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ABSTRACT 

There are currently several therapies available to treat low bone mass disease that either 

stimulate osteoblastic bone formation (anabolic) or inhibit osteoclast resorption (anti-resorptive). 

Many of these therapies come with drawbacks that ranges from constrained therapeutic regimes 

to more serious risks of myocardial infarction, stroke, and cardiovascular death. There thus 

remains a need for new osteoanabolic drugs, with different mechanisms of action, leading to 

more effective and safer treatments to stimulate bone formation in patients with low bone mass. 

Our long-standing research on the transcriptional repressor FIAT (Factor Inhibiting ATF4-

mediated Transcription) has characterized it as a valid target for drug development. FIAT 

interacts with the osteoanabolic Activating Transcription Factor 4 (ATF4) to prevent its binding 

to cognate response elements and thus, as its acronym implies, inhibit ATF4-mediated 

transcription. FIAT transgenic mice are osteopenic, while Fiat-deficient mice show a reciprocal 

high bone mass phenotype, supporting the selection of FIAT as a drug development target. Using 

a high throughput screen targeting this interaction, we have identified C73 (structure withheld at 

behest of counsel pending patent filing), a small molecule compound targeting FIAT, that has 

potential as a novel first-in-class osteoanabolic drug. Cultured osteoblasts treated with C73 

throughout differentiation exhibit an increase in mineralization and differentiation when assessed 

via alizarin red staining and gene expression monitoring. Using Chromatin Immunoprecipitation 

(ChIP) we show an increase in ATF4 binding to the OSE1 canonical binding region upstream of 

the osteocalcin gene promoter after osteoblasts are treated with C73. GST-pulldown assays 

suggest specificity of C73 for the ATF4-FIAT interaction, by modulating this interaction but 

having no effect on ATF4 binding to other partners. The dose ranging and safety testing show 

C73 is well tolerated in mice through intraperitoneal injections or oral gavage over many weeks 

of intervention. We could rescue the low bone mass phenotype of the FIAT transgenic mouse 

model through both modes of administration, regardless of sex. In a classic bone loss model of 

ovariectomized mice, which recapitulates the low bone mass associated with post-menopausal 

osteoporosis, treatment with C73 was shown to prevent the bone loss in an early intervention 

model, and rescue bone loss after it had occurred. Collectively, this study is the first to report a 

first-in-class compound targeting the ATF4-FIAT interaction that can modulate 

osteoblastogenesis and bone mass accrual. 
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RÉSUMÉ 

Il existe actuellement plusieurs thérapies disponibles pour traiter les maladies 

métaboliques osseuses comportant une perte de masse osseuse. Ces thérapies peuvent être 

divisées en deux catégories : celles qui stimulent la formation osseuse ostéoblastique 

(anabolique) ou celles qui inhibent la résorption ostéoclastique (anti-résorptive). La plupart de 

ces thérapies présentent des inconvénients allant de régimes thérapeutiques contraignants jusqu’à 

des risques plus graves tel que : infarctus du myocarde, accident vasculaire cérébral ou décès 

cardiovasculaire. Il existe donc un besoin pour de nouveaux médicaments ostéoanaboliques, avec 

différents mécanismes d'action, conduisant à des traitements plus efficaces et plus sûrs pour 

stimuler la formation osseuse chez les patients ayant une faible masse osseuse. Nos recherches 

sur le répresseur transcriptionnel FIAT (Factor Inhibiting ATF4-mediated Transcription) l'ont 

caractérisé comme une cible valable pour le développement de médicaments. FIAT intéragit avec 

le facteur de transcription ostéoanabolique ATF4 (Activating Transcription Factor 4) pour 

l'empêcher de se lier aux éléments de réponse correspondants et inhiber la transcription médiée 

par ATF4. Des souris transgéniques surexprimant la séquence FIAT humaine sont ostéopéniques, 

tandis que des souris déficientes pour le gène Fiat présentent un phénotype réciproque de masse 

osseuse élevée, ce qui supporte la sélection de FIAT comme cible pour le développement d'un 

médicament. En utilisant un criblage à haut débit visant l’interaction FIAT/ATF4, nous avons 

identifié C73 (structure non divulguée à la demande de nos avocats, en attente de dépôt de 

brevet), une petite molécule ciblant FIAT, qui a le potentiel d'être un nouveau médicament 

ostéoanabolique de nouvelle génération. Des ostéoblastes cultivés traités avec C73 tout au long 

de la différenciation présentent une augmentation de la minéralisation et de la différenciation, 

évaluée par coloration au rouge d'alizarine et la mesure de l'expression génique. Le traitement 

d’ostéoblastes avec C73 augmente la liaison d’ATF4 à sa séquence cible en amont du promoteur 

du gène cible ostéocalcine. Des tests d’interaction protéiques révèlent la spécificté de C73 pour 

le dimère FIAT/ATF4 sans affecter la liaison d’ATF4 avec ses autres partenaires. C73 est bien 

toléré chez les souris lorsqu’administré par injections intrapéritonéales ou par gavage pendant 

plusieurs semaines d'intervention. Le traitement avec C73 corrige le phénotype de faible masse 

osseuse du modèle de souris transgénique FIAT, peu importe le mode d'administration. Dans un 

modèle classique de perte osseuse de souris ovariectomisées, qui récapitule la faible masse 

osseuse associée à l'ostéoporose post-ménopausale, le traitement par le C73 s'est révélé capable 
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de prévenir la perte osseuse dans un modèle d'intervention précoce, et de corriger la perte 

osseuse une fois qu'elle s'est produite. Collectivement, cette étude est la première à identifier un 

composé de première génération ciblant l'interaction ATF4/FIAT pouvant moduler 

l'ostéoblastogenèse et l'accumulation de masse osseuse. 
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE 

 

The report presented here describes a novel, first in class compound, that targets the 

ATF4-FIAT interaction leading to meaningful impact on bone mass accrual.  

Chapter III describes the process in which a large library of compounds was screened to 

identify compounds that can modulate the binding between ATF4 and FIAT. The screen 

identified eight compounds that could modulate the interaction. In vitro work discerning the 

effects of these compounds on osteoblast differentiation and mineralization identified a lead 

compound (C73), which excelled in both aspects and would be the focus of downstream efforts. 

Chapter IV characterizes the mechanism of action of the compounds. We are the first to 

characterize a compound that can disrupt the ATF4-FIAT interaction without impacting the 

interaction of ATF4 with other bZIP partners. Furthermore, we show that treatment with C73 can 

increase the binding of ATF4 to the OSE1 site upstream of the Osteocalcin promoter.  

The studies conducted in chapters V and VI follow the next steps in a classical drug 

discovery pipeline. The work in chapter V exhibits the safety, tolerance and pharmacokinetic-

pharmacodynamic properties of the lead compound, C73. Using the low bone mass, FIAT-

transgenic mouse model (generated in our lab), the results of chapter VI support our preferred 

hypothesis that C73 disrupts the ATF4-FIAT interaction leading to an increase in bone mass. We 

show C73 is effective in restoring bone mass in the FIAT-transgenic mice to levels comparable to 

wild-type littermates. The fact that similar effects are obtained whether the compound is 

administered through intraperitoneal injections or oral gavage adds credence to notion C73 could 

eventually make it to market as a viable therapeutic for osteoporosis. The ovariectomy studies 

conducted in chapter VII demonstrate the multifaceted attributes of C73 in a post-menopausal 

bone loss model, as it can be administered as either a preventative or restorative therapeutic.  
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Altogether, our findings characterize an orally effective, novel compound that has the 

potential to be brought to market to treat low bone mass.  

 

FORMAT OF THE THESIS 

 

The thesis is written in the traditional format and consists of ten chapters. 

Chapter I is the introduction, which is comprised of a review of literature pertinent to this thesis. 

It also contains the rationale, hypothesis, and objectives of the thesis.  

Chapter II details the materials and methods relevant to this thesis. 

Chapters III, IV, V, VI and VII summarizes the research findings and the results of the study. 

Chapter III focuses on the results of the high throughput screen, including the effects of the 

identified compounds on osteoblast mineralization and differentiation in vitro. 

Chapter IV focuses on the results from in vitro studies exploring the effect of the lead 

compound on the ATF4-FIAT interaction and other ATF4 bZIP family members.  

Chapter V focuses on the safety, tolerance, and pharmacokinetics-pharmacodynamics of the 

lead compound in vivo. It also encompasses the effect of the lead compound on a long-term 

steady state study.  

Chapter VI focuses on the efficacy of the lead compound to rescue to low bone mass phenotype 

of the FIAT-transgenic mouse model. 

Chapter VII focuses on the efficacy of the lead compound to prevent and rescue ovariectomy-

induced bone loss.  

Chapter VIII is a discussion of all the results presented in the preceeding chapters and explores 

future experiments that could build upon the data presented. Chapter IX is the conclusion of the 

thesis. Chapter X catalogues the references used in this thesis.  
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Chapter I: INTRODUCTION 

1.1. Bone Tissue 

The skeleton is the structural framework of a vertebrate organism. It consists of bones, 

tendons, and cartilage. Along with providing shape, the skeleton supports and protects vital 

organs. Movement can be achieved through the attachment of connective tissues and muscles to 

the skeleton [1]. Although commonly thought of as a simple rigid structure, the skeleton, and the 

bones that comprise it, are associated with multiple functions within the body. The bone 

extracellular matrix is comprised of minerals, type I collagen fiber, noncollagenous proteins, 

water and lipids, all of which contribute to the mechanical and metabolic functions of bone [2]. 

Bones are comprised of minerals and are the largest reservoir of calcium and phosphate, making 

bone tissue critical in mineral homeostasis [3]. The cavities of bone are filled with red bone 

marrow, the primary site of hematopoiesis [4]. Bone has also been characterized more recently as 

an endocrine organ as bone derived factors regulate both local bone metabolism and global 

energy homeostasis [5]. 

Skeletal development separates vertebrates from invertebrates. During embryonic 

development the skeleton arises from three mesenchymal cell lineages: cranial neural crest cells, 

somites, and the lateral plate mesoderm [6]. From the cranial neural crest cells, the flat bones of 

the skull, clavicle and cranial bones arise [7]. Somites form the remainder of the axial skeleton 

while the long bones form from the plate mesoderm [8]. Although these three derivatives are 

responsible for the spatial allocation of the skeleton the process in which the mesenchymal tissue 

precursor is transformed into bone is split between intramembranous and endochondral bone 

formation. 

 Intramembranous ossification uses the direct conversion of mesenchyme into bone. This 

process occurs in the neural crest derived mesenchymal cells, in which these cells proliferate and 

differentiate directly into osteoblasts. Bones formed through this process include flat bones of the 

skull, the mandible, and the clavicles. Endochondral ossification differs from intramembranous 

by the need for an intermediary step between the mesenchymal cells and osteoblasts. In this 

process the mesenchymal cells differentiate into chondrocytes to form a cartilage template which 
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will be replaced by newly deposited bone. Endochondral ossification is the process in which long 

bones and all other bones are formed [7].  

1.2. Bone Cells 

 Bone is comprised of three cell types: osteoblast, osteocytes, and osteoclasts (Figure 1). 

Osteoblasts are derived from mesenchymal stem cells (MSCs), multipotent cells that can 

differentiate into chondrocytes, osteoblasts, myoblasts, and adipocytes [9]. Lineage commitment 

of MSCs is tightly controlled by molecular signaling and transcription factors. For osteogenic 

differentiation, Runt-related transcription factor 2 (RUNX2) and osterix (OSX/SP7) are 

necessary for the lineage commitment of MSC to osteoblast [10, 11]. Osteoblasts are the bone 

forming cells of the skeleton and line the bone surface. In their preosteoblastic proliferation state, 

cells increase expression of fibronectin, type 1 collagen (COL1A1 and COL1A2) and 

osteopontin [9]. As these cells differentiate from preosteoblasts to osteoblasts they continue the 

high expression levels of type 1 collagen and begin expressing alkaline phosphatase (ALP), a 

classical bone differentiation maker. This stage begins the maturation of the extracellular matrix. 

In the final stage of differentiation, termed mature osteoblast, cells express osteocalcin (BGLAP) 

promoting the mineralization of the extracellular matrix [12]. Mature osteoblasts are either 

recruited to the bone surface or undergo apoptosis. A subset of mature osteoblasts undergoes 

terminal differentiation into osteocytes but the mechanism behind this decision remains unclear 

[13]. 

 Osteocytes are derived from bone-forming osteoblasts that are trapped in the bone matrix 

and take on a dendritic-like shape. Each osteocyte resides within its own fluid-filled cavity 

known as a “lacunae” and can interact with other bone cell types through tunnel-like networks 

within the bone microenvironment called canaliculi. The canaliculi permeate the entire bone 

tissue allowing osteocytes to interact with osteoblasts, osteoclasts, and other osteocytes [14]. 

Osteocytes can modulate bone formation and resorption through the production of sclerostin. 

Sclerostin, encoded by the SOST gene, inhibits bone formation, and stimulates osteoclast 

function [15]. Osteocytes express a set of unique markers different from their osteoblastic 

precursor such as: E11/gp38, Dentin Matrix Protein 1 (DMP1), matrix extracellular 

phosphoglycoprotein (MEPE), fibroblast growth factor 23 (FGF23) and phosphate‐regulating 

neutral endopeptidase on the chromosome X (PHEX) [16]. 
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 Osteoclasts are responsible for bone resorption in the skeleton. Mature osteoclasts are 

large, multinucleated cells that derive from hematopoietic stem cells. Originating as mononuclear 

macrophages, osteoclastic precursors cells are stimulated by the macrophage colony-stimulating 

factor (M‐CSF) for continued survival, proliferation and initializing differentiation of 

hematopoietic stems cells into osteoclastic precursor cells [17]. Differentiation into mature 

osteoclasts is regulated by the receptor activator of nuclear factor‐κB ligand (RANKL) [18]. In 

response to both M-CSF and RANKL, osteoclast precursor cells originating from the bone 

marrow or circulation, migrate to resorption sites. After attaching to the bone matrix surface, 

cells differentiate into mature, multinucleated osteoclasts, and form a sealed acidic zone. Within 

this sealed zone, the osteoclast produces various enzymes that dissolve both the inorganic 

calcium and phosphorus mineralized matrix or the organic components of the extracellular 

matrix [19]. In addition to their unique morphology, differentiation markers of osteoclasts 

include cathepsin K, tartate-resistant acid phosphatase (TRAP), matrix metalloproteinase 9 

(MMP9) and Receptor Activator of nuclear factor kappa-B (RANK) [20]. 
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Figure 1. Bone Homeostasis and cell types 

 Schematic overview of bone homeostasis and cell types. Osteoclasts and osteoblasts 

lineages arise from different stem cells. Osteoclasts derive from hematopoietic stem cells, 

committing to differentiation through progression into a macrophage and eventual mature 

osteoclasts. Osteoclasts are responsible for bone resorption. Osteoblasts derive from 

mesenchymal stem cells and commit to the osteoblastic lineage through the signaling of 

transcription factors differentiating the stem cell into an osteoprogenitor cell. The 

osteoprogenitor cell is further differentiated into a preosteoblast and eventual mature osteoblast. 

Osteoblasts are responsible for bone formation. Osteocytes are mature osteoblasts that are 

trapped in the bone matrix and take on a dendritic-like shape. Osteocytes can regulate osteoblast 

and osteoclasts and are capable of mechanosensing.  (Reproduced by permission from Springer 

Nature: Nature Reviews Molecular Cell Biology, Mechanism of bone development and repair, 

Salhorta et al. 2020). 
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1.3. Bone Remodeling 

 Like other tissues, bone undergoes continuous cycles of remodeling and regeneration. In 

response to damage, the bone absorbs the damaged area and replaces it with new bone. The three 

major types of bone cells involved in bone remodeling are osteoblasts, osteoclasts, and 

osteocytes.  

 Osteocytes produce many factors that can affect both resorption and formation. 

Osteocytes can respond to mechanical loading and microdamage as they are mechanosensing 

cells [21]. Upon sensing this damage, the osteocytes produce ligands, such as RANKL, that cross 

the bone-lining cell monolayer or the capillaries that are infiltrating the damaged area. These 

ligands then stimulate the recruitment and differentiation of osteoclast precursor cells [22]. As 

the levels of M-CSF and RANKL increase, the osteoclast precursor cells attach to the resorptive 

site and differentiate into mature osteoclasts beginning resorption. As osteoclasts attach and 

differentiate, osteoprogenitor cells are also being recruited to the damaged area. In tandem with 

resorption, the recruited osteoprogenitor cells are differentiating into mature osteoblasts [23]. As 

the damaged bone matrix is being absorbed by the osteoclasts, the osteoblasts begin osteoid 

synthesis, laying down new bone in the freshly excavated area. As resorption slows and 

eventually ceases, that osteoid synthesis continues and finally mineralization occurs concluding 

the bone remodeling event. At the end of bone remodeling there is no net change in bone mass 

[24].  

As shown in bone remodeling, the intricate communication between the three bone cell 

types is critical for bone repair and bone mass homeostasis. Should the balance between 

resorption and formation be disrupted two skeletal pathologies can arise. A balance favoring 

osteoblasts can lead to aberrant bone formation or osteopetrosis. Reciprocally, a balance towards 

osteoclasts can lead to bone loss or osteoporosis.  Maintaining the coupling between osteoblasts 

and osteoclasts is crucial, should the pairing become uncoupled skeletal pathologies such as 

osteoporosis or osteopetrosis will arise [25].  
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1.4. Osteoporosis & Current Therapies 

 When bone homeostasis becomes dysregulated and the rate of resorption outpaces that of 

bone building, bone loss can occur. In a human population bone loss occurs as a person ages, 

leading to a change in the microarchitecture of the bone tissue and ultimately to an increase in 

fracture risk. The rate of age-related bone loss is accelerated in post-menopausal women. The 

clinical terms for bone loss are osteopenia, a mild presentation of bone loss, or the more severe 

presentation, osteoporosis. To note, there are other factors that can lead to secondary 

osteoporosis such as: hyperthyroidism, prolonged use of glucocorticoids, poor nutrition, and low 

mobility [26]. With the decrease in bone mineral density, the structural integrity of the skeleton is 

degraded, increasing the risk of fracture [27]. Osteoporotic fractures then lead to a decrease in 

the quality of life increasing the risk of morbidity, mortality, and disability [28].  

 Since the primary risk facture for osteoporosis is age, diagnosis and intervention are 

crucial to managing low bone mass and decreasing fracture risks. In a clinical setting, a dual 

energy X-ray absorptiometry (DEXA) test is used to calculate the bone mineral density (BMD) 

of a patient [29]. With this information, clinicians can assign a BMD T-score with known 

diagnostic thresholds for osteopenia or osteoporosis. The risk of fracture is inversely correlated 

to the BMD score [30]. If a patient has a low BMD T-Score they are at a higher risk of fracture. 

Although the hip and vertebra are the most common sites of fractures, any skeletal site has an 

increased risk of fracture since osteoporosis is systemic. Once low bone mass has been observed, 

a patient is prescribed a pharmacological treatment regime depending on the severity of the 

disease state. 

 There are two classes of pharmacological treatment for osteoporosis. The first class of 

drugs is antiresorptive. This class targets osteoclasts, inhibiting their function thereby reducing 

bone resorption [31]. The main family of antiresorptive drugs are the bisphosphonates. The 

recommended dosage regime for bisphosphonates is orally daily or weekly, or a yearly 

intravenous infusion [32]. Other antiresorptive therapies include estrogen replacement therapy, 

and an anti-RANKL antibody. The recommended length of use for antiresorptive treatment can 

range from 5 - 10 years and is subject to change as more long term monitoring studies are being 

completed [33-35]. 
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The second class is anabolic therapy. This class of drug stimulates bone formation by 

targeting osteoblasts [31]. There are currently 3 approved osteoanabolic drugs: Teriparatide 

(Forteo), a recombinant molecule comprising the N-terminal fragment of human parathyroid 

hormone (PTH); Abaloparatide (Tymlos), a 34 amino acid synthetic analog of parathyroid 

hormone-related protein (PTHrP) (not approved for use in Canada); and Romosozumab 

(Evenity), a humanized monoclonal antibody that targets sclerostin, an inhibitor of bone 

formation [36-38]. Teriparatide and Abaloparatide act by stimulating osteoblast activity, 

recruitment and favoring bone formation during bone remodeling.  

Generally, bisphosphonates will be the first line of treatment prescribed to a patient due 

to the low treatment cost and the high adherence rates. Patients will be monitored bi-yearly to 

assess the tolerability of the bisphosphonate and if the disease state has progressed. If a follow up 

DEXA shows a continued decline in the bone mineral density after initial bisphosphonate use, 

then another anti-resorptive therapy will be prescribed. If the patient presents with a severe BMD 

T-score, the initial treatment regime might be an anabolic reagent, to which access is currently 

limited by the high cost of treatment [30].  

While all treatments, no matter the class, are efficacious, there are limitations. Long term 

bisphosphonate treatment is associated with a rare but severe side effect of osteonecrosis of the 

jaw in which there is substantial bone death within the jaw compartment. As well, atypical 

femoral fractures have been noted in extended use of bisphosphonates, in which a fracture occurs 

in the femur under normal stress or load [39]. Teriparatide and Abaloparatide must be 

administered by daily subcutaneous injections, which significantly impacts patient compliance 

[40]. Abaloparatide has a health authorities-imposed time limit of a maximum of 2 years of use 

due to the limited therapeutic window [41]. Romosozumab is administered subcutaneously, once 

a month for 12 months. After 1 year the bone stimulating activity of the anti-sclerostin antibody 

wanes. Moreover, despite FDA approval, Romosozumab carries a black box warning concerning 

potential risk of myocardial infarction, stroke, and cardiovascular death [42]. 

There thus remains a need for new osteoanabolic drugs, with different mechanisms 

of action, leading to more effective and safer treatments to stimulate bone formation in 

patients with low bone mass. 
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 The first step in drug development is the identification of a valid, druggable target. We 

have focused on the transcriptional control of osteoblast differentiation to identify such a target. 

The next section reviews the key transcription factors regulating osteoblastogenesis. 

 

1.5. Transcriptional regulation of osteoblast differentiation 

The differentiation of mesenchymal stem cells to osteoblasts can be divided into three 

stages of increasing differentiation: osteoprogenitor, preosteoblast and osteoblast (Figure 2). It is 

the expression of the transcription factor SOX9 that signals the mesenchymal stem cell to 

differentiate into an osteoprogenitor [43]. At this point the osteoprogenitor can continue to 

differentiate into either a chondrocyte or an osteoblast. Continued expression of SOX9 will guide 

the progenitor cell into the chondrocyte lineage, where it will produce a cartilaginous matrix 

comprised of collagen and proteoglycans. It is the subsequent expression of RUNX2 in which 

the osteoprogenitor commits to a preosteoblast [10]. The continued expression of RUNX2 and 

the expression of osterix (OSX/SP7) is critical for the continuing differentiation of the 

preosteoblast into an immature osteoblast [11]. Lastly, activating transcription factor 4 (ATF4) 

regulates the differentiation of the osteoblast to maturation [44]. 

RUNX2 is a member of the Runx family which consists of RUNX1, RUNX2, and 

RUNX3. The family is identified by the ability to bind to DNA through the RUNT domain that 

each protein possesses [45]. RUNX2 is the master regulator of osteoblastogenesis. It initiates the 

lineage commitment of mesenchymal stem cells into osteoprogenitors. The expression levels of 

RUNX2 increase as the osteoprogenitor further differentiates into a preosteoblast and achieves 

peak expression levels in immature osteoblasts [46]. Through its ability to bind to various gene 

promoters, RUNX2 regulates osteoprogenitor proliferation, commitment to the osteoblastic 

lineage and bone matrix deposition. RUNX2 knockout mice (Runx2-/-) lack normal osteoblasts 

and have low expression levels of bone matrix protein genes including osteopontin (Spp1), bone 

sialoprotein 2 (Bsp) and osteocalcin (Bglap) [47]. 

 Osterix is also referred to as Sp7 due to the homology of its zinc finger DNA binding 

domain with Sp1, Sp3, and Sp4. It is required for the differentiation of immature osteoblasts into 

mature osteoblasts [48]. Osx null mice are embryonic lethal as there is no bone formation and a 
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lack of expression of osteoblast genes such as Sparc, and Spp1 [11]. In a conditional osteoblast-

specific knockout of Osx using Col1a1-Cre, a similar bone phenotype with delayed osteoblast 

maturation is observed [49]. When Osx expression is depleted postnatally, bone formation is 

perturbed leading to an absence of trabecular bone and porous cortical bone [50].  

 In addition to regulating osteoblast differentiation, Runx2 and Osx can regulate each 

other. RUNX2 is an upstream regulator of Osx expression, as it is normally expressed in the 

osteoblasts of Osx-/- mice. OSX along with DLX5 and myocyte enhancer factor 2 (MEF2) 

control the activation of the Runx2 enhancer in osteoblasts. It is the expression of RUNX2 that 

promotes the differentiation of the osteoprogenitor into preosteoblast and the subsequent 

expression of OSX that continues differentiation into an immature osteoblast [51].  

Activating transcription factor 4 (ATF4) is a member of the ATF/CREB family of 

transcription factors that are characterized by the presence of a basic domain for DNA binding 

and a leucine zipper interaction domain (bZip) for homo- or hetero-dimerization. ATF4 protein is 

primarily expressed in osteoblasts, as the protein is degraded in almost all other cell types [52]. 

ATF4 is required for the differentiation of an immature osteoblast into a mature osteoblast. Along 

with RUNX2, ATF4 binds to the osteoblast specific element (OSE1) in the promoter region of 

Bglap, regulating osteocalcin expression [53]. Other osteoblastic genes such as Bsp and Osx are 

regulated through ATF4 expression [54]. ATF4 expression in osteoblasts can regulate osteoclast 

differentiation and bone resorption through its binding to the Rankl promoter [55]. ATF4 

enhances amino acid uptake facilitating proper protein synthesis of type 1 collagen. ATF4 

knockout mice exhibit a low bone mass phenotype due to the delay in osteoblast differentiation 

and subsequent delayed bone formation [56].  
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Figure 2. Differentiation of osteoblast lineage cells 

Mesenchymal stem cells (MSC) can differentiate into many cell types such as myoblasts, 

chondrocytes, adipocytes, and osteoblasts. Sox9 signals the MSC cell to begin differentiation 

into an osteoprogenitor cell. Further signaling by RUNX2 commits the osteoprogenitor cell into 

a preosteoblast. RUNX2 regulates osteoprogenitor proliferation, commitment to the osteoblastic 

lineage and bone matrix deposition. Throughout the differentiation of a preosteoblast to an 

immature osteoblast, OSX levels rise. ATF4 signaling further differentiates the immature 

osteoblast into a mature osteoblast. Mature osteoblasts can then further differentiate in 

osteocytes, become bone lining cells, or undergo apoptosis. (Open access article from MDPI: 

International Journal of Molecular Sciences, The Mechanotransduction Signaling Pathways in 

the Regulation of Osteogenesis, Liu et al. 2023) [57]. 
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1.6. Regulators of ATF4 function 

 ATF4 is ubiquitously expressed but the protein is only enriched in osteoblasts. Through 

post translational modifications, ATF4 is ubiquitinated and marked for proteasomal degradation 

in most other cell types [52]. Only in situations of endoplasmic reticulum stress or unfolded 

protein response system is ATF4 proteasomal degradation halted, and the protein allowed to 

accumulate [58]. Further regulations of ATF4 post translationally influence the functions of 

ATF4 in osteoblastogenesis. 

 Phosphorylation of ATF4 by RSK2 is required for osteoblast differentiation and function. 

Osteoblasts derived from Rsk2-/- mice exhibit decreased ATF4 phosphorylation and subsequently 

a decrease in the expression of ATF4 target genes. Additionally, through post translational 

modification, RSK2 and ATF4 regulate the synthesis of type 1 collagen protein. Mutations in 

RSK2 are causal for the genetic disease Coffin-Lowry Syndrome, and patients are reported to 

have skeletal abnormalities including short stature, delayed bone formation, and low bone mass. 

It is believed the dysregulation of RSK2 phosphorylation of ATF4 leads to the loss of 

downstream ATF4 mediated transcription in osteoblasts and causes the skeletal abnormalities 

found in Coffin-Lowry Syndrome patients [56] .  

 ATF4 function is also regulated through various binding partners via the bZip motif. This 

protein motif consists of heptad repeats of leucine residues which align along one face of an 

alpha helix. When aligned in parallel, the hydrophobic faces of two complementary helices form 

a coiled coil. Leucine zipper dimerization serves to juxtapose adjacent regions of each of the 

dimer's partners that are rich in basic amino acid residues and that serve as the DNA binding 

domain of the dimer [59]. ATF4 can form homodimers but can also heterodimerize with ATF or 

AP-1 family members and subsequently bind to the consensus cAMP responsive element (CRE) 

binding site [60].  

In bone, ATF4 can homodimerize or heterodimerize with C/EBPβ (CCAAT/Enhancer-

binding protein beta) on the OSE1 site in the osteocalcin promoter. When in a heterodimer with 

C/EBPβ, the interaction between Runx2 and ATF4, on their respective binding sites OSE2 and 

OSE1, is enhanced resulting in an increase in osteocalcin expression [61]. ATF4 also binds with 

SATB2 which also stabilizes the Runx2/ATF4 interaction in the osteocalcin promoter [62].  
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 Binding partners can also inhibit ATF4 function. Vimentin is a type III intermediate 

filament protein and is expressed in a cell type- and development stage-specific manner. It is 

often expressed in undifferentiated and proliferative mesenchymal stem cells. Vimentin can 

localize to the nucleus and interact with ATF4 through a putative leucine zipper. The interaction 

between the two prevents ATF4 from binding to its cognate response element inhibiting the 

transcription of ATF4 targets such as Bsp and Osteocalcin (Bglap). Knockdown of vimentin 

expression using siRNA induces Osteocalcin expression in immature osteoblasts. Throughout 

osteoblast differentiation the expression levels of vimentin decrease while ATF4 levels increase. 

It is suggested that it is the reduction in vimentin in immature osteoblasts that facilitates the 

differentiation into mature osteoblasts [63]. 

 ICER (inducible cAMP early repressor) is another inhibiting partner of ATF4. It is a 

member of the CREM (cAMP responsive element modulator) family of basic leucine 

transcription factors that act as a negative regulator of gene transcription. ICER expression can 

be induced by treatment with parathyroid hormone in osteoblasts. Transgenic mice that 

overexpressed ICER in osteoblast specific cells had a smaller body size with reduced trabecular 

bone volume and bone formation. MSCs derived from these mice exhibited reduced osteoblast 

differentiation. It was shown that ICER binds with ATF4 preventing binding to the canonical 

binding site of ATF4 on the osteocalcin promoter [64].  

1.7. Factor Inhibiting ATF4 Mediated Transcription – FIAT 

 FIAT is a 72-kDa protein transcribed from the TXLNG gene located on the X 

chromosome. It has three putative leucine zippers and a C-terminal coiled-coil region that is 

homologous amongst all taxilin family members, TXLNA and TXLNB [65]. The FIAT protein 

does not contain a DNA binding domain but is able to bind to ATF4 through its second leucine 

zipper. This binding effectively makes an inactive dimer as ATF4 is no longer capable of binding 

to the canonical OSE1 site within the osteocalcin promoter [66]. Overexpression of Fiat in both 

primary and immortalized osteoblasts was shown to inhibit Osteocalcin expression and reduce 

mineralization [67]. In contrast, siRNA knockdown of Fiat expression increased all ATF4 

functions including increased binding to the OSE1 site, osteocalcin transcription, Bsp gene 

transcription and type I collagen synthesis. Mineralization and nodules numbers were also 

increased in FIAT-depleted osteoblasts [68]. 
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Transgenic mice that express the human full length 1.8kb FIAT cDNA under the 2.3-kb 

Col1a1 promoter were created to assess the physiological role of FIAT in bone. These mice, 

which had an increased expression of FIAT specifically in osteoblasts, were osteopenic. Bones 

from FIAT transgenic mice showed decreased bone mineral density, bone volume, and mineral 

apposition rates. The osteopenic phenotype also presented with a decrease in bone biomechanical 

properties resulting in a lower bone strength in transgenic mice when compared to wildtype 

littermates. No changes in osteoblast proliferation or apoptosis were observed in these mice but 

osteoblasts derived from these mice showed an impaired osteoblast activity [66]. The phenotype 

of the FIAT transgenic mice closely resembled that of the Atf4 null mouse. 

A global Fiat knockout mouse was created using a Cre-LoxP recombination driven by the 

cytomegalovirus promoter. Fiat-/y mice exhibited an increase in bone volume, affecting both the 

trabecular and cortical bone. An increase in the rate of mineral apposition was noted. The 

changes in bone mass and microarchitecture lead to an increase in bone strength and stiffness. 

Primary osteoblasts derived from this mouse model showed increase mineralization and 

osteoblast-specific markers like those found in siRNA mediated knockdown cells [69]. The two 

Fiat mouse models show that FIAT can impact both trabecular and cortical bone formation 

suggesting that inhibition of FIAT could result in meaningful gains in bone mass and strength. 

The findings validate the exploration of the ATF4-FIAT interaction as a drug target for bone 

regeneration. 

1.8. Targeting a protein-protein interaction 

Traditional druggable targets consist of a receptor and ligand or a hormone disrupter. 

These targets are in general easier to target by either creating a receptor antagonist/protagonist 

[70]. Increasingly protein-protein interactions are being targeted for drug development. It has 

been documented that the interaction between leucine zippers can be inhibited through small 

molecules. The advantages of targeting a transcriptional interaction, especially those achieved 

through leucine zippers, is the specificity and lowered risk of off target effects. Protein-protein 

interactions are more challenging as they require a small molecule to disrupt the interaction 

domain between the proteins and need increased specificity especially if the interaction domains 

share commonalities with those within the same family of proteins. [71]  
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Although protein-protein interactions can be identified and monitored through co-

immunoprecipitation assays, they are costly, time consuming and the final readout cannot be 

easily scaled for high throughput screening. There are many systems that can be used to assess 

protein-protein interactions that have the positive attributes outlined above. These systems are 

bioluminescence resonance energy transfer (BRET), fluorescence resonance energy transfer 

(FRET) and luciferase reporter gene expression [72]. 

In brief, a luciferase assay works by inserting a response element (promoter region, 

canonical binding site, etc) upstream of a luciferase coding region. The binding of a protein to 

the response element drives downstream expression of the luciferase coding region resulting in 

luciferase production. The amount of luciferase is quantified after cell lysis by adding substrate 

specific to the luciferase used producing light which can be detected in a luminometer [73]. 

Although the traditional luciferase gene is derived from the firefly, a newer luciferase from 

Metridia has been gaining popularity due to its ease of use. Metridia luciferase is secreted and 

can be quantified from the tissue culture medium directly. The secretion of the luciferase 

eliminates the step of cell lysis of the traditional firefly luciferase. As well, secreted luciferase 

allows for the system to be “blanked” at the beginning of an experiment by replacing the cell 

medium, removing the previously produced luciferase, and reading the luciferase at a 

predetermined time afterwards [74]. In traditional firefly reporter, luciferase production begins 

shortly after transfection and continues until cell lysis. The ability to “blank” the luciferase in the 

secreted system lends itself to drug testing as the system can be reset and luciferase production 

be assessed in the presence of a drug. 

The mammalian two hybrid system is an effective way to assess and quantify the amount 

of protein-protein interaction. This system is based on the properties of transcription factors, 

which can be divided into two independent parts: the DNA binding domain and the activation 

domain. The system is robust, using the GAL4 binding domain derived from yeast, and the VP16 

activation domain, derived from the herpes simplex virus. When linked through a covalent 

peptide bond, the GAL4-VP16 recombinant protein is a strong transcriptional activator. The two 

protein moieties can also been recombined using protein-protein interaction motifs. For example, 

leucine zippers can be cloned in-frame with either the GAL4 or VP16 domain. Through 

interaction of the leucine zipper motifs, the GAL4 and VP16 domains are essentially tethered 
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together, and a robust transcription factor is reconstituted. The transcription factor binds to a 

response element, in this case a canonical GAL4 binding site repeated five times. This response 

element can be inserted upstream of a quantifiable readout [75]. For our purposes this response 

element was inserted upstream of a metridia luciferase coding region allowing the interaction to 

be quantified via light production. The system has a very low background and high dynamic 

range when used in mammalian cells that do not express the GAL4 protein or related family 

members. 

1.9. Drug Development pipeline 

The drug discovery pipeline can be broken down into multiple phases that build upon the 

work of the previous phase (Figure 3). The first phase is the pre-discovery phase. In this phase 

research is conducted to gather information about a disease using in vitro studies to identify the 

genetic or molecular target that leads to the phenotype of the disease. After identification, further 

in vitro studies identify pathway and other protein or ligand partners that interact with the target 

of interest. Once the target has been identified and explored extensively in vitro, the study moves 

onto the in vivo investigation of the target. The identified casual target is then either deleted or 

overexpressed in an in vivo animal model. The in vivo models allow for the understanding of the 

casual target globally, confirming it is the cause of the disease state. 

 After confirming the causal target of the disease state, the project is ready to move into 

the drug discovery phase. Generally, a high throughput screen is preformed to identify a 

promising lead compound that eventually could become a drug. Further detail about this stage 

will be expanded on later in this introduction. 

 Once a lead compound is identified, early safety tests are conducted. These tests can be 

done in silico, in vitro and eventually in vivo. The most common types of tests conducted are 

pharmacokinetics, pharmacodynamics, and computer modeling of the interaction of the lead 

compound and the target protein. Should the previous testing generate undesirable results such as 

instability of the lead compound, poor solubility, or short half life, the lead compound can be 

optimized through consultation with a medicinal chemist. By changing the structure of the lead 

molecule many of these pitfalls can be remedied. As well, different resuspension formulas can be 

used to increase solubility and delivery methods of the lead compound.  
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 After lead optimization, the pipeline then moves onto pre-clinical testing. In this phase, in 

vitro and in vivo testing are done to determine the safety and efficacy of the lead compound. In 

vitro testing can confirm the targeting and specificity of the lead compound to the intended 

protein target. As well as confirm the function of the drug-protein interaction in the causal target 

pathway. Primary in vivo studies conducted are dose ranging to determine the safety and 

tolerability of the drug in animal models. After which, an appropriate dose is determine and used 

in subsequent pre-clinical testing [76].  

 The gold standard of pre-clinical testing is rescuing the disease state model. In terms of a 

drug targeting a protein, this would be a rescue of the deletion or transgenic phenotype based on 

the nature of the interaction targeted. Further pre-clinical testing would be conducted in animal 

models that mimic the human version of the disease state, which could be different than the 

previously mentioned rescue study. In vivo studies are then conducted in higher mammalian 

animal models to further confirm the safety of the lead compound. Both in vitro and in vivo 

preclinical testing help to determine if the lead compound, which is now referred to as a drug, is 

safe enough for human testing [77].  

 Once the drug is determined to be safe enough to move out of pre-clinical testing, 

applications for clinical trial exceptions are filed with the appropriate authorities before clinical 

trials can begin. In human clinical trials are split into three phases. Phase 1 is initial testing of the 

drug in a small group of healthy individuals. This is to determine the safety of the drug in human 

use. In phase 2, the drug is tested in a small group of patients of the targeted disease state. The 

third and last phase of a clinical trial is testing the drug in a large group of patients. It is in phase 

3 that the safety, efficacy of the drug in the primary patient population and information about 

side effects is collected.  

 After clinical trials are conducted application for marketing authorization is submitted to 

the appropriate authorities for approval and manufacturing with full scale production can begin. 

Between the application process and approval by the appropriate agencies for the drug to be 

approved for clinical use, phase 4 and ongoing studies are still conducted to monitor and 

checking the efficacy of the drug in use [76].  

 This thesis covers a large portion of the drug discovery and development pipeline. 

Previous studies in the lab had identified the target protein and the role of this protein in a 
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disease state. The interaction and effects of this protein on bone physiology was extensively 

researched by students who had come before me. The thesis begins at the drug discovery phase 

and continues until the pre-clinical testing phase, including in vivo testing of the lead compound 

in both a rescue study and a disease model study. 
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Figure 3. Schematic overview of the drug discovery pipeline. 

In the pre-discovery phase research is conducted to gather information about a disease 

using in vitro studies to identify the genetic or molecular target that leads to the phenotype of the 

disease. In this phase a “Target” is identified that contributes to the phenotype further studies are 

conducted to understand the relationship between the target and the disease state phenotype. This 

target then becomes the basis for the drug discovery effort. An assay is developed to screen many 

compounds that can regulate the target identified. From there compounds identified in the screen 

are used in secondary assays to understand the mechanism between the compound, the target, 

and the disease phenotype. Secondary assays also explore the selectivity of the compound on the 

target. In this stage a lead compound is generally identified that had positive attributes in vitro 

and is selected for further studies in vivo. In vivo analysis is used to understand the safety and 

toxicity of the lead compound, the pharmacokinetics-pharmacodynamics of the lead compound, 

and the efficacy of the compound on the disease state models. Once the lead compound is 

determined to be safe enough to move out of pre-clinical testing, applications for clinical trial 

exceptions are filed with the appropriate authorities before clinical trials can begin. (Reproduced 

by permission from John Wiley and Sons: British Journal of Pharmacology, Principles of early 

drug discovery, Philpott et al. 2011). 
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1.10. Rationale, hypothesis, and objectives  

 Our long-standing research on the transcriptional repressor FIAT (Factor Inhibiting 

ATF4-mediated Transcription) has characterized it as a valid target for drug development. FIAT 

interacts with the osteoanabolic ATF4 transcription factor to prevent its binding to cognate 

response elements and thus, as its acronym implies, inhibit ATF4-mediated transcription. FIAT 

transgenic mice are osteopenic, while Fiat-deficient mice show a reciprocal high bone mass 

phenotype, supporting the selection of FIAT as a drug development target [66, 69]. We 

hypothesized that compounds preventing the interaction of FIAT with ATF4 would be 

osteoanabolic, leading to beneficial gains in bone mass and strength. We used cell biological 

approaches and preclinical models to test our hypothesis with three specific aims: 

1. Perform a high-throughput screen to identify compounds that block the interaction of FIAT 

with ATF4; 

2. Characterize the compound(s) identified through the screen; 

3. Test the safety and efficacy of the compound(s) to increase bone mass in vivo. 

In the body of the thesis, we show that a lead compound identified in the screen (code-named 

C73 for intellectual property protection issues, at behest of counsel) increases osteoblastogenesis 

in vitro, stimulating the expression of osteoblastic differentiation markers and mineralization. 

The compound is well tolerated in vivo and able to rescue the osteopenic phenotype of FIAT 

transgenic mice. We also demonstrated that treatment with C73 prevents as well as rescues the 

low bone mass phenotype of ovariectomized female mice, a standard preclinical model of 

metabolic bone disease used in bone regenerative medicine. 
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2.1. Mammalian two hybrid vectors 

 Using the vectors provided in the CheckMate Mammalian Two-Hybrid System (Promega, 

Madison, WI) the interaction domain of ATF4 (Q136-A344, 208 amino acids, Mus musculus) 

was subcloned into the pACT Vector using BamHI and NotI restriction sites that were added 

during the PCR step, amplified from mouse cDNA. The interaction domain of FIAT (Q186-

Y424, 238 amino acids, Homo sapiens) was subcloned into the pBIND vector using BamHI and 

NotI restriction sites cut from a pCDNA3.1_FIAT plasmid. A Gal4-VP16 expression vector 

(71728, Addgene, Watertown, MA), was used as a positive control vector for the mammalian two 

hybrid system. This vector expresses a fusion construct of Gal4 DNA binding domain (same as 

found in the pBIND vector) and a VP16 activating domain (same as found in the pACT vector). 

The five Gal4 binding sites and the minimal TATA box from the pG5Luc vector of the 

CheckMate Mammalian Two-Hybrid system was subcloned upstream of the Metridia luciferase 

gene in the pMetLuc2 vector from The Ready-To-Glow secreted reporter vector kit (Takara, 

Mountain View, CA) using KpnI, BglII, SacII and BamHI restriction sites. All generated vectors 

were verified by sequencing. Primer sequences and plasmids are available upon request.  

 

2.2. Creation of stable cell lines HEK293 

 HEK293 cells (American Type Culture Collection, Manassas, VA) were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Grand Island, NY) supplemented with 

10% fetal bovine serum (FBS, Gibco), 100 U/ml penicillin and 100 µg/ml streptomycin at 37℃ 

in a humidified atmosphere at 5% CO2. HEK293 cells were seeded at a density of 30,000 

cells/cm2 in 100mm tissue culture plates (Corning, Corning, NY) 24 hours before transfection. 

Two and a half micrograms (2.5µg) of pG5MetLuc2 reporter vector were transfected using the 

Lipofectamine Reagent kit following the manufacturer’s instructions (Invitrogen, Carlsbad, CA). 

Two and a half micrograms (2.5µg) of pACT-ATF4 and pBD-FIAT or 2.5µg of Gal4-VP16 

expression vector (71728, Addgene) were co-transfected. Twenty-Four (24) hours post 

transfection medium was changed. Six hours later 100 µl of medium was transferred to a 96 well 

plate in triplicate. The Ready-To-Glow secreted luciferase assay was performed according to 

manufacturer's protocol (Takara). Briefly, 5 µl of a 1X substrate/reaction buffer was added to 50 

µl of cell culture medium from transfected cells in a 96 well plate in triplicates. Luciferase signal 
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was measured using a VICTOR Nivo multimode microplate reader (Perkin Elmer, Waltham, 

MA).  

 Transfected cells were treated with Geneticin (G418, Gibco) at a concentration of 1400 

µg/ml for three days to select for the expression vectors. After selection was confirmed via the 

death of the killing control HEK293 plate, cells were seeded at a low density and allowed to 

expand over a week until individual colonies of cells could be identified. Monoclonal colonies of 

cells were selected with the application of a small circular Whatman Filter Paper (Sigma-

Aldrich, St. Louis, MO) soaked in 0.25% trypsin (Gibco) placed over the cell cluster. The cell-

carrying Whatman Filter Paper was transferred to a 96 well plate and DMEM medium 

supplemented with 10% FBS was added to the well. Cells were allowed to adhere over 48 hours 

at which point the Whatman filter paper was removed, and the cell viability was visually 

assessed via microscope. Cells that survived the lysis were expanded under G418 selection 

pressure and luciferase signal was assessed using the technique described above.  

 A stable cell line continuously expressing the pG5MetLuc2 vector reporter was selected 

for a signal that gave a relative luciferase signal closest to those of untransfected HEK293 cells. 

This line will henceforth be referred to as the negative control cell line. A stable cell line 

continuously expressing pG5MetLuc2, pACT-ATF4 and pBIND-FIAT vectors was selected for a 

signal that gave the highest amount of luciferase signal when compared to the negative control 

cell line. This line will henceforth be referred to as the experimental control cell line. A stable 

cell line continuously expressing the pG5MetLuc2 and Gal4-VP16 expression vector was 

selected for a signal that gave the highest difference in luciferase signal when compared to the 

experimental control cell line. This cell line will henceforth be referred to as the positive control 

cell line.  

 All stable cell lines were expanded under G418 selection pressure and frozen in a 

solution of FBS and 10% DMSO (ThermoFisher Scientific, Waltham, MA). Cells were stored 

long term in liquid nitrogen before being transferred to the high throughput screening platform.  
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2.3. High throughput screen methods & secreted luciferase 

 The high throughput screen was conducted using the services and facilities at the Institute 

for Research in Immunology and Cancer (IRIC) located within the University of Montreal 

Campus. The compound library at IRIC consists of 120,000 compounds that are either 

commercially available or proprietary. The flowthrough of the initial high throughput screen 

pipeline was as follows: 10 µM of compound was plated in singlicate in a 384 well plate. Seven 

thousand and five hundred (7,500) cells suspended in 25 µl of media were seeded per cell on top 

of the compound. Cells were allowed to attach overnight at conditions previously described. 

Plates were then allowed to equilibrate at room temperature for 30 minutes. After which 25ul of 

Ready-To-Glow luciferase substrate (Takara) was added per well and incubated for 20 minutes at 

room temperature. Luciferase signal was read 24 hours after cell seeding. 

 The initial screening was conducted with all 120,000 compounds in the screening library 

using the negative control cell line and the experimental cell line. A compound that reduced the 

luciferase signal of the experimental cell line close to that of the negative control cell line was 

considered positive hit.  

A counter screen was conducted between the experimental cell line and the positive 

control cell line to identify and discard false positives. The experimental set up was the same as 

the initial screen except for the compound being plated in triplicate.  

A final dose ranging screen was performed on the experimental cell line. Compounds 

were plated between 0.2 µM and 10 µM in quadruplicates following the same experimental set 

up of the previous screens.  

Eight (8) candidate compounds were retained for further characterization. 

2.4. Cell culture systems 

 MC3T3-E1 (subclone 4) osteoblastic cell line (a gift from Dr. Renny T. Franceschi, 

University of Michigan, Ann Arbor, MI) was cultured in minimum essential medium alpha (α-

MEM, Gibco) supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin at 

37℃ in a humidified atmosphere at 5% CO2.  



 

24 
 

Primary osteoblasts were isolated from calvariae of 5-day old C57Bl6 mice. Calvariae 

were dissected and washed with phosphate-buffered saline (PBS). Calvariae were incubated in 5 

ml of digestion solution (0.0625% Trypsin, 0.8 mg/ml collagenase type II [270 u/mg; Life 

Technologies], 0.025% EDTA in PBS) while rotating at 37℃ for 20 minutes. Following 

incubation with the digestion solution, the supernatant which contained the isolated osteoblasts 

were transferred to a new tube. The remaining calvariae were washed with 3 ml of αMEM and 

700 µl of FBS to inhibit trypsin activity. The supernatant of this wash was added to the 

supernatant of the previous digestion. Cells were spun and resuspended in complete αMEM and 

plated in 6-well plates (fraction 1). The digestion step was repeated three more times to obtain 

fractions 2 through 4. Cells were allowed to expand for 5 days before being passed for 

experiments. Fractions 3 and 4, representing the more mature osteoblast population, were used 

for experiments in this study.  

 Primary human osteoblasts were thawed (C-12720, Promocell, Heidelberg, Germany) 

and seeded in proprietary osteoblast growth medium (C27001, Promocell). Cells were passed 

once to allow for sufficient proliferation using DetachKit (C-41200, Promocell) before being 

seeded for experiments. 

2.5. Cell proliferation assay 

 MC3T3-E1 cell proliferation and viability in the presence of the candidate compounds 

were measured using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, 

Si) assay (Sigma-Aldrich). Cells were plated at 7,500 cells/well in 96 well plates. After 24 hours, 

the medium was replaced with fresh medium containing various concentrations of the candidate 

compound starting at 100 µM, diluting 1:2 until 0.78 µM. After 48 hours of treatment cells were 

incubated with 0.5 µg/µl MTT in medium for three hours. Media was removed and cells were 

solubilized with DMSO and absorbance monitored at 570 nm. 

2.6. Alkaline phosphatase assay  

 Alkaline phosphatase enzymatic activity was measured as a marker of osteoblast 

differentiation using the SIGMAFAST p-Nitrophenyl phosphate (pNPP) Tablets (Sigma-

Aldrich). MC3T3-E1 cells were seeded at 7,500 cells/well. After 24 hours, the medium was 

replaced with fresh osteoblastic differentiation medium containing various concentrations of the 
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candidate compounds at either a high dose regime, starting at 12 µM, diluting 1:2 until 0.375 

µM, or a low dose regime, starting at 2 µM, diluting 1:2 until 0.125 µM. To induce osteoblast 

differentiation of MC3T3-E1 cells, the αMEM medium was supplemented with 50 µg/ml of 

ascorbic acid (Sigma-Aldrich) and 10 mM of β-glycerophosphate (Sigma-Aldrich). Medium was 

changed every 2 days for the duration of the experiment containing the appropriate concentration 

of cadidate compounds. After 6 days the cells were washed 2 times with PBS. Thirty (30) µl of a 

lysis buffer (10 mM Tris pH 7.5, 0.2% Nonidet P-40, 1 mM phenylmethylsufonyl fluoride 

[PMSF]) was added per well. Cells were subjected to two rounds of freeze thaw between -80℃ 

and 37℃ respectively for 15 minutes each. Two hundred (200) µl of the pNPP substrate solution 

was added to each well and the alkaline phosphatase activity in the supernatant was determined 

spectrophotometrically at wavelength 405 nm. 

2.7. Alizarin red staining 

 MC3T3-E1 cells and primary calvarial mouse osteoblasts were plated at 50,000 

cells/cm2. To induce osteoblast differentiation of MC3T3-E1 cells and primary calvarial 

osteoblasts, cells were incubated in αMEM supplemented with 50 µg/ml of ascorbic acid 

(Sigma-Aldrich) and 10 mM of β-glycerophosphate (Sigma-Aldrich). Medium was changed 

every 2 days for the duration of the experiment containing the appropriate concentration of 

candidate compounds. Primary human osteoblasts were seeded at 50,000 cells/cm2 on collagen 

coated plates. To induce osteoblast differentiation, Osteoblast Mineralization Medium (C27020, 

Promocell) was used and changed every 2 days.  

 Alizarin red staining was performed on all cell types on day 14 of osteogenic 

differentiation. Cells were fixed in 70% ethanol for 1 hour at -20℃ and subsequently washed 

twice with ddH2O. Cells were incubated with alizarine red solution (40 mM, pH 4.2) (Sigma-

Aldrich) for 15 minutes at room temperature. Cells were then washed five times with ddH2O to 

remove excess staining and incubated in PBS for 15 minutes at room temperature. After which, 

cells were air dried and photographed.   
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2.8. RNA isolation and quantitative real-time PCR 

 Total RNA was extracted from cells or tissues using TRIzol reagent following the 

manufacturer’s protocol (Invitrogen). Briefly, cells were collected, or tissue was homogenized in 

1 mL of TRIzol and 200 µl of chloroform was added to the reaction. After centrifugation, the 

clear upper aqueous phase was extracted, and RNA was precipitated by adding 500 µl of 

isopropanol. The RNA pellet was washed twice with 75% ethanol before being resuspended in 

RNase-free water. For bone samples, after collection, bone marrow was flushed with PBS and 

then flash frozen in liquid nitrogen before storing at -80℃. Samples were thawed and 

homogenized in TRIzol using a tissue homogenizer (Polytron). One microgram (1 µg) of RNA 

was reversed-transcribed using the high-capacity cDNA reverse transcription kit following the 

manufacturer’s instructions (ThermoFisher Scientific). Briefly, 10 µl of RNA at a total 

concentration of 1 µg was combined in 2X reverse-transcription master mix in a 96 well plate. 

The plate was sealed and loaded into a thermal cycler. The conditions for the thermal cycler were 

as follows: 25℃ for 10 minutes, 37℃ for 120 minutes, 85℃ for 5 minutes and 4℃ indefinitely.  

Gene expression was assessed using the TaqMan Fast Advanced Master Mix 

(ThermoFisher Scientific) and the following TaqMan primers: 

Gene Taqman 

Runx2 Mm00501578 

Col1α1 Mm00801666_g1 

Sp7 Mm00504574_m1 

Alpl Mm00475834_m1 

Bglap2 AIWR1XJ 

Tnfsf11 Mm00441906_m1 

Tnfrsf11b Mm00435454_m1 

Gapdh Mm99999912_g1 

Atf4 Mm00515325_g1 

Atf3 Mm00476033_m1 

Ddit3 Mm01135937_g1 

Txlng Mm00769506_m1 
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RUNX2 Hs00231692_m1 

SP7 Hs01866874_s1 

BLGAP Hs01587814_g1 

APLP Hs1029144_m1 

GAPDH Hs02786624_g1 

COL1α1 Hs00164004_m1 

TNFSF11 Hs00243522_m1 

TNFRSF11B Hs00900358_m1 

ATF4 Hs00909569_g1 

ATF3 Hs00231069_m1 

DDIT3 Hs00358796_g1 

TXLNG Hs01085867_m1 

 

Table 1. List of TaqMan probes 

All reactions were carried out in a QuantStudio 7 Flex Real-Time PCR system 

(ThermoFisher Scientific). 

 

2.9. GST pulldown 

 To generate pGST-Atf4, the mouse Atf4 coding sequence was PCR amplified from 

pCMV6-Atf4 (MR205957, Origene, Rockville, MA) and subcloned into the pGEX-4T-3 vector 

(Pharmacia Canada) using BamHI and NotI restriction sites. Recombinant GST-ATF4 fusion 

protein and GST control protein were expressed in T7 Express E. coli strain (New England 

Biolabs) and allowed to grow overnight at 30℃ before being purified using anti-GST magnetic 

beads (Cell Signaling Technology, Danvers, MA) according to standard manufacturer’s 

protocols. Briefly, the pellet obtained from the overnight growth of E. coli was lysed with RIPA 

buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% 

SDS, 5 mM EDTA, 2.5 mM Na4P2O7, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM PMSF, 

1x protease inhibitor cocktail [Sigma-Aldrich]) and sonicated at 20% amplitude on ice, for a 30 

seconds on/30 seconds off cycle for a total of 1.5 minutes of active sonication. Lysate was 
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clarified via centrifugation and incubated for 30 minutes at room temperature with anti-GST 

magnetic beads, with gentle rotation. Prey proteins such as: pCMV6-Txlng-Myc-Flag 

(MR226588, Origene), pCMV6-Cjun-Myc-Flag (MR227043, Origene), pCMV6-Ddit3-Myc-

Flag (MR201400, Origene), pCMV6-Cebpb-Myc-Flag (MR227563, Origene) and pCMV6-Fosb-

Myc-Flag (MR227058, Origene), were in vitro transcribed and expressed using TNT Quick 

Coupled Transcription/Translation system (Promega) according to manufacturer's instructions. 

Briefly, 1 µg of plasmid is incubated with 50 µl TnT quick master mix for 60 minutes at 30℃. 

GST-fusion protein-bound beads were incubated with the prey protein in a GST-pulldown buffer 

(20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Nonidet P-40, 10% Glycerol with 

protease/phosphatase inhibitor mixture [Sigma]) for 30 minutes at room temperature. After 30 

minutes 0.25 µM of Compound 73 or equivalent volume of DMSO were added to the GST-

fusion protein-bound beads and prey protein and incubated for an additional 30 minutes at room 

temperature. After washing five times with the pulldown buffer, the beads were eluted in 2x 

Laemmli buffer and boiled for 5 minutes before being analyzed by SDS-PAGE and Western 

blotting.  

 

2.10. SDS-PAGE & Western blotting 

 Prepared samples from the GST pulldowns were loaded onto a hand-poured 1.5 mm thick 

12.5% SDS-polyacrylamide gel (PAGE) and migrated by electrophoresis in Tris-glycine SDS 

running buffer. Proteins were transferred to a PVDF membrane (Amersham, UK) for 1.5 hours at 

100 volts. The membrane was blocked for 1 hour in 10% non-fat dry milk suspended in Tris 

buffered saline and 0.01% Tween-20 (TBST). After blocking, the membrane was incubated with 

a primary antibody diluted 1:1,000 in 5% bovine serum albumin (BSA) in TBST, overnight at 

4℃ with gentle agitation. The membrane was then incubated with horseradish-peroxidase, anti-

rabbit, diluted 1:20,000 in 5% non-fat dry milk suspended in TBST. Western Lightening 

Chemiluminescence kit (Perkin Elmer) was used for development and the protein bands were 

visualized by exposure to film. The blots were probed with the following antibodies: rabbit-anti-

TXLNG (HPA000841, Prestige Antibodies, Sigma-Aldrich) and rabbit-anti-Myc (71D10, Cell 

Signaling). 
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2.11. Chromatin immunoprecipitation  

 MC3T3-E1 cells were plated at 50,000 cells/cm2 in 150 mm cell culture dishes. To induce 

osteoblast differentiation, cells were incubated in αMEM medium supplemented with 50 µg/ml 

of ascorbic acid (Sigma-Aldrich) and 10 mM of β-glycerophosphate (Sigma-Aldrich). Medium 

was also supplemented with 0.25 µM of Compound 73 or the equivalent concentration of DMSO 

for the duration of differentiation.  Medium was changed every other day for the duration of the 

7-day experiment. Cells were fixed for 10 minutes at room temperature with gentle agitation by 

adding the appropriate amount of 16% methanol free formaldehyde (28908, ThermoFisher 

Scientific) directly to the culture medium for a final concentration of 1% formaldehyde. The 

fixation reaction was stopped by adding an appropriate amount of 1M glycine for a final 

concentration of 0.125M in the culture medium and incubating for 5 minutes at room 

temperature with gentle agitation. Fixed cells were washed twice and scraped in cold PBS. Cells 

were spun down for 5 minutes at 500g. To isolate the nuclei, cells were successively resuspended 

and centrifuged three times in nucleus-chromatin preparation (NCP) buffer 1 (10 mM HEPES, 

pH 6.5, 10 mM EDTA, 0.5 mM EGTA, 200 mM NaCl).  

The nuclear pellet was lysed by resuspension in 1 mL of cold RIPA buffer. Lysate was 

sonicated for 24 minutes using a 1 ml AFA fiber milliTUBE and a Focused-Ultra sonicator M220 

(Covaris, Woburn, MA) set at 10% duty cycle, 75 watts intensity and 200 cycles per burst. 

Sonicated lysates were centrifuged at 13000g for 10 minutes. Chromatin immunoprecipitation 

(ChIP) was performed at 4℃ overnight on a rotating platform by combining sonicated lysate 

with 1.5mg of Dynabeads protein G (ThermoFisher Scientific) conjugated to either normal rabbit 

IgG (2729, Cell Signaling) or rabbit anti-ATF4 (SD20-92, Invitrogen). 

The protein-DNA-bead complexes were washed four times with RIPA buffer and four 

times with lithium chloride buffer (100 mM Tris-HCl, pH 8.0, 500 mM LiCl, 1% Nonidet P-40, 

1% deoxycholate). Beads were then washed one time with 100 mM Tris-HCl pH 8.0. Complexes 

were eluted from the beads by adding 150 µl of 1% SDS and heating at 65℃ for 10 minutes. 

Cross-links were reversed by heating the samples at 65℃ for 5 hours.  
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DNA was purified by using UltraPure Phenol:Chloroform:Isoamyl alcohol (Invitrogen) 

extraction and precipitated using ethanol and 20 µg of glycogen (Invitrogen) as a carrier. The 

chromatin from input and ChIP Samples were resuspended in 50 µl of TE buffer (10 mM Tris-

HCl, pH 8.0, 1 mM EDTA). Bglap2 promoter fragments were amplified using 5′-

AGGCAGCTGCAATCACCA-3′ forward and 5′-GCACCCTGCAGCATCCA-3′ reverse, Ddit3 

(7015) and Atf3 (13059) promoter fragments were amplified using SimpleChip (Cell Signaling). 

Reactions were performed using 10 µl 2X PowerUP SYBR green master mix (ThermoFisher 

Scientific), 5 µl of a mixture of forward and reverse primers at 1.2 µM or SimpleChip reagent 

and 5 µl of ChIP sample in a 96 well plate. All reactions were carried out in a QuantStudio 7 

Flex Real-Time PCR system (ThermoFisher Scientific). 

 

2.12. Animal studies 

All animal procedures were reviewed and approved by the McGill Institutional Animal 

Care and Use Committee and followed the guidelines of the Canadian Council on Animal Care, 

conforming to the relevant regulatory standards. Mice were kept in an environmentally 

controlled barrier animal facility with a 12-h light/12-h dark cycle and were fed standard mouse 

chow (D12450B, 10% fat; Charles River Laboratories International, Wilmington, MA) and water 

ad libitum unless otherwise noted.  

Wild-type C57Bl6N (027) and CD1 (022) mice were purchased from Charles River. Mice 

were allowed to acclimate for 1 week in the animal facility before being used in experiments.  

Creation of the FIAT transgenic mice were previously described and are a C57bl6N 

background [66]. Briefly, FIAT transgenic mice were generated using a 2.3 kb α1(I)collagen 

promoter fragment and the 1.8-kb full-length FIAT cDNA.  

 

2.13. Mouse genotyping 

 Genotyping was performed using PCR amplification on genomic DNA prepared from ear 

clipping samples. Samples were digested overnight at 55℃ in lysis buffer (0.1 mM Tris-HCl, pH 

8.0, 0.2 M NaCl, 5 mM EDTA, 0.4% SDS, 250 µg proteinase K). DNA was precipitated with 
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isopropanol, washed with 75% ethanol, dried and resuspended in TE buffer. The following 

primers were used in genotyping the FIAT transgenic mice: 5′-

ATCCATCAAAGCGCCATCAAAGCG-3′ and 5′-ACAAATAAAGCAATAGCATCACAA-3′. 

PCR products were resolved on an agarose gel. 

 

2.14. Dose ranging study 

  Both male and female C57Bl6 were used in the dose ranging experiments. At 8 weeks of 

age, 5 mice of each sex were given an intraperitoneal (IP) injection of compound 73 or 

equivalent DMSO suspended in injection solution (40% Peg 400, 2% Tween 80, ddH2O) five 

times a week for two weeks. Injections were performed in the morning. The following doses 

were used: 0.01 mg/kg, 0.1 mg/kg, 1 mg/kg and 10 mg/kg. Weight and behavior were monitored 

daily. 

 

2.15. Serum & whole blood collection  

 At sacrifice, blood was collected from the mice by cardiac puncture. Serum was isolated 

using a serum separator tube (BD microtainer tubes, BD Franklin Lakes, NJ) by centrifugation at 

3600 rpm for 8 minutes and stored at -80℃. Whole blood was collected for complete blood 

count in tubes containing 0.5 M K3-EDTA at a ratio of 1:10 of whole blood. Frozen serum and 

whole blood were taken to the Comparative Medicine and Animal Resources Center (CMARC) 

at McGill University for hematological and blood biochemistry assays. 

 

2.16. Pharmacokinetics-Pharmacodynamics  

 Eight (8)-week-old wild-type female CD1 mice (Charles River) were administered 10 

mg/kg of compound 73 solution via IP injection in the morning. At designated time points, over 

24 hours, blood, from groups of 3 mice each, was collected at sacrifice by cardiac puncture. 

Serum was isolated using a serum separator tube (BD microtainer tubes, BD Franklin Lakes, NJ) 

following the manufacturer’s instructions and stored at -80℃. Frozen serum was taken to the 

Proteomics and Molecular Analysis Platform at the Research Institute of the McGill University 
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Health Centre (RI-MUHC). Here the serum was analyzed using liquid chromatography-mass 

spectrometry (LC-MS) to determine the concentration of the compound and the main metabolite.  

 Other tissues were collected at time of sacrifice including brain, pancreas, liver, lung and 

vertebrae. Tissues were cleaned and snap frozen in liquid nitrogen before being stored at -80℃ 

long term. Tissues were crushed into a fine powder in liquid nitrogen with mortar and pestle 

before being transferred to the RI-MUHC platform for analysis.  

 

2.17. Wild Type long term steady-state study 

 Wild-type male and female C57Bl6 mice (Charles River) were used in this experiment. 

Eight (8)-week-old mice were administered 10 mg/kg of compound 73 or DMSO solution via IP 

injection. Injections were given 5 times a week for 6 weeks. Injections were performed in the 

morning. Mice were sacrificed the day after the last injection was administered. At sacrifice 

blood and the following tissues were collected: calvaria, femurs, tibias, L2 – L5 vertebrae, 

subcutaneous fat pad, interscapular fat pad, and visceral fat pad. 

 

2.18. Transgenic rescue 

 The transgenic FIAT mouse and wild type littermates were used in the transgenic rescue 

experiments. Both male and female mice were used in this experiment. Wild-type and transgenic 

cohorts were subdivided into control and treated mice. At 12 weeks of age mice were 

administered 10 mg/kg of compound 73 or DMSO solution via IP injection or oral gavage. 

Injections or oral gavage were given 5 times a week for 10 weeks. Injections or oral gavage was 

performed in the morning.  Mice were sacrificed the day after the last dose was administered. At 

sacrifice blood and the following tissues were collected: calvaria, femurs, tibias, L2 – L5 

vertebrae, subcutaneous fat pad, interscapular fat pad, and visceral fat pad. 

2.19. High fat diet study  

 Wild-type female C57Bl6N mice (Charles River) were used in this study. Mice were 

divided between groups on a normal chow diet and a high fat chow diet (HFD; TD.06414, 60% 

fat; 31% lard 3% soybean oil, Envigo, Indianapolis, IN). Twelve (12)-week-old mice were 
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administered 10 mg/kg of compound 73 or DMSO solution via IP injection. Injections were 

given 5 times a week for 6 weeks. Injections were performed in the morning. Mice were 

sacrificed the day after the last injection was administered. At sacrifice blood and the following 

tissues were collected: calvaria, femurs, tibias, L2 – L5 vertebrae, subcutaneous fat pad, 

interscapular fat pad, and visceral fat pad. 

 

2.20. Ovariectomized mouse prevention study 

 Wild-type C57Bl/6 or CD1 mice (Charles River) were used in this study. At 8 weeks of 

age, mice were subjected to either sham or ovariectomy surgery. Mice were placed under 

anesthesia via isoflurane and a dorsal skin incision was made to access the abdomen. The ovaries 

were surgically removed, and the incision site was sutured closed. In sham mice the procedure 

was the same, but the ovaries remained intact. The mice were allowed to recover for a week post-

surgery to allow adequate healing of the surgical site. After recovery, mice were treated for 10 

weeks through IP injections of either DMSO or compound 73, at a dose of 10 mg/kg, 5 times a 

week. Mice were sacrificed the day after the last injection was administered. At sacrifice blood 

and the following tissues were collected: calvaria, femurs, tibias, L2 – L5 vertebrae, subcutaneous 

fat pad, interscapular fat pad, and visceral fat pad. 

 

2.21. Ovariectomized mouse rescue study 

 Wild-type C57Bl/6 or CD1 mice (Charles River) were used in this study. At 8 weeks of 

age, mice were subjected to either sham or ovariectomy surgery. Mice were placed under 

anesthesia via isoflurane and a dorsal skin incision was made to access the abdomen. The ovaries 

were then surgically removed, and the incision site was sutured closed. In sham mice the 

procedure was the same, but the ovaries remained intact. The mice were allowed to recover for a 

week post-surgery to allow adequate healing of the surgical site. Mice were allowed to age for an 

additional 8 weeks after recovery to achieve loss of bone mass. After 8 weeks had passed, mice 

were treated for 10 weeks through IP injections of either DMSO or compound 73, at a dose of 10 

mg/kg, 5 times a week. Mice were sacrificed the day after the last injection was administered. At 
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sacrifice blood and the following tissues were collected: calvaria, femurs, tibias, L2 – L5 

vertebrae, subcutaneous fat pad, interscapular fat pad, and visceral fat pad. 

 

2.22. Micro-Computed tomography 

 Femurs and L3-L5 vertebrae from studied mice were dissected and immediately fixed in 

4% paraformaldehyde for 24 hours at 4℃. Bones were washed 3 times in PBS and soaked 

overnight in 50% ethanol at 4℃. Bones were then transferred to 70% ethanol and kept at 4℃ 

until analysis. Micro-computed tomography (μCT) was performed using a SkyScan 1272 high-

resolution μCT scanner (Bruker SkyScan, Kontich, Belgium) connected to a Hamamatsu 10-

megapixel camera. Femoral images were captured at 53 kV, 158 μA, using a detection pixel of 6 

μm and a 0.25-mm aluminum filter. Integration time was set at 558 ms, and 2 images were 

captured every 0.40° through 180° rotation.  Vertebral images were captured at 71 kV, 140 μA, 

using a detection pixel of 5 μm and a 0.25-mm aluminum filter. Integration time was set at 564 

ms, and 2 images were captured every 0.40° through 180° rotation. Reconstruction was 

performed using SkyScan Recon software and analyzed using SkyScan CT Analysis software. 

Femoral trabecular parameters were measured on 369 slides (2.21 mm) of trabecular bone 

starting 74 slides (0.04mm) below the distal growth plate. Vertebral trabecular parameters of the 

L4 vertebrae were measured on 450 slides (2.25 mm) of trabecular bone between the two growth 

plates. Cortical femur parameters were measured on 148 slides (0.88 mm) at midshaft. The 

following parameters were assessed: bone volume (BV, mm3), tissue volume (TV, mm3), the 

bone volume percent (BV/TV, %), cortical thickness (Ct.Th, mm), trabecular thickness (Tb.Th, 

mm), trabecular separation (Tb.Sp, mm), and trabecular number (Tb.N, mm−1). 

 

2.23. Three-point bending 

Femoral mid-diaphyseal mechanical properties were measured via three-point bending. 

Femurs from studied mice were dissected, cleaned, and kept frozen at −20°C in PBS-soaked 

gauze until testing. Frozen femurs were equilibrated to room temperature and loaded to failure in 

a three-point bending assay using an Instron model 5943 single column table frame machine 

(Instron Corporation, Norwood, MA). Samples were positioned on the anterior surface down and 
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loaded centrally at a crosshead speed of 0.05 mm/s and a support distance of 7 mm. Whole-bone 

mechanical properties were assessed by the generated force vs. displacement data generated by 

Bluehill Universal software. The following parameters were assessed: stiffness (Young’s 

Modulus, N/mm), load at yield (N), maximum load (N), and work to break (J). 

 

2.24. Vertebral compression testing  

L2 vertebral mechanical properties were measured via compression testing. L2 vertebrae 

from studied mice were dissected, cleaned, and kept frozen at −20°C in PBS-soaked gauze until 

testing. Frozen vertebrae were equilibrated to room temperature and loaded to failure via 

compression using a Bose Electroforce 3200 Series III test instrument (Bose Corporation – 

ElectroForce Systems Group, Eden Prairie, MN). The dorsal part of the vertebrae was loaded 

onto the sample holder within the compression area. Using a 225N load cells, samples were 

compressed at a rate of 0.1mm/s until failure. Data was collected in Wintest 7 software and 

analyzed using Matlab. The following parameters were assessed: stiffness (Young’s Modulus, 

N/mm), load at yield (N), maximum load (N), and work to break (J). 

 

2.25. Statistical analysis 

Data are presented as means ± one standard deviation (SD). Comparisons were made by 

analysis of variance (ANOVA) with post hoc tests (Bonferroni's test), or unpaired t-tests. A 

probability (P) value lower than 0.05 was accepted as significant. Statistical analyses were 

performed utilizing GraphPad Prism 9 (GraphPad Software). 
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Chapter III: A high throughput screen, targeting the interaction domains of ATF4 and 

FIAT, identifies a lead compound. 
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3.1. Establishing stable cell lines expressing the interaction domains of ATF4 and FIAT in 

the mammalian two hybrid assay for high throughput screening 

To successfully screen a large library of compounds a robust assay with a quantifiable 

readout is needed. We chose to use the mammalian two hybrid assay for our screening method as 

it is an effective system to assess and quantify the amount of protein-protein interaction. Previous 

work in our laboratory determined it was FIAT’s second leucine zipper that is responsible for the 

interaction with ATF4. As the interaction between the two proteins are dependent on this specific 

structural motif, a former colleague of the lab subcloned these portion of each respective protein 

into expression plasmids to use within the mammalian two hybrid.  

The second leucine zipper of FIAT spans amino acids positions 194 to 222, but a larger 

domain was subcloned in-frame with the Gal4 DNA binding domain from the pBIND vector due 

to the location of convenient restriction enzyme sites (Q186-Y424, 238 amino acids, Homo 

sapiens). The leucine zipper of ATF4 encompasses amino acids positions 306 to 334 but for the 

same reasons, a larger domain was subcloned in-frame with the VP16 activation domain of the 

pACT vector (Q136-A344, 208 amino acids, Mus musculus). A secreted luciferase reporter was 

created by subcloning the DNA binding site and promoter region from the mammalian two 

hybrid system upstream of reporter plasmid containing the secreted metridia luciferase reporter 

gene from the Takara ready to glow system (pG5MetLuc2) (Figure 4). The advantage of using a 

secreted luciferase is there is no cell lysis step, instead cell media is used. This allows for the 

luciferase count to be set to 0 when the media is changed, allowing for an accurate read-out of 

luciferase production after a compound has been added. 

When all three plasmids, pG5MetLuc2, pACT-ATF4 and pBIND-FIAT, were co-

transfected in HEK293 cells using lipofectamine, luciferase could be detected using the Takara 

ready to glow detection system. Three stable cells lines were created to carry out the high 

throughput screen. A negative control cell line (Met7) that stably expresses the pMET plasmid 

and produced no relative luciferase units (RLUs). An experimental cell line (F15) that stably 

expresses pG5MetLuc2, pACT-ATF4 and pBIND-FIAT and produces high RLUs. Lastly, a 
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positive control cell line (V29) that stably expresses pMET and GAL4-VP16 plasmid, a positive 

control plasmid for the Mammalian two hybrid assay that expresses a fusion GAL4-VP16 

protein and produces high RLUs (Figure 5). Once these three stable cell lines were established 

and expanded, we used the services at the University of Montreal, Institute for Research in 

Immunology and Cancer, to preform a high throughput screen to identify compounds that disrupt 

the ATF4-FIAT interaction. 

 

3.2. A high throughput screen identifies 8 compounds that potentially affect the ATF4-FIAT 

interaction  

The initial screening of the 120,000-compound library used the Met7 negative control 

and F15 experimental cell lines. A compound was considered a “positive hit” if it reduced the 

RLUs of the experimental cell line by at least 50%. In this screen, 2,000 compounds were 

identified as positive hits. A counter screen was preformed on the 500 compounds that decreased 

RLUs by the highest margin in the initial screen. This counter screen was conducted using the 

experimental cell line versus the positive control cell line (V29) and the aim was to exclude false 

positives. A false positive could occur if a compound interfered with luciferase production, the 

luciferase assaying or caused cell death. The counter screen identified 262 compounds that 

affected luciferase expression in the experimental cell line and had no effect on the positive 

control cell line. Finally, a dose response screen of the top 19 compounds identified in the 

counter screen was completed using the experimental cell line. The top eight compounds that 

responded well in a dose response manner were further investigated in vitro to identify a lead 

compound (Table 1). 

3.3. Assessing the biological significance of the 8 selected compounds identifies a lead 

compound, C73 

Seven out of the eight compounds identified in the screen were “novel” while one was 

the FDA approved drug spironolactone. Each compound identified in the screen was given a 

code designation for intellectual property considerations, except for spironolactone as it has a 

proper drug name. Since most of the compounds had no published information for use in cell 

culture, determining the correct dose for downstream studies was prudent.  
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A MTT viability assay was used to find an adequate dose for each identified compound. 

MC3T3-E1 cells were plated and treated at various concentrations of each compound in a serial 

dilution of 1:2 starting at a maximum concentration of 100 M. After 48 hours, the MTT 

viability assay was conducted according to manufacturer’s protocol. At 25 M most compounds 

were toxic. A second MTT study was preformed at a lower concentration. For a majority of the 

compounds, viability was maintained until 6 M, at which point cell death began (Figure 6).  

To determine the effect of the compounds on differentiation a pNPP assay was preformed 

to investigate the alkaline phosphatase activity of MC3T3-E1 cells differentiated in the presence 

of each compound. MC3T3-E1 cells were plated and differentiated for six days in the presence 

of each compound at a maximum concentration of 12 µM. Subsequent concentrations were 

evaluated in a serial dilution of 1:2. An increase in alkaline phosphatase was observed in cells 

treated with C56 and C73. In cells treated with C56, an increase in alkaline phosphatase levels 

were observed at 6 M. In cells treated with C73, an increase in alkaline phosphatase levels were 

observed at concentrations of 1.5 M and lower (Figure 7A). A second pNPP assay was 

preformed at a lower concentration of C73, where the maximum concentration was 2 µM. In this 

assay, a concentration of 0.25 M of C73 had the largest effect on alkaline phosphatase (Figure 

7B). 

From the MTT and pNPP assays we were able to determine the appropriate concentration 

for each compound for a longer, more robust investigation on the effects of the compound on 

osteoblast differentiation. For compounds C21, C73, and C84 a concentration of 0.25 M would 

be used for all subsequent studies. For compounds C56, C95, Spironolactone (Sp), M51, and 

A75 a concentration of 6 M would be used for all subsequent studies.  

 To investigate the effect of the candidate compounds on mineralization, MC3T3-E1 cells 

were plated at confluency and differentiated for 14 days in the presence of each compound at the 

predetermined concentration. Treatment with compounds C73 and C56 showed an increase in 

calcium deposits, as assessed by alizarin red staining (Figure 8A). In addition to increased 

mineralization, C73 increased the expression of classical osteoblastic markers such as alkaline 

phosphatase (Alpl), Runx2, Col1a1, osteocalcin (Bglap), and Osterix (Sp7) (Figure 8B). No 
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changes in osteoblast markers were observed in cells treated with C56 (data not shown). These 

results identified C73 as the lead compound to be investigated further.  

 To ensure that the observed effects were not restricted to an established cell line, we 

performed in vitro differentiation assays with primary osteoblasts derived from both murine and 

human sources. Murine primary osteoblasts that were differentiated in the presence of 0.25 µM 

C73 showed an increase in calcium deposits when assessed by alizarin red staining (Figure 9A). 

An increase in mineralization was also accompanied by an increase in expression of osteocalcin 

(Bglap), alkaline phosphatase (Alpl), Col1a1, Osterix (Sp7), and Runx2 (Figure 9B). When 

human primary osteoblasts were differentiated in the presence of 0.25 M C73, an increase in 

calcium deposits was observed by alizarin red staining (Figure 9C). RT-qPCR analysis showed 

an increase in expression of alkaline phosphatase (Alpl) and Osterix (Sp7) (Figure 9D). 

 These results establish C73 as the lead compound identified in the high throughput screen 

targeting the ATF4-FIAT interaction. Osteoblasts, both immortalized and primary, treated with 

C73 throughout differentiation exhibited an increase in mineralization and expression of 

osteoblastic markers.  
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3.4. FIGURES AND TABLES 

 

Figure 4. Schematic representation of the mammalian two hybrid assay. 

A schematic representation of the mammalian two hybrid system showing FIAT and 

ATF4 subcloned into their respective domains. The LUC reporter gene in the system is the 

secreted Metridia luciferase. 
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Figure 5. Luciferase Kinetics of the three cell lines.  

High RLUs are observed in the positive (V29, blue) and experimental (F15, red) cell lines 

throughout the 60-minute kinetics test after luciferase substrate had been added to the system. A 

low RLU baseline is observed in the negative (Met7, grey) cell line. 
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Table 2. Dose Response testing of top 19 compounds identified in the high throughput 

screen.  

Results from a dose response test of the top 19 compounds identified in the high 

throughput screen. The first column identifies the compound name in the library, as assigned by 

the core facility at IRIC. The second column represents the maximum percent inhibition of RLUs 

of each compound as tested in the experimental cell line, F15. The third column represents the 

maximum percent inhibition of RLUs of each compound as tested in the positive control cell 

line, V29. The last column represents the change in maximum percent inhibition taken as the 

maximum percent inhibition of the F15 cell line minus the maximum percent inhibition of V29 

cell line. The top eight compounds which showed the greatest change in maximum percent 

inhibition were further investigated in vitro. 
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Figure 6: MTT viability assay of compounds identified in the high throughput screen in 

MC3T3-E1 

MC3T3-E1 cells were treated with increasing concentrations of the compounds identified 

in the high throughput screen or DMSO. After 48 hours the viability of the cells was determined 

using the MTT viability assay according to the manufacturer’s protocol. Each point represents 

the mean value and the error bars represent the SD between replicate cultures in that group. 
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Figure 7: Alkaline phosphatase activity of MC3T3-E1 cells after treatment with compounds 

identified in the high throughput screen. 

MC3T3-E1 cells were differentiated in the presence of the compounds identified in the 

high throughput screen for six days. A. Using a maximum concentration of each compound at 12 

µM and subsequent lower concentrations of a 1:2 serial dilution. Alkaline phosphatase activity 

was assessed using a pNPP assay according to manufacturer’s protocol. B. Using a maximum 

concentration of 2 µM of C73 and subsequent lower concentrations of a 1:2 serial dilution. 

Alkaline phosphatase activity was assessed using a pNPP assay according to manufacturer’s 

protocol. Each point represents the mean value and the error bars represent the SD between 

replicate cultures in that group. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Figure 8: MC3T3-E1 differentiated in the presence of compounds identified in the high 

throughput screen.  

MC3T3-E1 cells were plated at confluency and differentiated for 14 days in the presence 

of the identified compounds. C21, C73 and C84 were at a concentration of 0.25 M, while the 

rest of the compounds were at a concentration of 6 M. A. Alizarin red staining on day 14 of 

differentiation B. Gene expression analysis of osteogenic markers in C73-treated cells. 

Quantitative RT-qPCR using TaqMan probes against osteoblast differentiation markers, 

normalized to Gapdh, was performed on RNA isolated from MC3T3-E1 cells grown for 14 days 

in osteogenic medium supplemented with 0.25 M C73. Data are expressed relative to levels 

measured of MC3T3-E1 cells which received a vehicle treatment and are presented as the 

means ± SEM of triplicate determinations. *, P < 0.05; **, P < 0.01; *** 
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Figure 9. Effects of C73 are not limited to immortalized cell lines. 

Primary mouse and human osteoblasts were differentiated in the presence of 0.25 M of 

C73. A. Alizarin red staining of differentiated primary mouse osteoblasts on day 14. B. Gene 

expression analysis of osteogenic markers. C. Alizarin red staining of differentiated primary 

human osteoblasts on day 14. D. Gene expression analysis of osteogenic markers. Quantitative 

RT-qPCR using TaqMan probes against osteoblast differentiation markers, normalized to Gapdh, 

was performed on RNA isolated from either mouse or human primary osteoblasts differentiated 

for 14 days in osteogenic medium supplemented with 0.25 M C73. Data are expressed relative 

to levels measured of MC3T3-E1 cells which received a vehicle treatment and are presented as 

the means ± SEM of triplicate determinations. *, P < 0.05; **, P < 0.01; *** 
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Chapter IV: C73 disrupts the ATF4-FIAT interaction, but not other ATF4 interactions, 

allowing ATF4 to bind to its canonical binding site, OSE1, in the promoter region of Bglap 
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4.1. Treatment with C73 leads to decreased interaction between ATF4 and FIAT 

 Previous studies have shown that a change in the ATF4-FIAT interaction, via knockdown 

of FIAT, has a positive impact on mineralization. As the high throughput screen targeted the 

interaction domains of these two proteins, we hypothesize that C73 decreases or disrupts the 

ATF4-FIAT interaction. Using GST pulldowns, we assessed the effect of C73 on the ATF4-FIAT 

interaction. Halfway through the incubation period between the full-length GSH–S-transferase 

ATF4 fusion protein (GST-ATF4) purified from Escherichia coli bacteria and the in vitro 

translated MYC-tagged FIAT protein, 0.25 M of C73 or equivalent volume of DMSO was 

added to the reaction. A strong signal can be observed at 72 kDa in the DMSO control treated 

lane denoting the interaction between ATF4 and FIAT. A decrease in signal is observed after 0.25 

M C73 is added to the system (Figure 10). We interpret these results to support our hypothesis 

that C73 is disrupting the ATF4-FIAT interaction. 

4.2. Treatment with C73 does not affect interaction of ATF4 with other bZIP members, 

cJUN, FOSB, C/EBPβ, CHOP 

 FIAT is not the sole binding partner of ATF4. ATF4 has been shown to have various 

binding partners that have differing roles in the modulation of downstream ATF4 targets. 

Although the high throughput screen targeted the specific interaction domains of FIAT and 

ATF4, we needed to examine if C73 could disrupt other ATF4 binding partners that also interact 

through a leucine zipper. We examined four known ATF4 binding partners: cJUN, FOSB, 

C/EBPβ, and CHOP [60, 78]. We in vitro translated the four MYC-tagged proteins (cJUN, 

FOSB, C/EBPβ, and CHOP) and added 0.25 M C73 to the reaction halfway through the 

incubation with GST-ATF4 protein. There is no change in interaction between ATF4 and the 

respective reciprocal protein when C73 is added to the system (Figure 11). We conclude that C73 

specifically inhibits the ATF4/FIAT interaction, suggesting that C73 acts through binding FIAT, 

and not the ATF4 moiety of the heterodimer.  

4.3. Treatment with C73 increases the binding of ATF4 to the OSE1 site in the promoter 

region of Bglap 

 The primary mode in which FIAT impacts mineralization is through modulating the 

binding of ATF4 to the OSE1 site in the promoter region of Osteocalcin (Bglap). A previous 
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study from our laboratory demonstrated FIAT inhibits the binding of ATF4 to an OSE1 

oligonucleotide probe in an electrophoretic mobility shift assay (EMSA) [66]. Our previous GST 

pulldown results show that C73 can decrease the binding between ATF4 and FIAT. We 

hypothesized that the decrease in binding between FIAT with ATF4 can lead to a meaningful gain 

in ATF4 binding to the OSE1 site. Chromatin immunoprecipitation (ChIP) was performed on 

MC3T3-E1 cells differentiated for 7 days in the presence of 0.25 µM C73 or volume equivalent 

of DMSO. Using an anti-ATF4-specific antibody, results show a significant enrichment of ATF4 

binding to the OSE1 site in DMSO-treated cells when compared to naïve IgG. This enrichment 

was further enhanced when cells were treated with C73 (Figure 12). This data supports our 

preferred hypothesis that C73 disrupts the ATF4-FIAT interaction, allowing ATF4 to bind to the 

OSE1 site in the osteocalcin promoter and leading to increased osteoblast differentiation and 

mineralization.  
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4.4. FIGURES AND TABLES 

 

 

Figure 10. Treatment with C73 leads to a decrease in the ATF4-FIAT interaction. 

GST-ATF4 fusion protein or GST alone was expressed in bacteria and incubated with in 

vitro translated FIAT. Halfway through incubation DMSO or 0.25 M C73 was added to the 

system and the interaction was evaluated by SDS-PAGE and Western blot analysis. 
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Figure 11. Treatment with C73 does not affect the binding of ATF4 to other bZIP members 

GST-ATF4 fusion protein or GST alone was expressed in bacteria and incubated with in 

vitro translate C/EBPβ, FOSB, CHOP, CJUN. Halfway through incubation DMSO or 0.25 M 

C73 was added to the system and the interaction was evaluated by SDS-PAGE and Western blot 

analysis.  
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Figure 12. Treatment with C73 enhances ATF4 binding to the OSE1 site in the Bglap 

promoter. 

Quantitative chromatin immunoprecipitation (ChIP) assays performed on MC3T3-E1 

cells differentiated for 7 days under treatment with DMSO or 0.25 M of C73 and using a pan-

specific anti-ATF4 antibody or naive IgG as negative control. Input and ChIP products were 

amplified by SYBR green PCR using specific primers flanking the OSE1 site in the Bglap 

promoter. ChIP values were normalized to corresponding input values. Results are presented as 

2^−∆CT and are mean ± SEM of triplicate determinations. *, P < 0.05; ****, P < 0.0001. 
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Chapter V: C73 is well tolerated in vivo, has positive pharmaco-dynamics/kinetics 

parameters and long-term treatment has a positive impact on bone mass accrual. 
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5.1. In vivo dose ranging testing shows no negative impacts on mouse health through IP 

injection. 

 Given the results from the in vitro testing, a dose ranging experiment was conducted to 

explore the tolerability and safety of C73 in vivo. Using both sexes, C57bl6 mice at 8 weeks of 

age were injected intraperitoneally (IP) with either C73 or DMSO control. The doses tested were: 

0.01mg/kg, 0.1 mg/kg, 1 mg/kg and 10 mg/kg. For the doses of 1 mg/kg and less, C73 was 

dissolved in 0.22 µM filtered ddH2O. For a concentration of 10 mg/kg C73 was insoluble in 

water. To increase solubility at this concentration a solution comprised of PEG 400, Tween 80, 

and C73 was used to create a microemulsion. In the control group DMSO was substituted in 

place of C73 in the microemulsion solution. 

  Injections were administered 5x a week for two weeks. Mice were weighed before each 

injection, and regardless of treatment group, gained weight appropriately (Figure 13A). C73 had 

no effect on weight gain over the treatment regime. No abnormal behavior was observed over the 

course of the experiment in C73 treated mice. 

After the two weeks, mice were sacrificed and whole blood and plasma were collected 

for processing. When comparing the blood biochemistry between the DMSO control and C73 

treated mice, there was no significant difference between the groups in the doses investigated. Of 

note, no changes occurred in markers relating to liver function (total bilirubin), kidney function 

(BUN urea) nor heart function (AST), with all values falling within the expected range for proper 

organ function within a mouse (Figure 13B). These results suggest that, on a systemic level, C73 

is tolerated as well as DMSO control and does not negatively affect major organ functions. 

 The collected whole blood was sent for complete blood count (CBC). No significant 

differences were observed between the DMSO control and C73 treated mice for any dose. Red 

blood cells count and white blood cell count, and platelet count were comparable between the 

groups (Figure 13C). This suggests that there is no change in bone marrow function of blood cell 

production, or inflammation occurring with the treatment of C73.  

 Given the data collected in the dose ranging experiment in vivo, we concluded that C73 is 

well tolerated in vivo and that we could proceed to investigate the efficacy of the compound for 
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bone mass accrual. Given the tolerability of the highest dose of 10 mg/kg, we chose this dose for 

all subsequent in vivo experiments. 

 

5.2. Preliminary PK/PD data for C73 

 Using the expertise of the Proteomics and Molecular Analysis Platform at the Research 

Institute of the McGill University Health Center, we sought to determine a concentration-time 

curve and the half-life of C73 in a murine model. Using 12-week-old CD-1 mice, a timed study 

was conducted in which mice were given 10 mg/kg C73 via IP injection. Serum samples were 

then collected at predetermined time intervals over three hours. Using LC-MS, a 

pharmacokinetics curve for C73 after IP injection was generated. Five (5) minutes after injection, 

C73 was quantifiable in serum. A peak concentration of C73 was observed at 15 minutes post 

injection, and the half-life was measured as approximately 45 minutes after injection. C73 was 

still detectable at 60 minutes post injection but after 3 hours the compound was undetectable in 

serum (Figure 14A).  

 As the target tissue for C73 is bone tissue, the vertebra (L2-L5) from the pharmacokinetics 

study was collected in tandem with the serum. Vertebra were cleaned of tissue, intervertebral 

discs, and spinal cord before being snap frozen in liquid nitrogen. Vertebra were homogenized 

under cryogenic conditions using mortar and pestle. Using LC-MS, C73 was detectable in 

vertebral tissue 15 minutes after IP injection (Figure 14B). This data confirms C73 rapidly 

reaches its target tissue. 

5.3. Long term steady state treatment with C73 in a low bone mass mouse strain increases 

osteoblast differentiation markers, bone mass and bone biomechanical properties of long 

bone and vertebrae. 

 Although the effect of drugs on a cellular level can occur rapidly, the effect at the tissue 

level takes longer. The two-week administration of C73 was too short to observe meaningful 

changes in bone mass when assessed by 3 point-bending and µCT analysis (data not shown). A 

long-term steady state experiment was conducted to investigate if: 1. C73 is tolerated well with 

prolonged use and 2. C73 could increase bone mass in a mouse strain exhibiting a comparably 

low bone mass under steady-state homeostatic conditions.  
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 Eight-week-old female C57bl6 mice were administered 10 mg/kg of C73 or DMSO 

control via IP injection 5x a week for 6 weeks. Throughout the study, no abnormal behavior or 

aberrant weight change occurred in the treated cohort. RT-qPCR analysis RNA extracted from 

the tibial bone showed an increase in osteoblastic markers: Alpl, Col1a1, Runx2, Sp7, and Atf4. 

No changes were observed in the RNA expression of Fiat (Txlng). A slight increase in Rankl 

expression was observed, which is a downstream target of ATF4. No changes were observed in 

Opg expression. Of note, an increase in Bglap was observed, which is the downstream target of 

the ATF4-FIAT interaction (Figure 15) 

 Static histomorphometry of distal femurs obtained by µCT showed an increase in both 

the trabecular and cortical bone compartments of C73 treated mice. Treatment with C73 showed 

an increase in trabecular compartment. Although the percent bone volume (BV/TV) was not 

significant the C73 treated mice showed significant increase in trabecular thickness when 

compared to the control treated mice. (Figure 16A). Cortical tissue showed an increase in tissue 

area (T.Ar), tissue perimeter (T.Pm), bone area (B.Ar) and cortical thickness (Cs.Th) (Figure 

16B). To investigate if increase in bone mass of the C73 treated mice was associated with 

increased bone strength, we assessed the biomechanical and structural properties of C73 treated 

bones. Using three-point bending, we tested the whole-bone mechanical properties of femurs at 

mid-diaphysis. Femurs of C73 treated mice exhibited an increase in maximum load and load at 

break suggesting an increase in overall bone strength (Figure 16C). There were no changes in the 

other parameters measured (data not shown). Furthermore, we assessed the changes in the 

mechanical properties of the vertebral body using compression testing. The compression data of 

the L2 vertebra of C73 mice showed an increase in load at yield and work to yield (Figure 16D). 

The increase in the load at yield suggests that C73-treated vertebra can sustain more load and 

energy before it suffers permanent damage.  

 The long-term steady state experiment demonstrated that prolonged use of C73 at a dose 

of 10 mg/kg is well tolerated. Using a mouse that has a naturally occurring low bone mass 

phenotype, we were able to increase osteoblastic differentiation markers in marrow flushed tibias 

assessed by RT-qPCR. In addition, an increase in bone mass was observed both in the cortical 

and trabecular compartment of the bone tissue. This increase in bone mass in the femur 

correlates with an increase in bone biomechanical properties when assessed by 3-pt-bending, 
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namely an increase in the amount of load the femur can sustain before fracture occurs. 

Furthermore, an increase in the load at yield and energy to yield of the vertebral body also 

confirms bone biomechanical properties are being affected in other areas of the skeleton, not 

exclusively in the long bone. These promising data obtained under steady-state homeostatic 

conditions and supporting an osteoanabolic activity prompted the testing of C73 in preclinical 

models of low bone mass. 
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5.4. FIGURES AND TABLES 
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Figure 13. Safety testing of C73 in vivo; weight, blood biochemistry and complete blood 

count 

Using both sexes, C57bl6 mice at 8 weeks of age were injected intraperitoneally (IP) with 

either C73 or DMSO control. Injections were given five days a week for two weeks. A. Weight 

at sacrifice B. Blood biochemistry assessing Total bilirubin, Bun Urea and AST. Dashed lines 

indicate the suggested ranges for mice as reported by CMARC. C. CBC investigating red blood 

cell, white blood cell and platelet counts. N=5 
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Figure 14. Pharmacokinetics/Pharmacodynamics of C73 at 10 mg/kg in CD1 mice via 

intraperitoneal injection. 

 A. A pharmacokinetics curve plotting the concentration of C73 in the serum over time 

post injections. Each point represents the mean value, and the error bars represent the SD. N = 3. 

B. Chromatogram of LC-MS/MS derived from vertebral tissue at different time points post 

injection. The spike denotes the presence of C73 in the sample.  
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Figure 15. Long term in vivo treatment with C73 enhances mRNA osteogenic markers. 

C57bl6 Female mice at 8 weeks of age were injected intraperitoneally with either C73 

(10 mg/kg) or DMSO control, 5x a week for 6 weeks (N=8 or 6). Quantitative RT-qPCR using 

TaqMan probes against osteoblast differentiation markers was performed on RNA isolated from 

marrow flush tibias. Results are normalized to Gapdh expression and are given as means ± SD. 

*, P < 0.05; **, P < 0.01 
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Figure 16. Long term in vivo treatment with C73 enhances bone mass and biomechanical 

properties. 

C57bl6 Female mice at 8 weeks of age were injected intraperitoneally with either C73 

(10 mg/kg) or DMSO control, 5x a week for 6 weeks (N=8 or 6). Histograms representing 

trabecular (A) and cortical (B) structural parameters obtained by μCT analyses. C73 treated mice 

show a significant increase in trabecular (A) and cortical (B) indices. Trabecular parameters are 

percent bone volume (BV/TV), and trabecular thickness (Tb.Th). Cortical parameters are tissue 

area (T.Ar), tissue perimeter (T.Pm), bone area (B.Ar) and cortical thickness (Cs.Th). Results are 

given as means ± SD. Three-point bending testing (C) of femurs. C73 treated mouse femurs 

show an increase in maximum load and load at break. Results are given as means ± SD. 

Vertebral compression (D) of L2 vertebra. C73 treated mouse L2 vertebra show an increase work 

to yield and load at yield. Results are given as means ± SD. 
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Chapter VI: Treatment with C73 rescues the low bone mass phenotype of FIAT transgenic 

mice. 
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6.1. Treatment with C73 rescues the low bone mass phenotype and the reduced bone 

strength of FIAT transgenic mice  

 To assess the drug-target efficacy of C73, we sought to rescue the low bone mass 

phenotype of the FIAT transgenic mouse, previously described by our laboratory [66]. Twelve 

(12)-week-old FIAT transgenic mice of both sexes were administered C73 at a dose of 10 mg/kg, 

5x a week for 10 weeks via IP injection. No aberrant changes in body weight trends nor 

abnormal behavior were observed during the experiment.   

 In the male cohort, static histomorphometry of distal femurs obtained by µCT showed the 

expected decrease in trabecular bone associated with the FIAT transgenic mouse when 

comparing the DMSO control treated wild-type and transgenic mice. This measurement between 

the DMSO control groups confirms the low bone mass phenotype is still present in the murine 

model even after maintaining the strain in breeding for close to 20 years and allows to assess 

bone mass gain through intervention. To assess if the low bone mass phenotype was “rescued” 

we compared the bone parameters between the C73 treated FIAT transgenic mouse and the wild-

type DMSO control treated mouse. An absence of significant differences between these two 

groups would allow us to conclude that the low bone mass phenotype was rescued. 

Treatment with C73 had a significant effect on percent trabecular bone volume (BV/TV) 

and trabecular number in the transgenic littermates (Figure 17A). These parameters were 

comparable to the wild-type DMSO control treated mice; thus, we concluded that treatment with 

C73 was able to rescue the low bone mass phenotype in the trabecular bone compartment. There 

were no significant changes observed within the cortical bone compartment of the DMSO 

control treated mice between the wild-type and transgenic mouse (data not shown). Since there 

was no change in the cortical bone compartment, we could not accurately assess the effect of 

C73 treatment in this area.  

Using three-point bending we tested the whole-bone strength of the femurs at mid-

diaphysis collected from this study. No changes in bone strength were observed in the DMSO 

control treated mice between the wild-type and transgenic mouse (data not shown). Since there 

was no change in bone strength in the control mice, we could not accurately assess the effect of 

C73 treatment on this parameter.   
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  Static histomorphometry of the vertebral body of the L4 vertebrae obtained by µCT 

showed the expected decrease in trabecular bone in the DMSO control treated cohort between 

the wild-type and transgenic mice. This measurement between the DMSO control groups 

confirms the low bone mass phenotype is present in the vertebral body as this area was not 

investigated during the initial phenotyping study conducted in our laboratory [66].  A gain in the 

trabecular compartment of the vertebral body, as shown by the increase in percent bone volume 

(BV/TV) and trabecular number, can be observed after treatment with C73 (Figure 17B). 

Furthermore, we assessed the changes in the mechanical properties of the vertebral body using 

compression testing. The compression data from the L2 vertebra showed a decrease in load at 

yield and work to yield between the wild-type and FIAT transgenic DMSO control treated mice. 

A rescue of these parameters was seen in the FIAT transgenic mice treated with C73 (Figure 

17C). The increase in the load at yield suggests that C73 treated FIAT transgenic vertebra can 

sustain more load and energy before suffering permanent damage. 

In the female cohort, static histomorphometry of distal femurs obtained by µCT showed 

no changes in the trabecular or cortical bone in the DMSO control treated cohort between the 

wild-type and transgenic mice (data not shown). Furthermore, when using three-point bending to 

assess the whole-bone mechanical properties of femurs at mid-diaphysis, no changes in bone 

strength were observed regardless of phenotype or treatment (data not shown).  

 Static histomorphometry of the vertebral body of the L4 vertebrae obtained by µCT 

showed the expected decrease in trabecular bone in the DMSO control treated cohort between 

the wild-type and transgenic female mice. A subsequent rescue of percent bone volume and 

trabecular number can be observed with the treatment of C73 (Figure 18A). Furthermore, we 

assessed the changes in the mechanical properties of the vertebral body using compression 

testing. The compression data from the L2 vertebra showed a decrease in load at yield and work 

to yield between the wild-type and FIAT transgenic DMSO control treated mice. A rescue of 

these parameters was seen in the FIAT transgenic mice treated with C73 (Figure 18B). The 

increase in the load at yield suggests that C73 treated FIAT transgenic vertebra can sustain more 

load and energy before it suffers permanent damage. 

This data supports the drug efficacy of C73 by rescuing the low bone mass phenotype of 

the FIAT transgenic mouse. Although only the male cohort showed a difference in long bone 
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parameters at the trabecular level, both sexes showed meaningful bone mass accrual upon 

treatment in the vertebral body.  

6.2. Oral administration of C73 rescues the low bone mass phenotype of the FIAT 

transgenic mouse. 

Although C73 was efficient at rescuing the low bone mass when given through IP 

injection, it was unknown if the same effect could be achieved when administered orally. Using 

the FIAT transgenic mice, we conducted an identical study to the one described above but C73 

was given through oral gavage. No aberrant changes in body weight trends nor abnormal 

behavior were observed during the experiment. Although both sexes were investigated in this 

study, as of writing only the female cohort had been analyzed.  

In the female cohort, µCT analysis of L4 vertebral body showed a significant decrease in 

the following trabecular bone parameters in the DMSO control treated cohort between the wild-

type and transgenic mouse: percent bone volume (BV/TV) and trabecular thickness. These 

parameters were non-significant between the wild-type DMSO control treated group and the 

FIAT-transgenic C73 group (Figure 19A). We concluded that administration of C73 through oral 

gavage was able to rescue the low bone mass phenotype observed in the L4 vertebral body of the 

FIAT-transgenic mouse.  

To assess if these structural changes influenced the mechanical properties of the vertebral 

body, compression of the L2 vertebra was assessed. The compression testing of the vertebra 

showed a decrease in the following parameters assessing bone strength between the wild-type 

and FIAT transgenic DMSO control treated mice: load at yield, work to yield, work to max load 

and work to break. A rescue of these parameters was seen in the FIAT transgenic mice treated 

with C73, as noted by the non-significant changes between this group and the wild-type DMSO 

control treated group. (Figure 19B). The increase in the load at yield suggests that C73 treated 

FIAT transgenic vertebra can sustain more load and energy before it suffers permanent damage. 

As of writing, the structural changes of the femur in the female cohort have yet to be 

assessed via µCT analysis. Preliminary bone strength data, using three-point bending testing on 

the mid-diaphysis of the femur, showed a decrease in maximum load and work to maximum load 

parameters between the wild-type and FIAT transgenic mice in the DMSO control group. These 
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strength parameters were rescued with the treatment of C73 given through oral gavage (data not 

shown).  

The effect of C73 on bone mass accrual and strength has been shown to be effective 

when given through IP injection. In the patient population, medicine that requires multiple 

injections have lower rates of compliance than those that can be taken orally. Using the FIAT 

transgenic mouse model, we were able to rescue a low bone mass phenotype by administering 

C73 orally. The rescue of the low bone mass phenotype was comparable to when C73 was given 

through IP injections. Mice given an oral gavage of C73 exhibited no discernable off target 

effects and tolerated the drug well throughout treatment.  
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6.3. FIGURES AND TABLES 
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Figure 17. Treatment with C73 rescues the low bone mass phenotype and reduced bone 

strength of the FIAT-transgenic in male mice. 

Wild type or FIAT-transgenic male mice at 12 weeks of age were injected 

intraperitoneally with either C73 (10 mg/kg) or DMSO control, 5x a week for 10 weeks (N=8 or 

7). Histograms representing femoral trabecular (A) structural parameters obtained by μCT 

analyses. C73 treated mice show a significant increase in trabecular indices (A). Trabecular 

parameters are percent bone volume (BV/TV), and trabecular number (Tb.N). Results are given 

as means ± SD. Histograms representing vertebral trabecular (B) structural parameters obtained 

by μCT analyses. C73 treated mice show a significant increase in trabecular indices. Trabecular 

parameters are percent bone volume (BV/TV), and trabecular number (Tb.N).  Results are given 

as means ± SD. Vertebral compression (C) of L2 vertebra. C73 treated mouse L2 vertebra show 

an increase work to yield and load at yield. Results are given as means ± SD. *, P < 0.05; **, 

P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Figure 18. Treatment with C73 rescues the low bone mass phenotype and reduced bone 

strength of the FIAT-transgenic in female mice. 

Wild type or FIAT-transgenic female mice at 12 weeks of age were injected 

intraperitoneally with either C73 (10 mg/kg) or DMSO control, 5x a week for 10 weeks (N=8 or 

9). Histograms representing vertebral trabecular (A) structural parameters obtained by μCT 

analyses. C73 treated mice show a rescue of the trabecular indices. Trabecular parameters are 

percent bone volume (BV/TV), and trabecular number (Tb.N).  Results are given as means ± SD. 

Vertebral compression (B) of L2 vertebra. C73 treated mouse L2 vertebra show a rescue of the 

following biomechanical properties: load at yield and work to yield. Results are given as means 

± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001 

 



 

76 
 

 

 

 

 

 

 



 

77 
 

 

Figure 19. Oral administration of C73 rescues the low bone mass phenotype and reduced 

bone strength of the FIAT-transgenic in female mice. 

Wild type or FIAT-transgenic female mice at 12 weeks of age received either C73 (10 

mg/kg) or DMSO control through oral gavage, 5x a week for 10 weeks (N=6, 7 or 10). 

Histograms representing vertebral trabecular (A) structural parameters obtained by μCT 

analyses. C73 treated mice show a rescue of trabecular indices. Trabecular parameters are; 

percent bone volume (BV/TV), and trabecular thickness (Tb.Th).  Results are given as means ± 

SD. Vertebral compression (B) of L2 vertebra. C73 treated mouse L2 vertebra show a rescue of 

the following biomechanical properties: load at yield, work to yield, work to max load and work 

to break. Results are given as means ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, 

P < 0.0001. 
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Chapter VII: C73 prevents and rescues ovariectomy-induced bone loss. 
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7.1. C73 treatment maintains bone mass and bone biomechanical properties as a 

preventative treatment in ovariectomized mice. 

Ovariectomized mice (OVX) are used in bone research to recapitulate the bone loss 

phenotype experienced by post-menopausal women. Although C73 could rescue the low bone 

mass phenotype of the FIAT transgenic mouse, it was unknown if it could rescue a similar 

phenotype in a well-studied preclinical bone loss model. In this model the ovaries of female mice 

are surgically removed promoting rapid bone loss.  Generally, mice are then left to age for a 

predetermined amount of time, in which bone loss occurs. This resulting bone loss mimics the 

effects seen in post-menopausal women, which is generally when intervention occurs. We 

questioned if administering C73 a week after OVX surgery could be used as a preventative 

measure against the OVX-induced bone loss. In this experiment, 12-week-old CD1 female mice 

had either an ovariectomy or a sham surgery and were allowed to recover for a week. After 

recovery mice were given C73 at a dose of 10mg/kg for 8 weeks via IP injection. To confirm the 

success of the ovariectomy, uterine weight was recorded at sacrifice (Figure 20A). The measured 

reduction in uterine weight confirmed that the removal of the ovaries was achieved. 

To assess if the low bone mass phenotype of the OVX treatment was “prevented” we 

compared the bone parameters between the C73 treated OVX mice and the DMSO control 

treated SHAM mice. If there was no significant difference between these two groups, we 

concluded that intervention with C73 was sufficient to prevent the OVX induced bone loss. 

 µCT analysis of L4 vertebral body showed the expected bone loss phenotype between the 

SHAM and OVX DMSO control treated mice. A decrease was observed in the following 

parameters between the DMSO control treated SHAM and OVX mice: percent bone volume 

(BV/TV), trabecular thickness, trabecular separation, and trabecular number. After treatment 

with C73, these parameters were non-significant between the DMSO SHAM and C73 treated 

OVX, suggesting a prevention of the low bone mass phenotype associated with the OVX mouse 

model (Figure 20B). 

The observed decrease in trabecular bone structure of the vertebral body in the OVX-

DMSO group was also associated with a decrease in bone strength. Compression testing of the 

L2 vertebra from the OVX DMSO treated group showed a decrease in load at yield and 

maximum load when compared to the DMSO SHAM mice. These parameters did not differ 
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between the DMSO treated SHAM mice and the C73 treated OVX mice (Figure 20C). The 

compression testing results suggest that C73 can prevent the associated poor biomechanical 

properties that lead to an increased fracture risk following loss of ovarian function. 

Although we observed the rescue of osteopenic phenotype in the FIAT-transgenic mouse 

model, we were curious if the associated bone loss from ovariectomy could be prevented with 

early intervention of C73. In CD1 mice, treatment of ovariectomized mice with C73 was able to 

prevent trabecular bone loss and in turn, prevent the decrease in biomechanical properties.  

7.2. C73 treatment rescues the low bone mass phenotype and decreased bone biomechanical 

properties observed in an ovariectomy study.  

In the previous experiment, we demonstrated that treatment with C73 could act as a 

preventative intervention in post-menopausal induced bone loss. Although prevention would be a 

prudent approach to treating post-menopausal bone loss, most interventions do not occur until a 

patient complains of pain and has noticeable changes in bone mass, usually assessed through a 

DEXA scan. To test if treatment with C73 could rescue the low bone mass associated with OVX, 

ample time was allotted in the experimental design to ensure that sufficient bone loss had 

occurred after surgery before intervention occurred. Twelve (12)-week-old female C57bl6 mice 

either had their ovaries removed or underwent sham surgery. The mice were allowed to age 

without intervention for 8 weeks to allow for discernable bone loss. After this time, mice were 

given C73 at a dose of 10 mg/kg for 8 weeks via IP injection. To confirm the success of the 

ovariectomy, uterine weight was recorded at sacrifice (Figure 21A). 

To assess if the low bone mass phenotype of the OVX treatment was “rescued” we 

compared the bone parameters between the C73 treated OVX mice and the DMSO control 

treated SHAM mice. If there was no significant difference between these two groups, we 

concluded that intervention with C73 was able to rescue the OVX induced bone loss. 

 µCT analysis of L4 vertebral body showed the expected bone loss phenotype between the 

SHAM and OVX DMSO control treated mice. A decrease was observed in the following 

parameters between the DMSO control treated SHAM and OVX mice: percent bone volume 

(BV/TV) and trabecular thickness. After treatment with C73, these parameters were non-
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significant between the DMSO SHAM and C73 treated OVX, suggesting a rescue of the low 

bone mass phenotype associated with the OVX mouse model (Figure 21B). 

The observed decrease in trabecular bone structure of the vertebral body in the OVX-

DMSO group was also associated with a decrease in bone strength. Compression testing of the 

L2 vertebra from the OVX DMSO treated group showed a decrease in load at yield and 

maximum load when compared to the DMSO SHAM mice. These parameters did not differ 

between the DMSO treated SHAM mice and the C73 treated OVX mice (Figure 21C). The 

compression testing results suggest that C73 can rescue the associated poor biomechanical 

properties that lead to an increased fracture risk associated with reduced ovarian function. 

Ovariectomy is a common method to study the osteopenic phenotype experienced in 

post-menopausal women. The aim of the experiment was to determine if C73 is effective in a 

post-menopausal mouse model after bone loss had already occurred. In C57bl6 mice, 

intervention with C73 was able to rescue the low trabecular bone mass in the vertebrae of 

ovariectomized mice. Also, the bone strength of the OVX-C73 mice were comparable to the 

control treated SHAM mice, suggesting a rescue of whole bone strength as well.  
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Figure 20. C73 treatment maintains bone mass and bone biomechanical properties as a 

preventative treatment in ovariectomized mice 

CD1 female mice at 12 weeks of age underwent either SHAM or ovariectomy surgery. 

The following week mice were injected intraperitoneally with either C73 (10 mg/kg) or DMSO 

control, 5x a week for 8 weeks (N= 9). A. The uterine weight was taken at sacrifice, showing a 

significant decrease in mass in the ovariectomized mice. Histograms representing vertebral 

trabecular (B) structural parameters obtained by μCT analyses. C73 treated mice show a rescue 

of the trabecular indices. Trabecular parameters are percent bone volume (BV/TV), trabecular 

thickness (Tb.Th), trabecular separation (Tb.S) and trabecular number (Tb.N).  Results are given 

as means ± SD. Vertebral compression (C) of L2 vertebra. C73 treated mouse L2 vertebra show a 

rescue of the following biomechanical properties: load at yield and max load. Results are given 

as means ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Figure 21. C73 treatment rescues the low bone mass phenotype and decreased bone 

biomechanical properties observed in an ovariectomy study. 

C57bl6 female mice at 12 weeks of age underwent either SHAM or ovariectomy surgery. 

The mice were allowed to age without intervention for 8 weeks, after which they were injected 

intraperitoneally with either C73 (10 mg/kg) or DMSO control, 5x a week for 8 weeks (N= 7 or 

8). A. The uterine weight was taken at sacrifice, showing a significant decrease in mass in the 

ovariectomized mice. Histograms representing vertebral trabecular (B) structural parameters 

obtained by μCT analyses. C73 treated mice show a rescue of the trabecular indices. Trabecular 

parameters are percent bone volume (BV/TV), trabecular thickness (Tb.Th), trabecular 

separation (Tb.S) and trabecular number (Tb.N).  Results are given as means ± SD. Vertebral 

compression (C) of L2 vertebra. C73 treated mouse L2 vertebra show a rescue of the following 

biomechanical properties: load at yield and max load. Results are given as means ± SD. *, 

P < 0.05; **, P < 0.01; ***, P < 0.001;  
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Chapter VIII: DISCUSSION and FUTURE EXPERIMENTS 
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In this thesis I have identified C73, a small molecule compound targeting FIAT, that has 

potential as a novel first-in-class osteoanabolic drug. The compound increases osteoblastogenesis 

in vitro and was able to rescue the low bone mass phenotype of several preclinical models of 

metabolic bone diseases. 

The Fiat cDNA was initially cloned using a yeast two-hybrid screen with a bait 

consisting of the NACA transcriptional coregulator cDNA [66]. The interaction between NACA 

and FIAT was independently confirmed [65, 79] and its potential relevance to the work described 

herein will be discussed below. 

In silico analysis of the Fiat sequence highlighted the fact that FIAT contains putative 

leucine zippers, a known protein-protein interaction motif [59, 67, 80]. Previous work from our 

laboratory explored whether FIAT could form homodimeric or heterodimeric interactions. 

Through two-hybrid assays using FIAT as bait, it was found that FIAT could not homodimerize 

but was able to heterodimerize with the osteoanabolic transcription factor, ATF4 [56, 66]. The 

initial in silico analysis determined that FIAT does not contain a DNA binding domain [66]. 

Combined with results showing that its interaction with ATF4 prevents the binding of ATF4 to its 

target genes promoters  [66], these observations allowed us to speculate that FIAT could act as a 

dominant-negative repressor of ATF4 activity [66]. Indeed, in bone cells, an excess of FIAT 

inhibits mineralization and diminishes expression of ATF4-dependent osteoblast differentiation 

markers [66]. Reciprocally, knockdown of Fiat expression stimulates osteoblast activity by 

increasing ATF4-dependent functions [68]. 

The relevance of the FIAT/ATF4 interaction in bone tissue became apparent when our 

group studied the physiological effects of altering this interaction in vivo. The first in vivo 

characterization was conducted using a transgenic mouse model which expressed the human full 

length 1.8kb FIAT cDNA under the 2.3kb Col1a1 promoter, limiting the overexpression of the 

FIAT transgene to osteoblast cells. The transgenic mice were osteopenic and osteoblasts derived 

from these mice exhibited impaired activity. The expression level of the FIAT transgene resulted 

in a rather slight increase in total FIAT/Fiat mRNAs when quantified by real-time RT-PCR [66]. 

Even though the overexpression of FIAT was modest it was enough to modulate bone mass in 

this mouse model. That minor changes in FIAT activity could elicit a tissue response hinted at the 

potential for FIAT as a drug target. 
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Since increasing FIAT expression in bone specific cells could result in decreased bone 

mass, the next question was what happens if FIAT expression is depleted? To explore this 

question a global Fiat knockout mouse was created using a Cre-LoxP recombination driven by 

the cytomegalovirus promoter. As Fiat is a X-linked gene that escapes X-inactivation, male mice 

were used in this study to ensure a true knockout. Fiat -/y mice exhibited an increase in bone 

volume, affecting both the trabecular and cortical bone. An increase in the rate of mineral 

apposition was noted. The global knockout attempt was efficient as Fiat mRNA was not 

detectable in the calvaria, spleen, brain, or heart tissue. FIAT protein expression was undetectable 

in primary osteoblasts isolated from mutant mice. No obvious off target effects were noted in 

mutant mice. The mutant mice were fertile without morphological abnormalities and had similar 

body weights to their wild-type littermates throughout the study [69]. These results support the 

role of FIAT in bone physiology and the validity of FIAT as a drug target. We reasoned that 

blocking FIAT activity would lead to beneficial gains in bone mass and strength. 

We used a mammalian two-hybrid system to identify small molecules that prevent the 

FIAT/ATF4 interaction. This high throughput strategy used the second leucine zipper of FIAT 

fused in-frame with the GAL4-DNA Binding Domain to generate a DBD-FIAT ‘bait’. The 

leucine zipper of ATF4 was fused in-frame with the VP16 Activation Domain to produce the AD-

ATF4 ‘target’. Interaction of the bait with the target through the leucine zipper interface 

reconstitutes a strong transcriptional activator and induces high levels of expression from a 

luciferase reporter vector. This system is an artificial expression system that we exploited to 

assess the efficacy of compounds to disrupt the interaction; the readout was inhibition of 

luciferase expression compared to vehicle-treated cells. One of the limitations of this system is 

that it does not represent the endogenous expression levels of either protein. It also disregards the 

innate location of each protein within the subcellular compartments. While FIAT can be detected 

in both the cytoplasm and the nucleus, the interaction between FIAT and ATF4 occurs in the 

nucleus [66]. 

Traditionally, drug discovery efforts have focused on protein targets that naturally bind 

ligands or substrates, such as enzymes, G-protein coupled receptors (GPCRs), ion channels, 

transporters, and nuclear hormone receptors [70]. Small molecules targeting these proteins can 

be engineered to bind to the region, usually a deep pocket, on the protein that the naturally 
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occurring substrate or ligand would occupy, effectively modulating the function. The other class 

of therapeutic agents traditionally exploited in drug discovery is protein-based therapeutics, also 

known as biologics [81]. 

While disruption of transcription factors’ protein-protein interaction (PPI) or protein-

DNA interaction is challenging, it presents the advantage of exhibiting minimal off-target effects 

as opposed to upstream targets like signaling kinases. The main hurdle of targeting a PPI is the 

structural conformation of the protein and interaction domain. Many of these proteins are ‘flat’, 

lacking a deep hydrophobic pocket and have extended contact surfaces with their interacting 

partner [82]. Due to these attributes, traditional drug discovery techniques of exploiting a 

hydrophobic pocket with a small molecule or targeting with a larger biologic cannot be 

employed. Additionally, transcription factors are intracellularly localized, often exclusively 

within the nucleus. Having a molecule pass into the nucleus presents its own challenges and 

limitations. For a molecule to pass through the nuclear envelope, via passive diffusion, it must be 

smaller than 45 kDa. Any molecule larger than this requires a specific targeting signal, or it will 

be excluded from the nucleus [83]. Fortunately, small molecules with the proper 

physicochemical characteristics can diffuse to the nucleus. 

One of the first PPI to be targeted and successfully “drugged” was the MYC/MAX 

interaction. The MYC oncogene family is involved in many cellular processes but became of 

interest for drug discovery due to its role in cancer [84]. Deregulation of MYC is observed in 

approximately 70% of human malignancies in various cancer types and is overexpressed in 

approximately 50% of triple-negative breast cancers [85]. MYC is a transcription factor that is 

composed of a helix-loop-helix interaction and DNA binding domain. It forms heterodimers with 

another transcription factor, MAX. Over thirty small molecules targeting this interaction have 

been characterized. The mechanisms of action disrupting the MYC/MAX interaction fall into 

three categories: direct disruptors of MYC/MAX heterodimerization, disruptors of MYC/MAX 

heterodimer binding to DNA or stabilizers of Max/Max homodimerization [86]. 

The binding of the cFOS/cJUN heterodimer to DNA is another interaction that has been 

successfully targeted and for which a lead compound has reached phase II in clinical trials. The 

T-5224 compound was shown to inhibit the binding of the cFOS/cJUN AP-1 heterodimer to its 

canonical response element and protect joints from destruction in a mouse model of rheumatoid 
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arthritis. T-5224 showed specificity for inhibiting the binding activity of AP-1 family members 

(cFOS/cJUN and cJUN/cJUN) without affecting other transcription factors such as  NFkb, 

MyoD, C/EBPα, ATF-2, and Sp-1 [87, 88]. Although T-5224 did not continue past phase II for its 

effectiveness in arthritis, it has been shown to possess anticancer activity and studies are ongoing 

studying the synergistic effect between T-5224 and other FDA approved cancer therapies [89]. 

These drug efforts serve as a proof of concept for the viability of targeting a PPI such as 

the ATF4/FIAT heterodimerization. The interaction between ATF4 and FIAT occurs through a 

leucine zipper interaction domain, an interface that does not exhibit a strict amino acid sequence 

but rather relies on the alignment of leucine residues on the same face of an alpha helix [59]. The 

chance of aberrant inhibition of related interactions has been a drawback to targeting protein-

protein interactions, since leucine zipper factors usually interact with many different binding 

partners [60]. In our study, we assessed the effect of C73 on other ATF4 heterodimers and saw no 

interference in the binding of ATF4 to C/EBPß, CHOP, cJUN and FOSB [60, 78]. We conclude 

that C73 specifically inhibits the ATF4/FIAT interaction which suggests that C73 acts through 

binding FIAT, and not the ATF4 moiety of the heterodimer. This model could be tested using 

saturation transfer difference (STD) NMR to look for direct binding of C73 to FIAT [90]. The 

STD assay has the advantage that irradiation of the protein leads to enhancement of signals in the 

part of the ligand that contacts the protein. This provides invaluable information on ligand-

protein interactions for structure refinement. Alternatively, fluorescence polarization (FP) assays 

could be developed to assess direct binding [91]. 

Additional results presented in this thesis support the model through which C73 interacts 

with FIAT to disrupt the ATF4/FIAT heterodimer, thus freeing ATF4 from the FIAT inhibitor and 

allowing increased amounts of ATF4 binding to target promoters. For example, Chromatin-

immunoprecipitation (ChIP) studies showed an increase in ATF4 binding to its cognate site 

within the Osteocalcin (Bglap) promoter following C73 treatment. The rescue of the osteopenic 

phenotype of FIAT transgenic mice also confirms the efficacy of the C73 compound to block the 

activity of an overexpressed FIAT sequence and support the preferred model for the mechanism 

of action of compound C73. 

We determined a preliminary safety profile for C73 administration in vivo. Animals 

tolerated the compound up to the 10 mg/kg bw dose (maximum solubility) and there was no 
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deleterious impact on complete blood counts or detrimental effects on heart, liver or kidney 

function as assessed by blood markers. Throughout the 10-week treatment duration used in 

rescue protocols, mice receiving C73 gained weight at the same pace as vehicle-treated mice. As 

any final drug would be used for even longer-term therapy, it will be important to assess the 

potential for off-target effects. To this end, we could screen C73 in a standard SafetyScreen44 

panel [92] which encompasses a range of targets identified by pharmaceutical companies as 

potential liabilities. 

We also reason that the mechanism of action of C73 limits its potential for side-effects. 

ATF4 is a widely studied protein and the regulation, expression and signalling pathways it is 

involved in have been extensively studied. ATF4 is ubiquitously expressed but the protein is only 

enriched in osteoblasts. Through post translational modifications, ATF4 is ubiquitinated and 

marked for proteasomal degradation in most other cell types [52]. Only in situations of 

endoplasmic reticulum stress or unfolded protein responses is ATF4 proteasomal degradation 

halted, and the protein allowed to accumulate [58]. Thus, a drug acting to increase ATF4 activity 

should preferentially act on bone in the absence of comorbidities. 

FIAT is ubiquitously expressed [65] but few studies beyond ours have defined a precise 

biological function for the protein. Association studies have linked differential expression of 

FIAT to various pathologies without mechanistic data  [93-101]. A 2009 study from Hotokezaka 

et al. suggested that NACA is an initiator of ER stress and mentioned that FIAT might also be 

implicated in the pathway [102, 103]. Our own results have shown that NACA can enhance the 

inhibitory activity of FIAT on ATF4-mediated transcription [79]. Thus, in osteoblasts, the 

biological relevance of the FIAT/NACA interaction would also be negated by compounds 

blocking FIAT activity, such as C73. 

Pharmacokinetic-pharmacodynamics (PKPD) studies demonstrated that C73 exhibits a 

decent half-life of approximately 45 minutes when administered intraperitoneally. C73 was 

detected in bone 15 minutes post-injection, confirming that the compound is reaching the target 

tissue of interest. An additional PKPD investigation is in progress to determine the half-life and 

bioavailability of C73 when administered orally, which is the preferred mode of administration 

for a drug. 
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We have not measured changes in Fiat mRNA expression in cultured osteoblasts or in 

bone tissue treated with C73. However, increased Atf4 transcription levels were observed in 

cultured osteoblasts treated with C73. A possible mechanism involves C/EBPβ binding to the 

Atf4 promoter [104]. It is not clear if C/EBPβ canonically binds as a homodimer or a heterodimer 

on this promoter region but it has been proposed that ATF4 might be a heterodimerization partner 

in this interaction [105]. In C73-treated osteoblasts, ATF4 is freed to bind with other bZIP family 

members such as C/EBPβ. This could create a feed forward loop increasing the binding of this 

heterodimer to the ATF4 promoter and increasing transcription. This model could be tested using 

ChIP assays with ATF4 antibodies and Atf4 promoter-specific primers. 

C73 has a promising efficacy and safety profile. However, it would be interesting to 

improve the potency and pharmacokinetics of C73 through medicinal chemistry. While safety 

has been demonstrated in mice, it was for a relatively short-term treatment only, whereas 

osteoanabolic treatment in patients is likely to be long-term. Moreover, it is not uncommon for 

toxicity to arise when moving to other animals and eventually humans. The normal approach in a 

pharmaceutical company is to de-risk compounds for toxicity as they develop and have at least 

one reliable backup to a lead compound should unforeseen toxicity arise. As it will likely be 

necessary to engage with a pharmaceutical company to commercialize the osteoanabolics that we 

develop, having a portfolio of de-risked compounds instead of a single lead compound will 

improve the chances for successful clinical trials and commercialization. Fortunately, C73 is a 

low molecular weight molecule that follows Lipinski’s Rule of Five. Lipinksi’s rules are a 

scoring template for different attributes a molecule possesses which correlates to the likelihood 

of it being successfully orally administered. The ideology behind Lipinski’s rules is that an orally 

active drug will have less than 5 H-bond donors, 10 H-bond acceptors, the molecular weight is 

less than 500, and the calculated Log P (CLog P) is less than 5 [106]. These criteria can be used 

as predictors of absorption or permeation of small molecules. Starting the drug discovery 

pipeline with a small molecule that abides by these rules leaves a wider dynamic range for lead 

optimization. C73 meets the requirements of Lipinski’s rules and allows for a range of 

modifications to be made that will still respect the rule. 

On standard mouse chow, Fiat-deficient animals are glucose-tolerant. That metabolic 

advantage is neutralized when the mice are fed a high-fat diet [69]. We tested the impact of 
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treatment with C73 in mice receiving a high-fat diet. A modest increase in glucose tolerance 

could be measured in mice fed standard mouse chow and receiving C73 (data not shown). But 

the improved metabolic phenotype returned to baseline when mice were challenged with a high 

fat diet (data not shown). These results show that C73 treatment is not detrimental even under 

high-fat feeding conditions, but long-term osteoanabolic treatment with C73 could necessitate 

dietary adjustments in treated patients. 

There are currently several therapies on the market to treat low bone mass disease that 

either stimulate osteoblastic bone formation (anabolic) or inhibit osteoclast resorption (anti-

resorptive). In our study we showed that C73 can rescue the low bone mass phenotype of the 

FIAT transgenic mouse, and in a classical mouse model of post menopausal osteoporosis. A next 

step would be to compare the efficacy of C73 on bone mass accrual against drugs that are FDA 

approved for treatment of low bone mass. A study using ovariectomized mice or another low 

bone mass mouse model, comparing the effects of C73 vs. an intervention such as intermittent 

PTH treatment [107] would be sufficient. These experiments have yet to be conducted, but the 

information gained from them would be valuable.  

One limitation of this study is that it does not actually formally demonstrate whether 

treatment with C73 acts as an osteoanabolic or anti-resorptive therapy. In the long-term steady 

state study, a blood biochemistry assay monitoring anti-resorptive marker, TRAcP5b, showed no 

changes in this marker between DMSO and C73 treated mice (Supplemental Figure 1). This 

result alone cannot determine classification of C73 as either osteoanabolic or anti-resorptive. 

Further investigation into this matter will be conducted using dynamic histomorphometry to 

compare mineral apposition rates and bone formation rates between vehicle and C73-treated 

animals. Our preferred interpretation remains that C73 is an osteoanabolic compound. 

As outlined in the introduction there are various drawbacks to the current FDA approved 

drugs for treating low bone mass. An experiment that could be fruitful is exploring if a 

synergistic effect could be obtained using C73 in tandem with an approved bone loss drug. This 

approach of coupling a small molecule and an FDA approved drug has been successful in other 

pathologies. When the AP-1 small molecule T-5224 stalled in clinical trials, a group explored if 

the compound could synergize with another known drug. In this case they used T-5224 and 

bortezomib in tandem to treat a clinically challenging subset of multiple myeloma. It was shown 
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that giving the therapies together enhanced the effectiveness of bortezomib in patients who were 

previously deemed resistant to bortezomib therapy [89]. It should be noted that T-2554 and 

bortezomib target two different pathways which could account for the enhanced therapeutic 

effectiveness in treating drug resistant multiple myeloma. C73 is novel because it exploits the 

ATF4/FIAT interaction. Current drug therapies exploit different pathways to enhance bone mass. 

Perhaps targeting two different pathways that can modulate bone mass could create a synergistic 

effect leading to enhanced outcomes. 

FIAT is an X-linked gene that escapes X inactivation [108], and it has a Y homolog 

(TXLNGY) [109]. Of note, although TXLNGY transcripts can be detected in gene expression 

analysis, it is unclear if TXLNGY is a gene [110] or a pseudogene [111]. Interestingly, FIAT is 

overexpressed in Klinefelter Syndrome patients [112] , a frequent male chromosomal aneuploidy 

(47,XXY) with low bone mass [113]. The increased expression of FIAT in Klinefelter Syndrome 

patients has been proposed as a mechanism for the low bone mass observed in these individuals 

[114, 115]. This suggests that therapy with small molecules that target the FIAT protein, such as 

C73, could represent an interesting avenue for precision medicine in the treatment of the bone 

phenotype of Klinefelter Syndrome patients. 
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8.1. FIGURES AND TABLES 

 

 

Figure 22. Blood biochemistry shows no changes in anti-resorptive marker in mice treated 

with C73. 

C57bl6 female mice at 8 weeks of age were injected intraperitoneally with either C73 (10 

mg/kg) or DMSO control, 5x a week for 6 weeks (N=8 or 6). Serum collected from these mice 

was used in an ELISA to quantify the concentration of TRAcP5b, an anti-resorptive marker, 

present at sacrifice. No changes were observed in this marker between the DMSO vehicle treated 

mice and the C73 treated mice in either sex. 
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Chapter IX: CONCLUSION 

We have identified C73, an orally active osteoanabolic lead compound that blocks the 

activity of its target, FIAT, to increase bone mass. Because of this unique mechanism of action, 

C73 could become a first-in-class drug for the treatment of low bone mass metabolic bone 

diseases. An efficacious, orally administered osteoanabolic treatment remains a poorly met 

medical need and so our discovery represents a significant breakthrough. 
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to the wellbeing of the animal subjects. In order to limit animal use to meritorious research or 
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the use of animals in research, teaching and testing carries significant responsibilities. The 
institution will continue to develop and maintain guidelines and regulations, following the high 
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