS, fixed with 4% paraformaldehyde for 30 

minutes, washed, permeabilised with 1 % Triton-X 100, washed, then blocked with 1% 

BSA for 30 minutes. The primary αNAC antibody was then prepared in TBS-T with 1% 

BSA, and used at 1/200 dilutions for one hour at room temperature. Cells were washed 

three times, and incubated with the corresponding secondary FITC linked antibody in 

blocking solution (1% BSA) for 30 minutes at room temperature. Cells were washed, and 

then mounted with VectaShield mounting medium with DAPI (Vector). Photographs of 

the slides were taken immediately. Cells were counted on seven fields taken at 20x 

magnification, and based on localisation of the protein, and marked as either diffuse in the 

cell, preferentially nuclear, or preferentially cytoplasmic. 

 



42 

II.8 Mice derivation and genotyping 

 

Conditional ILK knock-out mice were generated by breeding mice homozygous 

for the ILK floxed allele (flanked by LoxP sites on the kinase domain,), with mice that 

were heterozygous for the ILK systemic knock-out with the addition of a Cre 

recombinase downstream of an early Collagen type I promoter (ilkfl/fl x ilk+/- cre). As a 

result, ILK was conditionally knocked-out in osteoblasts of mice that expressed Cre 

recombinase. These mice were engineered by Alice Arabian (ILK floxed and 

heterozygous KO), and Gerard Karsenty (Col1-Cre mouse) before my candidature. The 

scheme below illustrate this breeding process. 

 

 
 

Schematic 1: Breeding strategy for the osteoblast-specific ILK-deficient mice. 

 

The mice derived from this breeding could have four genotype, with mendelian 

proportions: ilk-/fl; ilk+/fl; ilk+/fl, cre; ilk-/fl,cre. To determine the genotype of the mice, tail 

snips were taken at two weeks old (for tibia collection), or at the time of sacrifice (for 

primary calvaria culture). Tail snips were placed in lysis buffer (pH 8.5, 100 mM Tris-

HCl, 200 mM NaCl, 5 mM EDTA, 0.2% SDS, 10 µg/ml proteinase K) at 55oC overnight, 

then were microcentrifuged for 10 minutes at 12,000 rpm, the supernatant was mixed 

with an equal volume of isopropanol, incubated for 10 minutes, and then 

microcentrigured for 10 minutes at 12,000 rpm. The supernatant was discarded, and the 

pellet was washed with 70% ethanol, air dried and resuspended in TE buffer (pH 7.7, 

Tris-HCl 10 mM, EDTA 0.1 mM). 
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Once the genomic DNA was isolated, an aliquot was taken for polymerase chain 

reaction (PCR) for the ilk genotype as well as for the presence of the Cre recombinase. 

Primer sequences used were as follows: 

RCRE  

5’-TGAAGCATGTTTAGCTGGCCCA-3’ 

 

RCRE  

5’-GACCGTACACCAAAATTTGCCTGC-3’ 

 

ILKNEOKO 

5’-GACATAGCGTTGGCTACCCGTGATA-3’ 

 

 ILKKO 5’ 

5’-GAAATGCTGATCATGCGTGGAGC-3’ 

PCR buffer composition: 

 

 RCRE (µl) ILKKO (µl) 

10x PCR buffer (Invitrogen) 2.5 2.6 

dNTP (2mM) 2.6 2.5 

Primes 5’ (5mM) 2.5 3.12 

Primes 3’ (5mM) 2.5 3.12 

MgCl2 (50mM) 2.25 0.78 

DMSO 0 0.52 

TaqMan 0.25 0.26 

ddH2O 11.5 12 

Genomic DNA 1 1 

Total reaction Volume 25 26 

 

Amplification was done by GeneAmp PCR 9700 (Applied Biosciences) under the 

following conditions: 
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Temperature (oC) RCRE (minutes) ILKKO (minutes) Cycles 

94 5 5  

94 0:45 0:30 

57 0:45 0:30 

72 1 0:45 

 

35 x 

72 7 7  

4 infinity infinity  

 

II.9 DNA and RNA purification from calvaria 

 

 Isolation of RNA from calvaria was done for mice to analyse expression patterns 

at 5, 14, and 42 days old. DNA was harvested at 42 days old to assess whether the 

excision of ILK by Cre recombinase was efficient. Both methods are based on the same 

initial reagent: Trizol Reagent (Invitrogen).  

 Mice were sacrificed by cervical dislocation, and the butterfly shaped calvaria 

were dissected, the periosteum was removed with a Kimwipe, and samples were placed in 

RNALater (Ambion) and stored at -20oC. Samples were then crushed with a mortar, 

placed in Trizol Reagent, and further homogenized with a Homogenizer (Brinkmann) at 

maximum intensity for 1 minute. Samples were stored at room temperature for 5 minutes, 

then centrifuged at 12,000 xg at 40C for 10 minutes. Chloroform was added to the 

samples, shaken by hand, then centrifuged for 15 minutes at 12,000 xg at 40C. The top 

aqueous phase was kept for the RNA while the bottom organic phase was kept for the 

DNA. 

 The DNA was subsequently precipitated with 100% ethanol, and centrifuged at 

2,000 xg for 5 minutes at 40C. The pellet was washed twice with 0.1M sodium citrate in 

10% ethanol. Finally the DNA pellet was washed with 75% ethanol, and resuspended in 

50 µl of TE buffer (as described). Once purified, the DNA underwent PCR with ILK 

floxed primers. 
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 The RNA was subsequently precipitated with isopropanol, centrifuged, and 

washed twice with 75% ethanol in DEPC water. The pellet was resuspended in nuclease 

free water (Ambion), and the concentration and purity of the total RNA was calculated by 

measuring the optical density of the sample at 260  and 280 µm. 

 

II.10 Blood Collection and Analysis 

 

 Mice were taken at 42 days old and anesthetized with isoflurane. Blood was 

collected by the animal health technicians or by myself through a cardiac puncture, and 

the mouse was then euthanised by cervical dislocation. The blood was incubated for at 

least 30 minutes at room temperature, then microcentrifuged at 6,000 rpm for 6 minutes. 

The supernatant was collected and stored at -80oC. 

 Blood samples were then sent for calcium, phosphate and alkaline phosphatase 

analysis at the McGill Animal Resources Centre.  

 Analysis of the collagen degradation product in the serum (Ctx) were done with 

the RatLaps ELISA Ctx kit (Nordic Bioscience Diagnostics A/S, Denmark). Briefly, this 

kit provides antibodies that detect a terminal peptide that is a product of collagen 

degradation that circulates in the blood. Samples are pipetted into wells that are pre-

incubated with the biotinylated peptide, and probed with a primary antibody and then a 

secondary antibody that is conjugated to a peroxidase. A chromogenic substrate is added, 

and the absorbance value is measured in a spectrophotometer, and the values a compared 

to a standard curve of known dilutions. 

 

II.11 Tibia collection and µCT 

 

 Mice were harvested at 5, 14 and 42 days old, and euthanised by cervical 

dislocation by myself or the animal health technicians. The fur of the mouse was washed 

with 70% ethanol, and removed to expose the tibia and femur. The tibia was cut on the 

distal end at the ankle, and the femur was cut distally, above the knee joint. The tibia was 

then placed in 4% paraformaldehyde in PBS, then incubated overnight. The samples were 
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then washed in PBS, and placed in 70% ethanol. The samples were taken to the McGill 

Bone and Periodontal Research centre for microcomputed-tomography analysis of the 

trabecular bone of the tibia. The instrument used was the SkyScan 1072, with a detector 

at 1024 x 1024 pixels, 12 bit cooled CCD –camera. This allows for high definition images 

of the trabuclar and cortical bone, and the bone volume / tissue volume is measured, as 

well as the trabecular thickness, separation, and number. 

 

II.12 Dynamic Histomorphometry 

 

 Mice were bred as described. Seven days before sacrifice, mice were injected 

intraperitoneally with a solution of either calcein or demeclocycline. Mice at 14 days old 

received calcein (25µg/g), while mice at 42 days old received demeclocycline (30 µg/g). 

The calcein fluorescent dye was dissolved in 150mM NaCl, 237 mM NaHCO3 in PBS 

(autoclaved) and filtered sterile. The demeclocycline dye was dissolved in 10% ethanol in 

immunoPBS. Mice were injected at 7 days and at 2 days before sacrifice. The tibia was 

collected and fixed as described, and dehydrated in graded ethanol baths (50%, 70%, 

90%, and 100% for 1 hours, 2x each). Sampled were then washed in xylene, incubated 

overnight in purified methyl methacrylate (MMA) at 4oC, then in 1% MMA (13% v/v di-

butyl-phtalate, 1% w/v benzoyl peroxide) for two overnights at 4 oC, then in 4.5 % MMA 

(17% v/v di-butyl-phtalate, 4.5% w/v benzoyl peroxide) overnight at 4oC. Samples were 

then placed in new vials, and incubated for about two weeks in the dark and at room 

temperature in 4.5% MMA to allow the samples to harden. The samples were oriented in 

such a way as to allow them to be reproducibly cut along the longitudinal axis. 

 The hardened samples were then cut using a microtome (Leica RM 2255), and the 

sections were placed in 70% ethanol on silane plus slides (Scientific Device 

Laboratories), and incubated overnight at 55o C. Samples were then mounted with 

MicroKit, and photographed under fluorescent light. 

 Photographs were then analysed using BioQuant Osteo II imaging software that 

inputs the bone and tissue volumes, as well as the spacing between the fluorescent lines 
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that represent the bone that has been formed during the 5 day interval of injections. The 

software then calculates the mineral apposition rate and the bone formation rates. 

 

II.13 Primary Culture of Osteoblasts 

 

 Mice were bred and genotyped as described, and were collected at 5 to 14 days 

old. They were euthanised by cervical dislocation, and the head was sprayed with 70% 

ethanol. The heads were then taken into the laminar flow tissue culture hood, and the 

butterfly shaped calvaria was dissected and placed into cold PBS with 4x 

antibiotic/antimicotic. The periosteum and endosteum of the calvaria was then removed 

microscopically, and they were washed again in cold PBS with 4x antibiotic/antimicotic. 

The calvaria was then minced, and placed into a digestive medium (1mg/ml Collagenase 

D, 2x antibiotic/antimicotic, αMEM) at 37oC with shaking for 10 minutes, three times. At 

the last incubation, the bones were placed in αMEM with 20% FBS and 1x 

antibiotic/antimicotic, and allowed to grow in a culture dish for several days. The media 

was changed and cells were grown in αMEM with 20% FBS, 10 nM dexamethansone, 50 

µg/ml ascorbic acid, 5 mM β-glycerol-phosphate, and 1x antibiotic/antimicotic.  

About one week after plating, cells were split with 0.05% Trypsin-EDTA (Gibco), 

counted and replated at about 20,000 cells in a 24 well plate. RNA was then collected as 

described. 

For mineralization of primary osteoblasts, cells were split about one week after 

the initial plating with 0.05% Trypsin-EDTA (Gibco), counted, and replated at about 

90,000 cells per well in a 24 well plate, and cultured for 21 days. Mineral deposits were 

then quantified by Von Kossa staining as described. 

 

II.14 Statistical analysis 

 

 All statistical analyses were done using the GraphPad Prism software. When two 

groups were being compared, a t-test was used, and when more than 2 groups were 

analysed, a one way anova with a Bonferroni post-test were used to analyze establish 
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significance. In cases of two variables such as genotype and time (as in experiments with 

primary cells and gene expression), two-way anova was used to establish significance 

between the genotypes over time. A p<0.05 was accepted as significant. 
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III Results 

 

III.1 ILK-deficient MC3T3-E1 pre-osteoblasts have increased activity 

 

 The primary objective of this study was to determine the role of ILK in 

osteoblasts. This can be done most efficiently using cell lines. In particular, we used the 

pre-osteoblastic cell line MC3T3-E1. These cells are derived from mouse calvaria that 

have been established into a permanent cell line that adequately mimics 

osteoblastogenesis in vitro (Sudo et al. 1983). In conjunction to this, we used RNA 

interference to inhibit Ilk mRNA and protein expression in these cells. Briefly, RNA 

interference relies on a mammalian cell’s defensive system that suppresses or degrades 

foreign nucleic acids in a highly specific manner. As such, one can transfect cells with 

double stranded RNA and produce a silencing effect on RNA sequences that match 

(Hannon et al. 2004). 

 To begin understanding the role of ILK in osteoblast, we used the pre-osteoblast 

cell line MC3T3-E1, and knocked down Ilk messenger RNA transcripts using RNA 

interference. To determine the best double-stranded RNA molecule, we tested several 

siRNAs in transient transfections. This consists of transfecting double-stranded RNA into 

these cells and assessing RNA transcript levels using Real-Time qPCR after 48 hours in 

culture. Two molecules displayed significant reduction in Ilk transcript levels. The ILK 

782 significantly decreased ILK mRNA levels while ILK 285 had a dose dependent 

profile of ILK inhibition (Figure 7 A,B respectively). The selectivity of the RNA 

molecule was tested by transfection of a Negative Control (NC) sequence that consisted 

of a scrambled GAPDH sequence with no homology to known mouse genes. Transient 

transfection with this RNA molecule showed no significant reduction in ILK RNA 

transcript levels as assessed by RT-qPCR (Figure 7, C). 

 

The ILK specific siRNA sequences were then synthesized as a complementary 

sequence with a loop, annealed, and cloned into a suitable expression vector to obtain 

stable pools of ILK-deficient cells. These cells have the advantage of allowing Ilk to 
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remain inhibited over a longer period of time, namely the three weeks that are necessary 

for these osteoblasts to secrete mineralizing matrix. To confirm the inhibition of ILK, we 

cultured cells for a week after confluency, and extracted total protein for western blotting 

using an anti-ILK antibody (Figure 8A). To determine the relative ratio of the protein 

quantification, we normalized the loading to the c-jun protein that remains unaltered by 

the treatment (Figure 8A). Accordingly, ILK expression levels are reduced up to 50% in 

the ILK 782 pool and 90% in the ILK 285 pool, as compared to the NC control protein 

levels (Figure 8B). 

 

 To determine the transcript levels of osteoblast specific markers, we used RT-

qPCR and harvested RNA from cells at one week and two weeks post confluence. 

Collagen type I is expressed early in osteoblast differentiation, with bone sialoprotein 

expressed later. Both are extracellular proteins important in normal osteoid 

mineralisation. In ILK-deficient osteoblasts, these genes are upregulated when mRNA is 

harvested at 14 days post confluence (Figure 9 A, B). Osteocalcin is another matrix 

protein that is expressed in differentiated osteoblasts, and we see here that at 7 days post 

confluence, expression of this marker gene is higher in ILK-deficient osteoblasts (Figure 

9C). These data suggest that there is an increase in bone matrix proteins secretions in 

ILK-deficient osteoblasts. 

 To confirm these findings, cells were cultured for three weeks, which is the times 

that is required for the osteoblasts to differentiate and produce matrix that will mineralize 

(Figure 10A). Both ILK-deficient cell lines produced significantly more mineralized 

matrix than the control, as quantified by Von Kossa staining (Figure 10B). Taken 

together, these data suggest that ILK has an inhibitory effect on matrix production and 

mineralization in osteoblasts. 

 

To identify downstream components of integrin signaling that could influence 

matrix synthesis in the osteoblast, we first concentrated on effector molecules that have 

been shown to be regulated by ILK kinase activity. GSK3β phosphorylation on Serine 9 

was assessed by western blotting, and values were normalized to the total GSK3β (Figure 



51 

11A). This residue appears to be hypophosphorylated in ILK deficient cells by 90% in 

ILK 782 clones and 50% in ILK 285 clones (Figure 11B). These data suggest that ILK 

deficiency causes GSK3β hypophosphorylation and hyperactivity, and can thus modulate 

downstream molecules and ultimately impact AP-1 transcriptional activity. 

 Integrin signaling through ILK has a direct ability to phosphorylate the αNAC 

coactivator on Ser43. This stabilisation step shuttles αNAC to the nucleus where is can 

bind the osteocalcin promoter at an AP-1 transcription site and positively regulate this 

specific osteoblastic gene. Immunofluorescence shows that αNAC was predominantly 

cytosolic in ILK deficient clones (Figure 12 A,B). Quantification of these data showed 

that ILK-knockdown cells have up to 50% less αNAC in the nucleus compared to the 

controls (Figure 12C).  

 

 These data suggest that ILK is a modulator of downstream molecules that are 

involved in osteoblast function. In particular, it affects on αNAC subcellular localization 

ultimately resulting in increased bone mineral formation. 

 

III.2 Analysis of the mouse model 

 

 Our in vitro data suggested that ILK regulates αNAC sub-cellular localization to 

inhibit osteoblast function. To test the physiological relevance of these observations we 

studied osteoblast specific ILK-deficient mice obtained by crossing the previously 

engineered floxed Ilk mice (this is an Ilk allele flanked by loxP sites) (Figure 13) with 

transgenic mice expressing the Cre recombinase under the control of the osteoblast 

specific collagen 2.3 kb Col1a1 promoter fragment. Thus mutant mice have one allele 

completely knocked-out (ILK-KO), while the other allele is floxed (ILK-/fl) and will be 

excised by Cre.  

 In this manner, a conditional Ilk knock-out can be generated specifically in 

osteoblasts. To genotype these mice and distinguish the wild-types from the mutants, we 

used PCR to test for the presence of Cre recombinase (Figure 14A). The selected primers 

(described in Materials and Methods) yielded a 200bp amplimer. The second allele that 
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was knocked-out was also tested by PCR, and the primers give a 1kb diagnostic amplimer 

(Figure 14B). Mice with the Ilk-KO and the Cre genotype are the mutants that are ILK-

deficient in their osteoblasts (genotype: Col1-Cre; ILK-/fl). 

To estimate the efficiency of the osteoblast specific Cre mediated excision, DNA 

was harvested from the osteoblast-rich calvaria. PCR using specific primers for the 

deletion region show that Cre does efficiently excise the kinase domain of ILK because 

the ILK band is reduced to 250 bp, compared to the non-excised floxed band of 2.1 kb 

(Figure 14C). This provides proof of concept that the Cre is efficient at excising ILK. 

 

 To gain further insight into the efficiency of the collagen I promoter that is driving 

the Cre expression, and to confirm the genotyping, we used RT-qPCR from RNA 

harvested directly from the calvaria and analysed Cre transcript levels. As expected, mice 

that do not show the Cre expression band by PCR have no Cre expression, as opposed to 

the mutant population that has elevated Cre expression levels (Figure 15). 

 

 In a final attempt to confirm that the Ilk gene is knocked-out, Ilk transcript levels 

were analysed from calvarial RNA harvested in mice at 5, 14 and 42 days old. In all 

cases, expression was reduced in the -/fl cre mutant population compared to the +/fl cre 

wild-type controls. Mice at 5 days post natal show a significant reduction of 70% in Ilk 

transcript levels (Figure 16A), while older mice harvested at 2 weeks and 6 weeks show 

reduction of 50% and 30%, respectively, compared to the wild type (Figure 16 B,C). 

Although Ilk ablation did not reach 100%, transcript levels were still reduced in the 

mutant population. 

 

III.3 Characterisation of the mouse model 

 

 The preferred model based on the in vitro data accumulated to date is that there 

may be increased bone deposition in the mutant mice. Therefore, a series of experiments 

were designed to investigate bone formation and bone remodeling in these mice. 
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Blood biochemistry 

 

 Blood biochemistry can provide information regarding the bone formation and 

turnover using marker proteins and ions that reflect bone homeostasis. We harvested 

blood from 42 day old mice, and subjected it to alkaline phosphatase (ALP), calcium, and 

phosphorus testing. ALP is a marker of osteoblast activity and bone formation, and 

calcium and phosphorus are the primary mineral ions in bone, and serum levels provide 

information regarding mineral homeostasis. Levels of all of these markers remain 

unchanged in mutant mice compared to control (Figure 17). In addition to these analyses, 

collagen degradation products were analysed to assess the resoptive activity of 

osteoclasts, and no difference was observed between the mutant and wild type population 

(Figure 18). These data suggest that the bone homeostasis of the mutant mice is not 

significantly altered, and that bone turnover was not affected in the mutant mice. 

 

Static histomorphometry 

 

Tibia were harvested at 5, 14, and 42 days old, and were subjected to µCT 

computer analyses to obtain static histomorphometry parameters (Figures 19 A,B; 20 

A,B; 21 A,B respectively). In all cases, the trabecular BV/TV remained unchanged 

between the mutant and control populations, although we observed a trend in the younger 

mutant mice towards increased bone volume (Figure 19C, 20C, 21C). This may be related 

to the previous finding that ILK transcript levels are more reduced in younger mice as 

opposed to the 42 day old mice. 

 

Dynamic Histomophometry 

 

Dynamic histomorphometric parameters provide information regarding the 

amount of bone that is being formed by the osteoblast over a given period of time. Mutant 

and control mice were injected with either calcein or demeclocycline at 14 days or at 42 

days. These dyes bind to mineralizing calcium, thereby staining the bone at the bone 
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forming front. When the dye is given twice within a 5-day period, the bone formation rate 

and the mineral apposition rate can be calculated. Tibia samples were collected from the 

injected mice, and there was no significant difference found in either the bone forming 

rate or the mineral apposition rate at 2 weeks (Figure 22) or at 6 weeks (Figure 23). These 

data support the biochemical analysis that did not reveal any perturbation of bone 

turnover as assessed by alkaline phosphatase and collagen fragments in serum. 

 

Osteoblast expression markers in the calvaria. 

 

 Calvaria are a rich source of osteoblasts, and we wanted to investigate the gene 

expression patterns of the osteoblasts in vivo. As such, we harvested RNA from calvaria 

of mice at 5, 14, and 42 days post natal, and assayed for the differentiation marker Runx2, 

and the ECM proteins collagen type I and bone sialoprotein. Expression of Runx2, 

involved in promoting osteoblast differentiation, remained unchanged at all time points, 

suggesting that the osteoblasts of these mice have a normal differentiation pattern 

(Figures 24A, 25A, 26A). Similarly, secretion of matrix proteins collagen type I and bone 

sialoprotein was normal compared to control, suggesting that these osteoblast function 

normally in vivo (Figures 24B,C, 25B,C, 26B,C). Thus in vivo, Ilk ablation did not affect 

osteoblast differentiation or function. 

 

III.4 Primary osteoblasts cultures 

 

 The results obtained from osteoblast-specific ILK mutant mice appear to conflict 

with the in vitro analysis of ILK-knockdown osteoblasts. One element that could explain 

this discrepancy involves the different environment of the osteoblasts in vivo or in culture. 

To test this interpretation, we studied the osteoblasts from mutant mice in primary tissue 

culture.  

 

 Primary cells were harvested from the calvaria of mice at about one to two weeks 

of age, and cells were grown for up to three weeks post confluency. RNA was harvested 
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at confluence, and at one, two and three weeks post confluence for RT-qPCR analysis. 

Transcript levels of ILK were analysed as a function of time, and levels in the mutants 

were significantly reduced compared to the control (Figure 27). As observed previously, 

ILK levels were not completely ablated, simply reduced compared to the wild-type. 

Nevertheless, osteoblasts markers for matrix proteins are significantly elevated (Collagen 

I, Figure 28C) or show a trend towards increased synthesis (Bone sialoprotein) (Figure 

28B). Furthermore, the transcription marker Runx2, which is crucial for the 

differentiation of osteoblasts, was significantly elevated in mutant cells in primary culture 

(Figure 28A). 

 Primary cells were cultured for immunofluorescence, and staining for αNAC 

showed that the protein was predominantly present in the cytosol of mutant cells as 

opposed to control cells (Figure 29 A,B). Therefore, αNAC cannot exert is transcriptional 

regulation of osteoblast genes in the mutant cells. The changes in the subcellular 

localization of αNAC were statistically significant (Figure 29C). 

 We cultured the ex vivo cells for three weeks post-confluence, thus allowing the 

cells to produce mineralized matrix. This was then assayed by Von Kossa staining for 

mineral (Figure 30A), and quantified (Figure 30B). Corroborating our observations with 

ILK-knockdown cells (Figure 10), the ILK-deficient cells produced almost double the 

amount of mineral matrix than the control (Figure 30B).  

 

 These ex vivo results corroborate the findings from the MC3T3-E1 cell line in 

which ILK was inhibited by RNAi, and suggests that when the osteoblasts are taken out 

of their native environment, they loose an important compensatory mechanism that is able 

to counteract the deficiency of ILK in vivo. 

 To address this mechanism, we must remember that ILK is a membrane protein 

whose role is to transmit information from the integrin receptor, itself bound to the 

extracellular matrix. Therefore, we hypothesized that the extracellular matrix of bone may 

have an important role in attenuating the phenotype that was observed in vivo. 

Furthermore, the most abundant matrix protein in bone is collagen type I, which is also 

capable of binding the integrin receptor. Hence, it is possible for collagen fibers in the 
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bone, bound to the integrin receptor, to somehow compensate for ILK signaling. To test 

this hypothesis, we utilized the ILK-knockdown MC3T3-E1 cells. 

 

III.5 Collagen matrix can compensate for ILK-deficiency 

 

 To test the role of collagen type I, we cultured ILK-deficient MC3T3-E1 cells on 

collagen matrix or on regular plastic culture dishes, and allowed them to produce matrix 

for three weeks before analyzing the amount of mineral by Von Kossa staining (Figure 

31). In control cells, mineralization was reduced by 25%, whereas in the ILK deficient 

cells, mineralization was reduced by 40% in the ILK 285 clones and 35% in the ILK 782 

clones. Thus ILK deficient cells plated on collagen mineralize less than those plated on 

plastic. This suggests that the bone matrix that is native to the osteoblasts can compensate 

for the ILK-deficiency by activating parallel pathways in the osteoblast.  

To identify what molecules may be involved in this compensatory pathway, we 

studied the role of focal adhesion kinase in osteoblasts. FAK is a membrane protein that is 

important in recruiting intracellular proteins to the membrane to form focal adhesions that 

bind the cells to the extracellular matrix (Cox et al. 2006). We hypothesized that on 

collagen matrix, FAK would be activated and compensate for the ILK deficiency. 

We cultured cells for two hours on plastic or on collagen matrix and then harvested total 

protein and assessed the activity of FAK by investigating a phosphorylation site at Serine 

722. This residue is a substrate for GSK3β activity, and phosphorylation at this site has 

been shown to have an inhibitory effect on FAK activity (Bianchi et al. 2005). In control 

cells plated on plastic, FAK is hyperphosphorylated on Ser722, therefore it is less active. 

In contrast, when cells are plated on collagen, FAK is hypophosphorylated, hence more 

active (Figure 32). In ILK-deficient osteoblast, this trend is reversed, with hyperactive 

FAK in collagen plated cells, and hypoactive FAK was detected in plastic plated cells. 

We propose that changes in FAK signaling upon adhesion to ECM components 

compensate for ILK deficiency in osteoblasts in vivo. 
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IV. Discussion 

 

 IV.1 Summary of Results 

 

 To investigate the role of ILK in osteoblasts, we first generated ILK knockdown 

cells using specific siRNA sequences transfected in MC3T3-E1 cells. These cells 

accurately mimic differentiation and proliferation of cells of the osteoblast lineage. When 

ILK-deficient MC3T3-E1 cells were cultured for three weeks, they showed increased 

expression of type I collagen, bone sialoprotein, and osteocalcin accompanied by 

augmented mineralization. Furthermore, these cells have increased GSK3β activity and 

retain αNAC in their cytoplasm. 

 These results contrast with the phenotype of osteoblast-specific ILK-deficient 

mice. We studied static and dynamic histomorphometric parameters in 5, 14, and 42 days 

old mice, and observed only subtle changes in these parameters. Osteoblast differentiation 

markers such as Runx2, bone sialoprotein and type I collagen were unaffected by ILK 

deficiency. Blood biochemical markers such as alkaline phosphatase, calcium and 

phosphate also remained unaffected. Osteoclast activity as measured by collagen 

fragments was not different in mutant mice. 

To address these discrepancies, we cultured primary osteoblasts in conditions that 

were similar to those of the MC3T3-E1 cells. This lead to increased mineralization and 

retention of cytoplasmic αNAC. Gene expression markers such as Runx2, bone 

sialoprotein and type I collagen were increased over time in the primary osteoblasts. This 

phenotype strongly correlates with what was observed in the knockdown cells. Thus, the 

surprising in vivo results lead us to suggest the possibility of a compensatory pathway that 

is unique to the bone microenvironment. To test this hypothesis, we cultured the ILK-

deficient MC3T3-E1 cells on collagen and observed a reduction in their exuberant 

mineralization. FAK activity was also investigated using the phosphoacceptor site serine 

722. It appears as though this important effector kinase is hypoactive in ILK-deficient 
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osteoblasts compared to control cells on collagen matrix. This suggests a possible 

mechanism in compensating for osteoblast activity in ILK-deficient cells. 

 

IV.2 Molecular mechanisms 

 

ILK-deficient osteoblasts 

 

 The phenotype that we observe in vitro is strongly supported by two independent 

methodologies. The use of both RNA knock-down technology and a conditional knock-

out mouse have generated a phenotype that supports the hypothesis that differentiation in 

ILK-deficient osteoblasts is increased and accompanied by increased mineralization in 

vitro. Any concerns about putative non-specific effects of the siRNA molecules are 

addressed by the use of two independent RNA sequences that both show similar 

phenotypes compared to a control sequence that has already been well characterized (Yu 

2007). The observed in vitro phenotype would support further studies aimed at addressing 

the role in ILK signaling in other aspects of cell biology. ILK signaling has been known 

to have important effects on cell survival, growth and adhesion. Investigations into the 

kinetics of ILK-deficient osteoblasts using growth curves over 5 days has shown that 

these cells grow faster than control (data not shown). Studies on cell survival looking at 

caspase activity or mitochondrial functional could also provide interesting insight into 

parallel mechanisms that are influenced by ILK. A well characterized protein is Akt/PKB 

that is phosphorylated by ILK and has been known to be very important for cell survival 

(Hannigan et al. 2005). Another fruitful avenue of investigation is the strong possibility 

that cell adhesion is affected by ILK inactivation. Studies of ILK-deficient osteoclasts 

have shown that these have adhesion defects linked to integrin signaling (Dossa 2006). 

 

Pathways Investigated 

 

 The results suggest a role for ILK in modulating bone formation through ECM-

integrin dependent mechanisms. Cells cultured on plastic showed exuberant 
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mineralisation, and this could be a result of the ILK-GSK3β -AP1 axis, which can 

regulate osteoblastogenesis. The documented decrease in ILK expression leads to a 

decrease in nuclear shuttling of αNAC, probably through the established regulatory site at 

Serine 43. This could reduce the activity of the AP-1 transcription factor through reduced 

coactivation of c-jun (Akhouayri et al. 2005). Furthermore, GSK3β can also inhibit c-jun 

by phosphorylating its DNA binding domain (de Groot et al. 1993). Thus, cytoplasmic 

αNAC and increased GSK3β activity observed in ILK-deficient osteoblasts would 

suggest reduced c-jun mediated AP-1 transcription factor activation. This mechanism 

would suggest that bone formation and osteocalcin expression could be decreased, 

however, we observe the opposite effect in our model. Thus, other pathways must act to 

support the increased bone formation that we observe in the ILK-deficient mutants. 

Similarly, the increase in osteocalcin expression observed in the knockdown cells would 

suggest that other signaling pathways are activating the gene. Several other transcription 

factors are known to interact with the osteocalcin promoter, including Runx2, Atf4 and 

Dlx5 (Lian et al. 1998) (Yang et al. 2004). These transcription factors are themselves 

regulated by other pathways in osteoblasts, and it is likely that they may be differentially 

regulated in ILK-deficient osteoblasts. Future work would be needed to investigate AP-1 

mediated transcription by using cells co-transfected with a luciferase reporter driven by 

the AP-1 promoter. Also, analyses on the pathways that are able to regulate the 

osteocalcin promoter using chromatin immunoprecipitation for potential modulators of 

this promoter in ILK-deficient cells is likely to provide insight into compensatory 

mechanism that lead to increased osteocalcin expression and bone formation.  

 

αNAC can regulate integrin expression 

 

The role of the αNAC coactivator in regulating bone formation is strengthened by 

recent preliminary data using RNA interference to reduce αNAC levels in MC3T3-E1 

osteoblasts (Akhouayri O, St-Arnaud R, unpublished). These cells show exuberant 

mineralization when plated on plastic. This mirrors the behavior of the ILK-deficient 

osteoblasts, and suggests that increased bone formation in both these osteoblast mutant 
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cell lines is likely mediated by a genetic mechanism that would be normally dependent on 

nuclear αNAC strictly controlling bone formation. In an effort to investigate mechanisms 

by which αNAC can regulate gene transcription, chromatin immunoprecipitation has 

been done by other members of the laboratory. Briefly, this technique involves isolating 

chromatin and then using specific antibodies targeted at αNAC. The αNAC-chromatin 

complex is then precipitated, and placed on a DNA array to identify promoter sites on 

which αNAC is bound in order to regulate gene transcription. We found that αNAC can 

bind and regulate transcription of the α11 and β6 integrin subunits in MC3T3-E1 

osteoblasts. Given the similarities in mineralization and αNAC subcellular localization 

between the ILK knockdown cells and the ILK-deficient primary osteoblasts, it is likely 

that similar mechanisms are acting in both these cells types. This could suggest a 

mechanism to explain the phenotype seen in the knock-out mice, whereby the integrins 

become differentially regulated by αNAC, and are no longer strongly dependent on ILK 

signaling in vivo. The integrin-ECM interaction also seems to play an increasingly 

important role as the osteoblasts mature, possibly due to the important interactions that 

the entombed osteocytes maintains with the ECM: as the osteoblasts differentiate into 

osteocytes, they grow cytoplasmic extensions that are thought to be important in sensing 

mechanical load. The observation that integrins control αNAC through ILK activity and 

that αNAC can also regulate integrins in late stage osteoblasts, suggest that their may be a 

delayed feedback mechanism operating to sensitize the osteocytes into mechanosensing 

cells, possibly by changing the integrin receptor proportions. As such, biomechanical 

stress may provide interesting insight in ILK-deficient cells, as well as αNAC deficient 

osteoblasts in vivo. 

 

Ultrasound induces osteoblastogenesis 

 

Recently is has been suggested that integrin signaling through ILK mediates 

ultrasound induced fracture healing by activating osteoblasts and chondrocytes (Hsu et al. 

2007; Tang et al. 2007). In chondrocytes ultrasound increases cyclooxygenase-2 

expression in an ILK/AKT/NF-kappB dependent pathway, while in osteoblasts ultrasound 
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induces inducible nitric oxide synthase (iNOS) in an ILK/Akt/mTOR/HIF1α dependent 

pathway. Thus integrin signaling mediates acoustic pressure changes to the cell and 

coordinates gene expression in two important mesenchymal bone cell types, albeit by 

different signaling pathways. The observation that the integrin-ILK/FAK-effector 

pathways only seem to be involved when bone is stressed suggests that downstream 

signaling events mediated by the integrin would be qualitative in nature: as long as the 

system is in homeostasis, a qualitative change in osteoblastogenesis may be unlikely to 

occur. In experiments with the osteoblast specific ILK-deficient model mouse, we could 

induce fractures and observe fracture healing properties with the induction of ultrasound. 

We would expect that ILK-deficient osteoblast mice would have reduced fracture healing 

compared to the control population. Integrin mediated ultrasound response in osteoblasts 

has also been suggested to be dependent on FAK, reinforcing the hypothesis that integrin 

signaling can mediates these qualitative changes in cell systems (Tang et al. 2006). 

 

IV.3 Alternate pathways in vivo 

 

The discrepancy observed between the in vitro and in vivo phenotypes suggest that 

other signaling pathways are activated in the osteoblasts to compensate for ILK 

inactivation in vivo. On plastic dishes FAK activity is increased in ILK-deficient 

osteoblasts. When these cells are plated on collagen they have significantly more 

hypoactive FAK than the wild-type cells. This is accompanied by a decrease in the 

mineralisation potentiation of ILK-deficient cells plated on collagen, and we hypothesize 

that FAK activity may contribute to the reduced mineralisation observed in the in vitro 

cultures, as well as contributing to the in vivo phenotype. Increased FAK activity is 

suggested to be accompanied by increased JNK activity, through the activation of FAK-

Src-p130cas-Crk (Giancotti et al. 1999). Activated JNK can in turn phosphorylate c-jun 

and promote heterodimerisation with c-fos, thereby promoting AP-1 transcription factor 

activity. This can be an important mechanism for osteoblast proliferation, which may be 

accompanied by FAK mediated stimulation of the Ras-MAP Kinase signaling cascade, 

which has also been shown to be an important activator of osteoblast differentiation 
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(Schindeler et al. 2006). This pathways is also involved in cell proliferation, and its dual 

role in osteoblasts are still being contrasted and confirmed. Our ECM data suggests that 

FAK may be differentially regulated in vivo, and this pathway may be a meaningful target 

to investigate as a possible compensatory mechanism. 

Interestingly, the MC3T3-E1 ILK knockdown cells also show increased 

proliferation after 5 days in culture (data not shown), suggesting that this dual Ras-MAPK 

proliferation/differentiation pathway may be influenced by ILK. Pre-osteoblasts may 

proliferate more quickly, thereby reaching maximal confluence in culture before 

differentiating into mature osteoblasts and depositing bone. Although each cell may lay 

down the same amount of bone than controls, the ILK knockdown cells may be more 

numerous, and may reach confluence and differentiate earlier than the controls, thus 

having more time to deposit bone. In vivo, this mechanism could be controlled for: the 

pre-osteoblasts proliferate more quickly, but once the site is saturated and bone is layed 

down, regulatory mechanism act to prevent excess bone from being deposited. This 

mechanism would have no impact on bone formation rate or mineral apposition rate, and 

given that the current model mouse has a collagen I driven Cre, it may be acting too late 

to observe this in vivo. An earlier promoter driving Cre expression could be used to test 

this hypothesis, and osteoblast on the growth plate could be counted or labeled with BrdU 

labeling for proliferation.  

Although we have restricted our analysis to the GSK3β-αNAC-cjun-AP1 

pathway, the implication of other pathways such as the JNK-cfos-AP1 and FAK-Ras-

MAPK pathway are both strong candidates to explain the observed increase in mineral 

deposition from ILK-deficient osteoblasts. Experiments investigating these signaling 

pathways could use the currently available AP-1 reporter assay that could be diagnostic of 

the AP-1 activity of the cell system. The implication that modulation of FAK activity 

could compensate for ILK signaling suggests that FAK can stimulate AP-1 mediated 

transcription independently of ILK activity and the molecular pathways involved could be 

investigated. Alternatively, western blots can be used to distinguish the activity of the 

Ras-MAPK effecter molecules such as MEK and ERK. Establishing the relative 



63 

importance of these pathways would be important to determine a primary downstream 

target to ILK that regulates bone formation and osteoblastogenesis. 

 

IV.4 Phenotypic considerations 

 

 The increase in mineralisation that was observed in cultured osteoblasts was 

completely compensated in vivo. The decreased FAK activity observed in ILK-deficient 

osteoblasts compared to wild-type cells plated on collagen suggests a FAK dependent 

mechanism that could compensate intracellular signaling events. The normal bone 

observed in the osteoblast specific ILK-deficient mutant mice could also be a 

consequence of the relatively inefficient Cre mediated excision of the Ilk gene. mRNA 

levels of Ilk were only slightly reduced, up to 60% ex vivo. Thus, with about 40 

% of ILK levels present in the cell, the penetrance of the Cre enzyme is quite poor. There 

are several reasons that this could occur: (1) the RNA samples are from a heterogenous 

cell population, formed mostly of osteoblasts, but also some fibroblasts that do not have 

Ilk excised and could be misleading. (2) Another reason is that the Ilk allele may be 

difficult for the Cre enzyme to excise. This is unlikely given that this allele has been 

excised in two other model mice, the chondrocyte and osteoclast specific knock-out mice 

(Terpstra et al. 2003; Dossa 2006). (3) Another possibility is that these cells have a fitness 

disadvantage compared to normal cells, and are therefore selected against. This is 

possible, but our knockdown cells suggest that ILK-deficient osteoblasts are able to 

survive normally and proliferate faster than normal (this may not be the case in vivo, 

however). (4) Finally the most likely reason is related to the promoter that drives Cre 

expression, which is the type I collagen fragment that is osteoblast specific. The activity 

of this artificial promoter most likely does not reflect the response of its natural 

counterpart. As such, the complete ablation of Ilk expression would likely require the use 

of a more robust promoter driving Cre. One such mouse that is currently available is the 

osterix promoter driven Cre, which will excise Ilk in early osteoblastogenesis. Another 

approach could be to excise Ilk in late osteoblastogenesis, when bone is layed down. This 

would provide insight into the role of ILK in osteocytes, and possibly in the 
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mechanosensing properties of this molecule. Such experiments could use the osteocalcin 

or DMP-1 promoter to drive Cre expression (Dacquin et al. 2002; Robling et al. 2006). 

 

Phenotypes of related mouse models 

 

 Studies to investigate the role of integrin signaling in late osteoblastogenesis have 

been performed and suggest an important role for integrin biomechanical sensing in 

osteocytes. Using an osteocalcin driven dominant-negative form of the β1 integrin 

subunit that lacks the extracellular tail of the receptor, this construct effectively inhibits 

β1 in mature osteoblasts and osteocytes. To determine the mechanical impact of this 

mutation, adult mice underwent mechanical unloading, such that the hindlimbs of the 

mice are suspended by the tail for one week, thus preventing any load from being sensed 

by the osteocytes (Iwaniec et al. 2005). The transgenic mice are characterized as having 

lower cancellous bone mass at the femoral metaphysis and lumbar body, reduced 

curvature of the proximal tibia, and decreased bone strength and stiffness of the femoral 

diaphysis. This dramatic phenotype suggest an important role for integrin signaling 

downstream of the β1 subunit. The use of the β1-DN has the advantage of being able to 

completely ablate all integrin mediated signaling within the cell. Therefore, unlike mouse 

models that focus on FAK or ILK signaling pathways, compensation and differential 

pathways along the integrin pathways are eliminated in the β1-DN mouse model. 

Nevertheless, ILK is likely an important component of mechanical regulation in the cells, 

and experiments focusing on the mechanical loading may be envisaged if a robust ILK-

deficient osteoblast specific mouse model can be generated. 

 The β1-DN mouse model does seem to behave quite differently from the ILK-

deficient osteoblasts, if only that the cells display impaired adhesion to collagen matrix 

(Globus et al. 2005). In growing mice, there are also differences in bone mass and 

strength, which are reduced compared to wild-type. The behavior of this mouse model 

suggest that this phenotype may be particularly severe compared to what may be expected 

from ILK knockout osteoblasts. The MC3T3-E1 cells that we have generated showed 

nearly complete ablation of Ilk expression. Although we did not perform an adhesion 
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assay on plastic or collagen, ILK-deficient cells remained attached to the surface 

substratum when exposed to type I collagen and remained able to differentiate and 

produce mineral matrix. This suggests that osteoblast attachment requires this 

extracellular tail of the β1 subunit, and that downstream signaling partners act as 

secondary transduction pathways that can modulate the response in a more qualitative 

manner. Alternatively, the reduced mineral deposition observed in the ILK-deficient 

osteoblasts plated on collagen could be secondary to an adhesion defect, similar to the β1-

DN mouse model, and an adhesion assay would be required to rule out this possibility. 

 The presented phenotype is supported by the FAK osteoblasts-specific knock-out 

mouse, where there was no morphological phenotype. This reflects our model, where 

there is no in vivo change in bone morphology, emphasizing the likelihood that integrin 

signaling is likely redundant in function and can be compensated for downstream of the 

β1 subunit. The FAK conditional knock-out mouse model needed to be stressed by using 

mono-cortical fractures to induce a qualitative change in fracture repair, and this was 

accompanied by a possible change in the osteoblast-produced osteoid. As such, 

experiments in the Ilk conditional knock-out could also investigate the effect of inducing 

fractures and observing parameters involved in fracture healing or using distraction 

osteogenesis to observe parameters involved in new bone formation at a fracture site. 

The finding that the matrix produced can be modulated by integrin-mediated 

events in the FAK model mouse seems particularly surprising, and raises the question as 

to the quality of the matrix produced by ILK-deficient osteoblasts. We have used the Von 

Kossa method to study mineral formation based on the property of the silver nitrate to 

bind to calcium that is present in the bone, and stain black when exposed to light. A more 

detailed analysis of the phenotype could include examining the architecture of the mineral 

phase and extracellular matrix composition and organization in these mice at the 

ultrastructural level using transmission electron microscopy to determine crystal size and 

morphology, as well as organic-inorganic relationships (McKee et al. 1995). Additional 

methods of mineral analysis could include X-ray microanalysis for elemental composition 

and X-ray diffraction techniques for mineral characterization (Landis 1996). 
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 Female sex steroid hormones have also been suggested to play a role in integrin 

signaling. In the β1 dominant negative adult mice, parietal bone mass was reduced in 35 

day old mice, but by 90 days, the males had compensated for the differences, but the 

females retained their low bone mass, and had increased staining for osteoclast activity in 

the growth plate (Zimmerman et al. 2000). This implies a protective effect of testosterone 

in male mice, or a causative effect of estrogen/progesterone in female mice, and this can 

impact integrin signaling. As such, a study investigating the respective roles of these 

steroid hormones could be envisaged by ovariectomising females and castrating males of 

the osteoblast conditional knock-out mice at a young age, and observing the impact on 

bone formation and bone mass, as well as biomechanical properties of the bone. 

 

IV.5 Conclusions 

 

 Our findings support a role for ILK in osteoblastogenesis. The surprising 

phenotype of the conditional knock-out mouse raises questions as to the natural 

environmental cues in vivo that require ILK signaling, given that integrins are required in 

vivo for normal osteogenesis. Tissue culture conditions allow us to dissect a possible role 

for ILK signaling, and even a moderate decrease as observed in the primary cells provide 

an observable increase in bone formation. Reconciling both these findings will require 

more work using a more robust mouse model, and possibly with different temporally 

regulated promoter sequences driving Cre expression. 

 Inhibiting the ILK-αNAC cascade seems to have evolved compensatory 

mechanisms over the course of evolution to prevent dramatic changes to cell and systemic 

physiology in the natural environment. When these cells are taken out of their normal 

milieu and placed in culture, these evolutionary compensation mechanisms appear to fail, 

leading to the phenotype that we observe. Targeting downstream of ILK, a site-specific 

mutation of αNAC is currently being engineered that would prevents its nuclear shuttling 

by ILK. This molecule is less likely to have compensatory mechanisms and the 

characterization of this model mouse will remain an interesting endeavor to explore. 
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Figure 1: Schematic of bone development through endochondral ossifi-
cation
Chondrocytes form isogenous groups in the proliferative zone of the growth plate. They will mature 
and differentiate into hypertrophic chondrocytes, thereby lengthening the epiphysis of the limb. 
Closer to the diaphysis, the cartilage surrounding the hypertrophic chondrocytes calcifies, and 
becomes resorbed. The invading blood vessels bring in precursor cells that will become osteoblasts 
and lay down new bone.
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Figure 2: Schematic of a bone modeling unit (BMU)
Under the influence of local and systemic factors, mononuclear cells from the vasculature migrate 
to the bone and differentiate into osteoclasts. These cells will resorb the bone at a local site, and 
recruit pre-osteoblasts to differentiate into osteoblasts and form new bone.
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Figure 1:  ILK is transiently inhibited by small interfering rna molecules. 
MC3T3-E1 cells were transfected with small interfering RNA molecules targeted to a short fragment of the ILK RNA sequence. These 
sequences were complimentary to two di�erent regions of ILK, and both are e�ective at degrading ILK RNA in a dose dependent 
manner (A, B). The control used is the negative control (NC) sequence, which consists of a scrambled GAPDH molecule (C).  *, p<0.05; 
**, p<0.01
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Figure 3: Representation of Osteoblast differentiation
Osteoblasts are of mesenchymal origin. Differentiation along the osteoblast lineage is dependent 
upon the timely expression and action of transcription factors (shown in orange box). These will in 
turn promote differentiation of the osteoblasts and activate transcription of proteins important for 
matrix secretions and mineralization (marked in blue). Two important collagen type I promoter 
fragments are known to be specific to the osteoblast lineage and expressed at a specific time in the 
differentiation sequence (marked in red). Adapted from Robling A.G., 2006



Figure 4: Integrin heterodimers and their respective matrix specificities
Integrins are formed by the dimerization of an α and a β subunit. These are differentially expressed 
in cell types, and in the osteoblasts the α1 subunit is particularly important. This subunit can 
heterodimerise with several β subunits thereby mediating adhesion to several extracellular matrices 
such as collagen and laminin. This is a schematic, and not a comprehensive review of all combina-
tions. Adapted from Hynes R.O., 2002
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Figure 1:  ILK is transiently inhibited by small interfering rna molecules. 
MC3T3-E1 cells were transfected with small interfering RNA molecules targeted to a short fragment of the ILK RNA sequence. These 
sequences were complimentary to two di�erent regions of ILK, and both are e�ective at degrading ILK RNA in a dose dependent 
manner (A, B). The control used is the negative control (NC) sequence, which consists of a scrambled GAPDH molecule (C).  *, p<0.05; 
**, p<0.01

Figure 5: Signaling pathways downstream of the Integrin-Linked Kinase
ILK signaling affects several aspects of cell biology such as migration, motility, angiogenesis, 
invasion, proliferation and mineralization. These effects are mediated by adhesion to an ECM, and 
through integrin activation, ILK signals though several effector proteins to mediate effects on gene 
transcription in several cell types. Of particular interest is the activation of αNAC, which can mediate 
AP-1 transcription and effect mineralization through the activity of osteocalcin. Adapted from Hanni-
gan G., 2005
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Figure 1:  ILK is transiently inhibited by small interfering rna molecules. 
MC3T3-E1 cells were transfected with small interfering RNA molecules targeted to a short fragment of the ILK RNA sequence. These 
sequences were complimentary to two di�erent regions of ILK, and both are e�ective at degrading ILK RNA in a dose dependent 
manner (A, B). The control used is the negative control (NC) sequence, which consists of a scrambled GAPDH molecule (C).  *, p<0.05; 
**, p<0.01
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Figure 6: Structure of the Integrin-Linked Kinase
ILK has three basic domans: a kinase domain, a pleckstrin homology domain, and four ankyrin 
repeats. The kinase domain allows for ILK to be an important signaling molecule in the cytosol, 
while the entire molecule has the ability to bind other proteins and act as an adapter to reorganize 
the cells cytoskeleton. Adapted from Hannigan G., 2005
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Figure 7:  ILK is transiently inhibited by small interfering RNA molecules. 
MC3T3-E1 cells were transfected with small interfering RNA molecules targeted to a short fragment 
of the ILK RNA sequence. These sequences were complimentary to two different regions of ILK, and 
both are effective at degrading ILK RNA in a dose dependent manner (A, B). The control used is the 
negative control (NC) sequence, which consists of a scrambled GAPDH molecule (C).  *, p<0.05; 
**, p<0.01
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Figure 3: Expression profile of ILK-deficient osteoblasts
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Figure 9:  Expression profile of ILK-deficient osteoblasts 
ILK-deficient MC3T3-E1 pre-osteoblasts were isolated and RNA was harvested at 7 and 14 days 
post confluence. Expression of osteocalcin, a marker of differentiated osteoblasts, is significantly 
increased in ILK-deficient osteoblasts compared to the negative control (C). Secretion of the matrix 
proteins collagen type I (A) and bone sialoprotein (B) is also increased at 14 days in ILK-deficient 
osteoblasts. **, p<0.05; ***, p<0.001



Figure 4: siNA treated cells deposit more mineral than control
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Figure 10:  ILK siRNA treated cells deposit more mineral than control  
(A) ILK-deficient MC3T3-E1 osteoblasts were grown for three weeks in medium containing ascorbic 
acid and ß-glycerol-phosphate to enable them to differentiate and produce mineralizing matrix (B). 
Quantification of the mineral volume that is standardized to the well size was measured using image 
analysis software, and ILK-deficient osteoblasts lay down more mineral matrix then the NC control. 
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Figure 12: αNAC preferentially localises to the cytosol in ILK deficient 
osteoblasts
Immunofluorescence was used to assess the subcellular localization of αNAC (A). Cells were 
counted, and αNAC appears to be present in the nucleus in only about half as many cells as in 
the NC controls (B). *, p<0.05
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Figure 13: Targetting vector used for deletion of Ilk kinase domain by 
Cre recombinase
Schematic representation of the loxP sites (yellow triangle) that flank the kinase domain of Ilk. 
Under the control of the Collagen type I promoter, Cre recombinase will be expressed in differenti-
ating osteoblasts. This recombinase will excise the Ilk Kinase domain encoded by the exons located 
between these two loxP sites. E, exon; TAG, stop codon
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Figure 15: Cre expression levels in murine calvaria
Calvarial RNA was harvested and assayed by RT-qPCR to determine Cre recombinase expression in 
mutant (-/fl cre) and control populations (-/fl). 
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Figure 16: Ilk expression levels in murine calvaria
Calvarial RNA was harvested because of its relatively high number of osteoblasts and osteocytes. 
Ilk transcript levels were assessed by RT-qPCR, and they were significantly reduced in 5 day old 
mice by 60% (A). Ilk transcripts in older mice were reduced by 50% and 40% in 2 and 6 week 
old mice, respectively, although these did not reach significance (B, C). **, p<0.01
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Figure 17: Blood biochemistry of 42 day old osteoblast-specific ILK-
deficient mice
Serum levels of the bone formation marker alkaline phosphatase remain unchanged in adult mice 
(A). Levels of the mineral ions calcium and phosphate also remain unchanged in adult mice when 
compared to the control (B, C)
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Figure 18: Collagen degradation fragments in 42 day old osteoblast-
speciic ILK-deficient mice
Collagen degradation fragments in the serum of adult mice are a marker of bone resorption. In 
mice that have ILK-deficient osteoblasts, there was no increase in the amount of collagen degrada-
tion when compared to control litter mates. 
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Figure 19: Static histomorphometry of 5 day old tibia
Tibia were collected in 5 day old control and mutant mice and quantitatively analysed with µCT for 
trabecular bone volume relative to the tissue volume (A, B). Although there is a slight trend towards 
increased BV/TV in the mutant, this trend was not statistically significant (C).
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Figure 20: Static histomorphotery of tibia of 14 day old mice
Tibia were collected in 14 day old control and mutant mice and quantitatively analysed with µCT 
for trabecular bone volume relative to the tissue volume (A, B). Quantitave analysis shows no 
difference between the wild type and mutant (C).
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Figure 21: Static histomophometry of tibia of 42 day old mice 
Tibia were collected in 42 day old control and mutant mice and quantitatively analysed with µCT 
for trabecular bone volume relative to the tissue volume (A, B). Quantitative analysis shows no 
difference in the BV/TV between the mutant and control (C).
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Figure 22: Dynamic Histomorphonetry of 14 day old murine tibia 
Mutant and wild type mice were injected twice with calcein florescent label five days apart to mark 
the bone forming front on the two injection days. Analysis of mineral apposition rate (MAR) and 
bone formation rate (BFR) are based on the distance between the fluorescent labels. Not difference 
was observed in the MAR of the BFR between mutant and wild-type mice (A, B).
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Figure 23: Dynamic Histomorphometry of 42 day old murine tibia 
Mutant and wild type mice were injected twice with calcein florescent label five days apart to mark 
the bone forming front on the two injection days (A, B). Analysis of mineral apposition rate (MAR) 
and bone formation rate (BFR) are based on the distance between the fluorescent labels. Not differ-
ence was observed in the MAR of the BFR between mutant and wild-type mice (C, D).
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Figure 24: Expression profile of 5 day old calvaria 
Calvaria were dissected from 5 day old wild type and osteoblast-specific ILK-deficient mice, and 
RNA was harvested and reverse transcribed for quantitative PCR. Transcript levels of the transcrip-
tion factor Runx2 remained unchanged in the mutants (A), and expression of matrix proteins such 
as collagen type I and bone sialoprotein also remained unaffected by deletion of ILK (B, C).
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Figure 25: Calvaria Expression markers at 14 day old 
Calvaria were dissected from 14 day old wild type and osteoblast-specific ILK-deficient mice, and 
RNA was harvested and reverse transcribed for quantitative PCR. Transcript levels of the transcrip-
tion factor Runx2 remain unchanged in the mutants (A), and expression of matrix proteins such as 
collagen type I and bone sialoprotein are also unaffected by deletion of ILK (B, C).
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Figure 26: Calvaria Expression markers at 42 day old 
Calvaria were dissected from 42 day old wild type and osteoblast-specific ILK-deficient mice, and 
RNA was harvested and reverse transcribed for quantitative PCR. Transcript levels of the transcrip-
tion factor Runx2 remain unchanged in the mutants (A), and expression of matrix proteins such as 
collagen type I and bone sialoprotein also remained unaffected by deletion of ILK (B, C).
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Figure 27: Expression levels of Ilk in cultured primary osteoblasts 
Primary osteoblast cells were harvested from calvaria of young wild type and osteoblast-specific 
Ilk-deficient mice and grown in culture. Cells were harvested at 0, 7, 14, and 21 days post conflu-
ence for RNA, and transcript levels were analysed using RT-qPCR. Transcript levels of Ilk were 
significantly reduced in the mutants (p<0.01, anova test), but Ilk was not completely ablated.
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Figure 28: Expression levels of cutlured primary osteoblasts 
RNA was harvested from cultured primary osteoblasts from wild type and osteoblast-specific ILK-
deficient mice at 0, 7, 14, and 21 days post confluency, and transcript levels were assessed by RT-
qPCR. ILK-deficient mutant osteoblasts express significantly higher levels of the transcription factor 
Runx2 (A, p<0.01, anova). Production of matrix proteins such as bone sialoprotein are elevated in 
mutants (B, p>0.05), and levels collagen type I are significantly increased (C, p<0.01, anova).
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Figure 29: Immunofluorescence of primary osteoblasts stainned for 
αNAC
Primary osteoblasts were cultured and stained for the αNAC transcriptional coactivator (A, B). Cells 
were counted and analysed for the subcellular localization of αNAC. In mutant cells, the nuclear 
αNAC is reduced by 70% (C). **, p<0,01
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Figure 30: ILK-deficient primary osteoblasts mineralise more than con-
trol cells. 
Wild type and ILK deficient primary osteoblasts were grown in culture for three weeks, and mineral 
deposition was quantified by Von Kossa staining in mutant and control populations (A, B). Quantifi-
cation of bone volume using BioQuant image analysis software shows that mutant mice have 
almost double the mineral deposition than the control (C). *, p<0,05
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Figure 31: Mineralisation of ILK-deficient osteoblasts on collagen matrix
MC3T3-E1 pre-osteoblasts were cultured for three weeks on regular plastic dishes or on collagen 
coated dishes. Mineral content was assessed by Von Kossa staining (A). Both ILK-deficient clones 
(ILK285, ILK782) mineralized more than control (NC) on regular plastic (B). Collagen coated dishes 
inhibited mineralization from 25 to 40% in all cases (B). *, p<0,05
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