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Abstract 

In response to osteo-inductive signals generated by the bone morphogenetic proteins 

(BMPs), undifferentiated mesenchymal stem cells c m  differentiate into osteoblasts. However, 

the molecular mechanisms that coordinate and direct osteogenesis are largely unknown. 

Differential display was utilized to identifj a gene, provisionally named AJI8, whose expression 

is responsive to BMP-7 and up-regulated during osteoblastic differentiation in fetal rat calvarial 

cells (FRCCs), AJ18 encodes a novel protein comprishg a KrUppel-associated box (KRAB) 

domain, which is a well-characterized transcription repressor motif, and 11 successive C2H2 zinc 

hger motifs. Using a target detection assay, a consensus DNA-binding site with the sequence 

5'-CCACA-3' was revealed, This sequence is present in the enhancer for Rum2 (OSE2, 

osteoblast-specific element 2; 5'-ACCACA-3'), a rnaster gene for osteogenesis. By using a 

transient transfection assay MI8 expression was found to abrogate the transactivation activity of 

Runx2 in a dose-dependent marner. 

To study the regdation of AJI8 gene expression, a rat genomic Lbrary was screened to 

obtain the 5'-flanking region of MI&. Mapping of the transcription start site showed that the 

AJI8 gene contains an unusually long 2.3 kb 5'-untranslated region (5'-UTR) with potential for 

strong secondary structure. Chimeric consiructs encompassing the immediate prornoter region (- 

77 to t177) revealed mng transcriptional activity when ligated to a luciferase reporter gene in 

transient transfection assays. Addition of -2 kb of upstream sequence did not increase this 

activity. Comparison of mouse and rat AJ18 promoters however r e v d d  high sequence identity 



that included several responsive eIements for proteins such as Runx2, NFicB, Smads, Spl, and 

Ets 1. 

The expression of M l 8  mRNA and proteh at various stages of mouse development 

revealed high levels in brain, kidney, and mineraiized tissues during embryonic development. In 

developing endochondral bone, M l 8  staining was strong in proliferating and pre-hypertrophie 

chondrocytes, and osteoblasts, with low or no staining in hypertrophie chondrocytes. NucIear 

staining was also observed in differentiating celIs that form the mineraiized tissues of teeth. 

Notably, the expression of AJ18 was similai- to the expression of BMP-7 consistent with its 

perceived role as a transcriptional factor that regulates developmental processes downstream of 

BMP-7. 

These studies, therefore, have identified the fmt KRAB/C2H2 zinc finger gene to be 

implicated in skeletal development, and have charactenzed the first promoter sequence for a 

gene belonging to the large KRABKzH2 zinc figer family. 
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Bone cells are highly specialized cells that are derived fiom mesenchymai stem celis. 

However, the molecular factors and pathways involved in osteogenesis are largely unknown. 

This thesis will descnie the identification and characterization of a novel gene, provisionally 

named M18. Ml8 appears to be a transcription factor that plays a role in osteogenic 

differentiation. 

Chapter One is in two parts. The fust part is an introduction to the field of bone research. 

The composition of bone, inckuding the balance between the actions of bone-forming osteoblasts 

and bone-resorbing osteoclasts, is first described. Bone is essentially comprised of 

hydroxyapatite crystals ernbedded within the extracelluIar matrix. The matrix is cornposed of 

coUagenous and noncollagenous proteins. The expression of marrix proteins by osteobtasts is 

utilized as markers of various stages of bone differentiation. Subsequently, the factors that are 

essential for the differention of bone are described BMPs are primordial signaIs for bone 

formation, whose signais are transduced to the nucleus by Smad proteins. Rum2 is a master gene 

of osteogenesis. The introduction on bone is closed with a description of other recently identified 

factors that may be important for osteogenesis. The second part of the introduction describes the 

regulation of genes. Nucleosomes and the process of transcription, including basal and gene 

regdatory transcription factors, are briefly discussed. The introduction on gene regulation is 

closed with a description of KRAB domains and C2H2 zinc finger motifs, protein structures that 

are present in AJ 18. 

Chapter Two describes the identification and initial characterization of N 1 8 .  A 

consensus DNA-binding element was determined and a potentiai role for Ml8 is shom. 



Chapter Three describes the 5'-flanking region of AJI8, which was isoIated and 

sequenced as a first step towards characterizating the upstream regdators of AJ18. 

Chapter Four shows the temporal and spatial expression of AJl8 during mouse 

development. The expression of AJ18 protein was determined by immunostaining with 

polydonal antibodies raised against peptide sequences specific for rat A318. 

Chapter Five, perhaps the most important chapter, discusses friture experiments that rnay 

be performed to M e r  characterize the upstream regdators and downstream effects of AJl8. 



Chapter 1: Introduction 



1A. Bone: A mineraiized connective tissue 

Bone is a specialized connective tissue that comprises the largest proportion of 

connective tissue mass in vertebrates. Together with cartilage, bone makes up the skeletal 

system, and is requited for h e e  major functions: it has a primary mechanical fùnction in body 

support and is the site of muscle attachent required for movernent and locomotion; it protects 

vital soft tissue organs and bone marrow; and it also has a metaboiic function as the major 

calcium reservoir of the body required for caicium homeostasis in the s e m  and other body 

fluids. Over 99% of total body calcium is stored in the skeleton. Unlike most other connective 

tissue matrices, the bone mat& has the ability to mineralize by the fonnation of hydroxyapatite 

(HA; Ca10(P0&(OH)2) crystals. The HA crystals provide the strength and resilience for the 

mechanical functions of bone tissues while providing reserves, not only of calcium and 

phosphate ions, but also of magnesiurn, sodium, carbonate and fluoride ions, that are substituted 

for calcium and phosphate ions in the HA crystal lattice. Bone tissues are unique in that they are 

constantly regenerated throughout Iife as a consequence of remodeling and turnover. To maintain 

tissue dynamics, large numbers of new cells must be recniited continuously. These include 

osteoblastic ceILs, which are derived fiom mesenchymal cells and are responsible for bone 

fonnation, and osteoclasts, which are derived fiom hematopoietic celIs and are responsible for 

bone resorption (Baron, 1999). There is a fine balance between boue forcnation and resorption, 

and a loss of this balance leads to pathologicai disorders, such as osteopetrosis, in which bone 

mass is inappropriately increased, and osteoporosis, where bone mass is lost (Mundy, 1999). 

The skeleton is composed of flat and long bones. Hat bones such as the s M I  bones, 

scapula, mandi'ble, and ilium are produced by intramembranous bone formation, while long 

bones such as hiia, fimur, and humerus are generated by a process of endochondrai bone 



formation (reviewed by Baron, 1999). In intramembranous bone formation, mesenchymai 

precursor celis condense and differentiate directly into osteobIastic celis, which produce and 

mineralize a bone matrix within the condensate. In endochoncira1 bone formation, the condensing 

mesenchymal cells first form a cartiiaginous tissue anlagen in which the cartilage cells 

hypertrophy and the surroundhg matrix is mineralized. The mineralized matrix is then subjected 

to vascular invasion, which brings osteoclast and osteoblast precursors to resorb the mineralized 

cartilage and replace it with bone tissue in a process reminiscent of bone remodeling. Vascular 

invasion in both intramembranous and endochondral bone is also associated with the formation 

of hematopoietic marrow tissue (Reddi, 1992). A layer of proliferative cartilage cells and 

expandimg cartilage matrix at each end of the long bones is responsible for longitudinal growth 

of long bone. Between the cartilage and the bone is the growth plate (Fig. 1.1) where the active 

transition between cartilage and bone occurs, in addition, perichondral bone is also formed 

around the cartilage anlagen and this becornes periosteal bone following the replacement of 

cartilage. Two discrete mineralized surfaces in bone are in contact with soft tissue. On the 

external surface is the periosteum, which contacts fibrous connective tissue, and on the interna1 

surface is the endosteum, which contacts the hematopoietic bone marrow. These surfaces are 

lined with osteogenic cells, called the periosteal and endosteal bone celis, respectively (Baron, 

1999). 

Microscopically, the structure of the bone matrix differs in rapidly growing embryonic 

bone tissues compared to the more slowly deposited adult bone. Woven or embryonic bone is 

descriied as irregular bone characterized by large, randomly-arranged coliagen fibers and an 

unevenly calcifïed ECM in which minerai crystals are distniuted within and between the 

coliagen nbrils. As the skeIeton matures, lameiiar bone or adult bone replaces woven bone. 



Fig. 1.1. Eadoehoadral boue formation. On the lefi is a schematic qremmion and on the 
right is a iighî mimgtaph ( H d e r ,  1994) of the growth phte of long bone. In the 
proliferative zone are chondrocytes that are lined up m long c o u  indicative of theh high 
miîotic activityactivity These ceiis undergo hypertrophy a d  form calcifieci cartilage. The 
mineralEtwi cartilage is resorbed by osteociasts and subsequentiy repiaced by bone hrmed by 
osteoblasts. 



Lameiiar bone is laid down in layers or lameiiae, in which the coilagen is organized in layers of 

coUagen fibers aligned paralle1 to each other. This fibre organization allows the highest density 

of collagen per unit volume of tissue and al1 the mineral is essentiaily within the fi'orils. Relative 

to woven bone, Iameiiar bone is a much stronger bone. Mature bones in higher vertebrates are 

primarily composed of lame1lar bone, which are present in two distinct structures described as 

cortical and trabecular bone. Both types of bone comprise the same ce11 types and the same 

matrix elements, but display structural and functional differences, Approximately 85% of the 

volume of cortical or compact bone is mineralized, whereas only 20% of the volume of 

trabecular bone is mineraiized. The remaining volume is cornprised of bone marrow, blood 

vessels, and extracellular matrix (ECM). Many bones, such as vertebrae and the long bones, 

consist of an outer cortex of cortical or compact bone with a central COR of trabecular bone. The 

cortical bone fulfills rnainly a mechanical and protective fùnction white trabecular bone has in 

addition an important rnetabolic function (Baron, 1999). 

lA.l. Bone Ceiis 

WhiIe bone remodeling during growth occurs on al1 surfaces, most of the turnover in 

adult bone occurs on endosteai surfaces where they interface with bone marrow. To maintain 

bone mass, it is imperative that the activities of the bone-foming osteoblasts and the bone- 

resorbing osteoclasts are careiÜiIy balanced during remodeling and turnover. 

1A.1-1. Osteoblasts 

The bone-forming cells are the osteoblasts. Osteoblasts act coordinately to synthesize the 

organic bone matrix and are responsible for its subsequent minerakation. They are derived h m  



mesenchymai stem ceiis (bone marrow stromai stem ceiis or connective tissue mesenchymai 

stem ceiis), which under the appropriate guidance of cytokines and hormones, proliferate and 

differentiate dong a h e a r  sequence progressing fiom osteoprogenitors to preosteoblasts, to 

osteoblasts. Osteoblasts may then be retained on the bone surface (bone-lining cells) or become 

embedded in the matrix (osteocytes), or undergo apoptosis. Osteoblasts are found in clusters 

along the bone surface (100-400 cells per bone-forming site), and are characterized by a cuboidai 

shape and a round nucleus, located at the base of the ce11 opposite to the bone surface. They have 

a strongly basophilie cytoplasm, and a prominent Golgi complex located between the nucleus 

and the apex of the ce11 @oty and Schofield, 1976). Junctional complexes (gap junctions) are 

often found between the osteoblasts and osteocytes providing direct communication between 

cells throughout bone. Osteoblasts fmt express the organic components of the bone matrix, 

which forrn an unmineralized osteoid Iayer that is subsequentiy mineralized in a time-dependent 

manner ensuring a separation between the bone-forming celis and the mineralized rnatrix. Thus, 

there is a time iag between bone matrix formation and its subsequent minerakation (24 hourç in 

rat, about 15 days in humans). Located behind the osteoblasts are usually one or two layers of 

cells comprishg activated mesenchymal cens and preosteoblasts (reviewed by Aubin et aI., 

1993). 

Osteoblasts are responsible for the synthesis of most of the proteins in the bone matrix, 

including colIagen (mainly type 1 with s m d  amounts of type V), and noncollagenous proteins 

such as bone sialoprotein, osteopontin, and osteocaicin. These and other bone matrix proteins are 

discussed in detail below. Active osteob!asts contain a large nunber of mitochondria, a wide 

Golgi zone, a weI1-developed endopIasmic reticulum, and possess polarity such that they secrete 

bone matrix proteins subjacent to the osteoid The osteoblasts retreat as the matnx is formed and 



mineraiized. AIthough the mechanism whereby minerolization occurs is not M y  understood, 

osteobIasts are able to control the mineralization proçess by expressing proteins that c m  bind to 

HA. These pmteins regdate the nucleation and growth of mineral crystals. Osteoblasts also 

express alkaiine phosphatase, which can increase the local concentration of inorganic phosphate 

by hydrolysis of organic phosphates, including pyrophosphate inhibitors of minerai formation 

(discussed below). 

Osteocytes are derived from about 10-20% of osteoblasts and perhaps due to the loss of 

ce11 polarity, become entirely surrounded by the mineralized ma& (Menton et al., 1984). 

Osteocytes maintain cellular continuity with other osteocytes, as weII as osteoblasts, by forming 

gap junctions via extensive ce11 processes that run through mal1 channels called canaIicuIi 

within bone tissue (Doty, 1981). Although the function of osteocytes is not entirely clear, they 

respond to physicd stimdation and may mediatc "osteolytic" resorption and bone formation, 

depending on whether they are subjected to compressive or tensional forces (Lanyon, 1992; Pead 

et al., 1988). 

The role of lining celIs is aIso unclear. Lining cells are derived fiom osteoblasts that have 

ceased their activity and flattened out on the d a c e  of bone that is no Ionger undergoing 

formation or resorption. Lining celIs cover 80% of trabecutar bone surfaces and about 95% of the 

intracortical bone surfaces (Parfitt, 1983), and as such may provide a protective and sensitorial 

layer (Heersc he, 1989). 

1A.1-2. Osteoclasts 

OsteocIasts are multinucleated ceIls that have the unique ability to resorb mineraiized 

bone. The activity of osteocIastic cens, relative to the activity of osteoblasts, dictates the 



development of osteoporotic diseases, characterized by a decreased bone mass, which increases 

susceptibility to bone fractures, 

OsteocIasts are derived fiom myeloid precursors that give Rse to the 

rnonocyte/mamphage celi lineage (Udagawa et al., 1990). Under the guidance of hormones and 

Iocai cytokines, some of which act indirectly h o u &  osteobIastic cells, osteoclast precursors 

migrate to the bone d a c e  and fuse to form large multinucleated cells, which can contain more 

than 20 nuclei. Osteoclasts are generally observed within resorptive iacuna or pits, formed as a 

result of the celis' resorptive activity. The cells are polarized and form a characteristic "niffled 

membrane" on their resorptive surface. This d e d  membrane probably represents the transport 

of acidiijing vesicies dong microtubules and their poiarized insertion into the plasma 

membrane. A "seaihg zone" surrounds the d e d  membrane and generates an isoiated 

extracellular microenvironment between the osteociast and the bone surface (reviewed by 

Teitelbaurn, 2000). 

Bone resorption involves demineralkation, which occurs through acidification of the 

isolated extracellular microenvironment. This process is mediated by a vacuolar adenosine 

triphophatase ( H + - A T P ~ ~ ~  or V-ATPase) in the d e d  membrane of the ce11 (Blair et al., 1989). 

An energy independent C1*/HC03- exchanger on the antiresorptive surface of the ceil maintains 

the intra-osteoclastic pH (reviewed by Baron et al., 1993). The resorptive microenvironment has 

a pH of -4.5, due to the secretion of H' and Cl- ions. The acidic milieu demineraiizes the bone 

exposing the organic matrix. The matrix is subsequently degraded in a tempo& manner by 

lysosornai proteases, such as cathepsin K (Gowen et al., 1999) and tartrate-mistant acid 

phosphatase (Hammarstrom et al., 1971), as well as non-lysosornai enzymes, inducihg the 

cysteine proteinases and matrix metalloproteinases (Everts et al., 1998). The produçts of bone 



degradation are endocytosed by the osteoclast through the ruffied border, which acts as a 

specialized secondary lysosome, and transported out of the ce11 at its antiresorptive surface 

(Nesbitt and Horton, 1997). 

In vitro studies of the maturation of myeloid cells into osteoclasts have show that this 

process requires bone marrow stromai cells, including osteoblasts and its precursors (üdagawa et 

al., 1990). The stromal cells express two molecules that are essential for osteoclastogenesis: 

macrophage colony-stimulating factor (M-CSF) and a cell-surface receptor for activation of 

nuclear factor kappa B (NFKB) ligand (RANKL; aiso known as OPGL or TRANCE; reviewed 

by Teitelbaum, 2000). Although M-CSF is a secreted product, osteoclastogenesis requires 

contact between osteoclast precursors and stromal cells or osteoblasts (Udagawa et al., 1990) to 

allow interaction between RANKL and its copate receptor on the ceIl surface of osteocfast 

precusors, Notably, complete osteoclastic differentiation can occur in vitro with pure 

populations of monocytes/macrophages exposed only to M-CSF and soluble RANKL (Lacey et 

al., 1998). This observation underscores the pivotal role of these signaling molecules in 

osteocIastogenesis and in mediating the coupling between the activities of osteoblasts and 

osteociasts in regulating bone mas. 

1A.2. Bone matrix proteins 

The progression of bone formation can be best followed by the analyses of proteins 

present in the bone extracellular matrix (ECM). Considerable advances have been made in the 

past two decades in identifying and elucidating potential functions of bone ECM constituents. 

Proteins that contribute to the matrix include structural proteins such as coUagen, and 

noncoUagenous proteogIycans and matricellular proteins. Most of the proteins present in the 



bone rnatrix are produced by osteoblasts. However, several proteins that are preferentiaüy 

adsorbed by the bone mineral are derived fiom the serum and tissue fluids. They include pmteins 

such as aî-HS-glycoprotein and albumin, which are synthesized in the liver, and matrix gla 

protein, a potent inhibitor of mineraiization produced by soft connective tissues and cartilage 

(Luo et al., 1997). 

1A.2-1. Coiiagen 

Collagens are a farnily of fibrous proteins that have a well-defined structure. These 

proteins are found in al1 multicellular animals, and are secreted by co~ec t i ve  tissue ceils. As a 

major component of skin and bone, the collagens are the most abundant proteins in vertebrates, 

constituting 25% of the total protein mass. C0Ihgen moiecuies are C O M ~ O S ~ ~  of three -100 kDa 

a-chahs, characterized by a Gly-X-Y repeating ûiplet (where X and Y are commonly proline 

and hydroxyproline residues, respectively). The individual a-chains fold in a lefi-handed 

polypropyl helix and wind together to form an extended, right-handed superhelical structure that 

characterizes collagenous proteins. The fixed ring structure of proLine and hydroxyproiine 

residues stabilizes the lefi-handed helix of the a-chains, whereas the glycine residues, present at 

every third amino acid position, allow the three a-chains to pack close together to forrn the 

collagen helix (Prockop et al., 1979). Certain proline and lysine residues become hydroxylated in 

the lumen of the endoplasmic reticulum to produce hydroxypdhe and hydroxylysine, 

respectively. Hydroxyproline residues form hydrogen bonds that stabilize the triple helix, 

whereas lysine and hydroxylysine residues are important for intra- and inter-molecuIar cross- 

linking of collagen fibriis. The cross-links are generated by lysyl oxidase modifications of some 

lysines, forming aiiysine (and hydroxyallysines), which can condense together as intramolecuIar 



aldol condensation products or can fonn intermolecular cross-links with lysines (and 

hydroxylysines) through Schiff-base formation. These cross-links undergo M e r  interactions 

(maturation) that can ultimately lead to the formation of pyridinium ring structures 

(pyridinolines; Eyre et al., 1988). Since some of the cross-link structures are unique to bone they 

can be analyzed as collagen degradation products in urine to provide a measure of bone 

resorption in the body (Eyre, 1997). 

CoIIagen comprises the major (80-90%) organic component in mineralized bone tissues. 

Although 20 distinct types of collagen molecules have been identified to date, type 1 collagen is 

the main collagen in mineralized boue (95%). A small amount of type V collagen (<5%) forms 

heterotypic fibres with type 1 collagen. Smaller amounts of type III and XII may also be present. 

Collagens provide the basic structural integrity of connective tissues (reviewed by Sodek and 

McKee, 2000). 

Type 1 collagen, which is responsible for the structural integrity of many connective 

tissues, including bone, is composed of two al(1) chains and one a20 chah that are named 

according to their elution fiom an ion-exchange column. Each polypeptide a-chah is derived 

h m  precursor pro-a chains. In type 1 collagen, two identicai pro-al0 chains, and one 

structurally similar but genetically different pro-d(I) chah, combine in the rough endoplasmic 

reticulum to form a triple helicai procollagen molecule (Hu et al., 1995). As the procollagen 

molecule is secreted, specific peptidases such as procollagen C-proteinase (PCP) cleave the 

procollagen to produce collagen molecules. Interestingiy, PCP was identified to be the gene 

product of bone morphogenetic protein-l (BMP-1) (Kessler et aI., 1996), which has been 

impIicated in de novo endochondral bone formation (Wozney et ai., 1988). It appears that BMP- 

VPCP has the ability to cleave procoiiagen as weii as chordin (Bk et al., 2000), an antagonist 



of other BMP family members, which are important in bone formation. This suggests that BMP- 

l/PCP is important for the link between matrix deposition/maturation and pattern formation. The 

BMPs are discussed in more detail below. 

Upon secretion and activation, the collagen molecules self-assemble in a 

characteristicalIy staggered arrangement of collagen fibrils. Each collagen molecule is 

incorporateci into a parallel array so that it extends beyond its neighbour by a quarter of its length 

(Tnis and Piez, 1976). The gaps created between successive molecules give rise to the striated 

appearance of a negatively-stained collagen fibril. It is within these gap regions that 

minerakation is believed to Çst  occur. In Iamellar bone, the collagen fibrils show a plywood- 

like arrangement, in which successive layers of fibrils are laid d o m  nearly at right angles to 

each other. Most of the minerai in lamellar bone resides within the collagen fibers. Mutations 

affecting type 1 collagen cause osteogenesis imperfecta, characterized by brittle bones that easily 

fracture. It is evident fiom such diseases that type 1 collagen serves as the infiastructure on which 

mineralization occurs (Christoffersen and Landis, 199 1). 

1A.2-2. Noncollagenous Proteins 

Noucollagenous proteins (NCPs) comprise 10% to 15% of the total bone protein content. 

NCPs are believed to have important roles in the organization of the colIagen matrix and in 

regulating the formation and growth of the HA crystals. OsteobIastic cells secrete the majority of 

the NCPs, but due to the highIy vascularized nature of bone tissue and the ability of HA crystals 

to adsorb and concentrate exogenous materiai, about 25-35% of boue NCPs are exogenously 

der ivd This exogenous fiaction is largely composed of serumdenved proteins such as albumin 

and a2-HS-glycoprotein, which are acidic in character, present at higher concentrations in bone 



than senun, and bind to HA. The remainder of the exogenous fraction is cornposed of growth 

factors and a large variety of molecules present at trace amounts that exert effects on rnatrix 

minerdization and influence local bone ce11 activity (Boskey, 1996). a2-HS-gIycoprotein, which 

is the human analogue of fetuin, contains a TGF-P/BMP receptor-like domain, and so may 

regdate bone formation by antagonizing the effects of BMPs (Bhkert et al., 1999; Dernetriou et 

ai., 1996). 

The study of bone proteins has been technicaity Micuit because of the interactive 

properties of the constituent proteins and the tight association of these proteins with the minerai 

phase of the bone matrix. The isolation of bone proteins was facilitated by the deveIopment of 

dissociative extraction procedures (Linde et al., L980; Termine et al., 1981). This allowed a more 

comprehensive characterization of the proteins to be achieved. 

The endogenously synthesized noncollagenous bone proteins can be broken down into 

four generaI groups: proteoglycans, giycosyiated pmteins, glycosylated proteins wiîh potential 

cell-attachment activities (RGD-motif), and y-carboxyglutamic acid (gla)-containing proteins. 

IA. 2-2a. Proteoglycans 

The bone matrix contains several proteoglycans, macromoIecules that contain acidic 

polysaccharide side chains attached to a central core protein. Biglycan and decorin are two srnail 

proteoglycans that are produced and localized in bone and other tissues (Bianco et al., 1990). 

Togerher, the two pmteins cm comprise -IO% of the non-collagen proteins in bone, but this 

decreases with age. Both proteogIycans consist of a core protein of approximately 46 kDa that 

contains leucine-rich repeats that are characteristic of the SLRPs (d, ieucine n'ch 

proteogiycans). They contain either one (decorin) or two (biglycan) glycosaminoglycans (GAG) 



chains, which in bone is in the form of chondroitin sulphate, differentiating them h m  the same 

proteins found in sofi comective tissues and cartilage where the GAG chains are prominen~y 

dennatan sulphate. Decorin appears to be involved in the regulation of collagen formation 

(VogeI and Trotter, 1987) by binding within the gap region of collagw fibds, and "decorating" 

the fibd surface (Scott et al., 1989). Biglycan appears to be a positive regulator of bone 

formation as deletion of the biglycan gene in mice leads to a significant decrease in the 

development of trabecular bone and an osteoporosis-Iike phenotype (Xu et al., 1998). 

IA.2-2b. Glycoproteins 

A major marker of bone formation is the synthesis of high levels of alkaline phosphatase 

(ALP), although ALP is also expressed in a nurnber of other tissues. In bone, ALP is found 

mainly on the surface of osteoblasts bound via a phosphoinositide (PI) linkage, and technicalIy is 

not a bone matrix protein. However, ALP can be released fiom the cells by PI-specific 

phosphoiipase C (Noda et al., 1987). ALP has been hypothesized to be invohed in the 

mineralizing process by hydrolyzing organic phosphates to elevate the local phosphate 

concentration to a level required for initiation of HA crystal formation. in support of this 

hypothesis, studies using antisense RNA (Torii et al., 1996) or inhibitors of ALP activity 

(Bellows et al., 1991; Bellows et al., 1992; Tenenbaum, 1987) have shown that inhtiition of ALP 

activity reduces B-glycerophosphate hydrolysis and calcium accumulation during the initiation 

phase of mineralization in cultures of caIvaria1 cells. Genetic analyses of the human hereditmy 

disease hypophosphatasia, characterized by subnormal serum levels of ALP and defective bone 

mineralization resuIting in rickets or osteornalacia, showed the presence of missense mutations in 

the ALP gene (Henthom et al., 1992; Weiss et ai., 1988; Zmtuza et ai., 1999). Furthemore, 



ALP knockout mice show defects in bone mineralization characteristic of hypophosphatasia such 

as spontaneous fiachues, skeletai deformations, and areas of hypo-mineralization (Fedde et al., 

1999; Waymire et al., 1995). 

Osteonectin (ON) or SPARC (secreted protein acidic and rich in cysteine) is the most 

abundant NCP produced by osteoblasts, accounting for about 2% of the total protein in 

developing bones of larger animals. ON was first identified h m  subpenosteal bovine bone and 

called osteonectin based on its abiiity to bind collagen and HA in vitro (Termine et al., 1981). 

Although originally thought to be specific to bone, ON was subsequently identified in a wide 

variety of ce11 types throughout invertebrate and vertebrate organisms, suggestive of a more basic 

functional role (Yan and Sage, 1999). For exampte, fibroblastic cells isolated from ON-nul1 mice 

show an increased rate of proIiferation (Braàshaw et al., 1999), consistent with the inhibition of 

proliferation by ON observed in vitro (Sage et aI., 1995). As well, the presence of two ~ a ' "  - 
binding EF-hand sites are suggestive of a regulatory role such as has been shown in Xenopus 

development (Huynh et al., 1999). in addition to the formation of catmcts in the eyes of ON 

knockout mice (Gilmour et al., 1998; Norose et aI., 1998), the mice also had a decrease in bone 

formation and osteopenia demonstrating the importance of ON in bone (ûelany et al., 2000). 

IA.2-Tc. RGD-Containing Glycoproteins 

Two major sidoproteins, bone sialoprotein (BSP) and osteopontin (OPN), containhg 

polyacidic amino acid hydroxyapatite-binding motifs and an RGD cell-attachment motif have 

been identified in bone. BSP and OPN together comprise most of the minerai-associated proteins 

in bone. The nascent proteins are enriched in acidic amino acids and are highly giycosylated and 



phosphorylated. The RGD motifs in both proteins are recognized primarily by the a& 

vitronecth receptors. 

BSP, which constitutes 8-12% of the totd NCPs in bone (Fisher et al., 1987; Fisher et ai., 

1990; Fisher et al., 1983), was first isolated h m  bovine cortical bone (reviewed by Herring, 

1972) as a 23 kDa glycoprotein with high sialic acid content. However, it was not until 

subsequent development of dissociative extraction procedures that the intact form of BSP was 

isolated. Newly deposited BSP was purified fkom 1-2 mm of the outer section of fetai calf 

periosteal bone, a site of rapid bone growth (Fisher et al., 1983). However, subsequent studies 

indicated that the preparation was contaminated with a second sialoprotein, OPN (Franzen and 

Heinegard, 1985). 

BSP is an acidic glycopmtein with a protein core of 33 kDa that migrates at an apparent 

M, of 60-80 kDa on SDS-PAGE due to its acidic nature and its high carbohydrate content, which 

includes sialic acid, glucosamine, and galactosamine (Fisher et al., 1983). Severai serines are 

phosphorylated and a number of tyrosines surrounding the RGD motif are sulphated. BSP has 

generated considerable interest as a potentid nucleator of HA crystals and as a specific marker 

for osteoblast differentiation (reviewed by G m s  et al., 1999). Studies in vitro and in vivo 

showed that its expression, which is restricted to osteoblasts, is initiated co-incident with the 

onset of mineralization of bone tissue (Chen et al., 1992; Yao et al., 1994). In a steady-state 

system where calcium and phosphate concentrations are maintained below the threshold for 

spontaneous precipitation, BSP is effective in promothg the nucleation of HA crystais in an 

agarose gel (Htmter and Goldberg, 1993). Stretches of successive glutamic acid residues present 

in BSP are responsiib for its nucleating activity (Goldberg et al., 1996). 



OPN was £irst separated h m  BSP in demineralized extracts of bovine boue through the 

use of cation exchange-colurnn chromatography (Franzen and Heinegard, 1985). The name 

"osteopontin" was introduced to reflect the potentiai of this protein to serve as a bridge between 

ce& and HA through its RGD motif and stretches of polyaspartic acid residues, respectively 

(Oldberg et al., 1986). The 34 kDa nascent protein is acidic, and the secreted protein is 

extensivery modified by post-translational events, including glycosylation and extensive 

phosphorylation. The protein migrates at an apparent M, of 45-75 kDa on SDS-PAGE (reviewed 

by Sodek et al., 2000). Although many sirnilarities exist between BSP and OPN, it is clear that 

they have distinct functions. Unlike BSP, wbich has been shown to promote nucleation of HA 

crystais (Hunter and Goldberg, 1993), OPN is a potent inhibitor of nucleation in steady-state 

gelatin gels (Boskey et al., 1993), in agarose gels, and in soIution systems (Goldberg and Hunter, 

1995; Hunter et ai., 1996) with calcium and phosphate concentrations above the tbreshold of 

spontaneous precipitation. 

BSP and OPN differ markedly in their tissue distribution. BSP expression is essentially 

restricted to rnineralized tissues, whereas OPN is also expressed by many other tissues and cells, 

reflecting more diverse functions (reviewed by Sodek et al., 2000). Osteopontin has been shown 

to be involved in the regdation of immune reactions, in preventing bacterial infection, in 

regulating ectopic mineral formation, and in cancer metastasis. These and other effects on basic 

ce11 activities, such as migration, proliferation, apoptosis, and phagocytosis, involve signaling 

through different integrin receptors and CD44 (reviewed by Sodek et al., 2000). Furthemore, 

different post-transcnptionaily modiied forms of OPN have been identified, which may have 

discrete functions in different tissues. An intraceiiular form of OPN has been identified in 

osteogenic cultures of fetal rat calvariai cells (Zohar et al., 1997). 



Despite strong evidence for BSP and OPN acting as a nucleator and inhibitor of HA 

crystal formation, respectively, BSP and OPN knockout mice have not been reported to have 

skeletal abnormalities (Liaw et al., 1998). 

lA.2-2d. pCarboxygiutamic Acid (Gla)-Containing Proteins 

Osteocalcin (OC), also known as bone y-carboxyglutamic acid (gla) protein, is a smali, 

acidic, 5.8 kDa protein that is characteristically modified by vitamin K-dependent carboxyfating 

enzymes converthg two to three glutarnic acid residues into gla groups. These gla groups bind 

calcium, and allow OC to bind to HA crystals with hi@ affinity. OC represents -15% of the 

noncollagenous proteins and was the f h t  noncollagenous protein to be characterized. Despite 

extensive studies, the rote of OC in bone formation and remodeling is not clear. Treatment with 

the vitamin K antagonist warfarin reduces osteocalcin levels in bone, which become 

hypermineralized (Price and Williamson, 1981). OC knockout mice show an osteopetrotic 

phenotype @ucy et al., 1996). Gene ablation of matrix gla protein, a similar protein to OC, 

results in ectopic calcification of arteries and cartilage, eventually leading to death as a result of 

the arteries cracking ( h o  et al., 1997). The above results suggest a role of OC in limiting the 

mineralkation process. However, the regulation of OC gene expression by hormones such as 

vitamin D3 @emay et al., 1989) and PTH (Yu and Chandrasekhar, i997), together with the 

ability of OC to act as a chemoattractant to osteoclast precwsors (Mundy and Poser, 19831, also 

suggests a role for OC in bone resorption (Glowacki et al., 199 1). 

Extensive studies on the OC gene show a highiy conserved region that is required for the 

basal expression of OC in osteoblasts, calIed the "OC Box" (Heinrichs et al., 1993). Two 

regdatory elements called osteoblast-specifk elementl (OSEI) and element2 (OSE21 serve to 



sûungly increase OC traascription in osteoblasts @ucy and Karsenty, 1995). Recently, 

osteoblast-specific factor1 (Osfl; Schinke and Karsenty, 1999) and factor2 (Osf2Runxî; Ducy 

et al., 1997) have been identified that bind to OSE1 and OSE2, respectively. These factors are 

discussed in detail below. 

1A3. Osteoblastic Diiferentiation 

Understanding the origin and differentiation of osteoblastic cells has been hampered both 

by the lack of a detailed understanding of osteoblast functions and by the lack of a criteria for 

identifying osteoblastic cells at earb deveiopmental stages. ALP, collagen, and noncollagenous 

proteins, discussed above, are generally expressed in bone cells aiready relatively mature (Aubin 

et aI., 1993; Yao et al., 1994) such as preosteoblasts, osteoblasts, osteocytes, and bone-lining 

cells. mese cells are the most differentiated and easily recognizable ce11 types in the osteoblast 

farnily. In cornparison to other ceIl lineages such as the hematopoietic ce1 lineage, which has 

contributed greatly to the knowledge of the osteoclast heage, reiatively IittIe is known about the 

osteogenic ce11 lineage. 

Undifferentiated mesenchymai stem ceIls residing in the stroma1 tissues surroundhg bone 

marrow and in other connective tissue compartments, such as the periosted layer of bone, 

eventuaiiy difîerentiate into osteoblasts. Mesenchymd stem cells are characterized by their 

ability to self-renew, high proliferative capacity, and multi-potwtiality. Such ceI1s have been 

isolated h m  stroma1 ceIl popuIations of the bone narrow (Haynesworth et al., 1992) and more 

recentiy h m  embryonic calvarid ceU s (Zohar et aI., I997). These mesenchymai precursor celIs 

can differentiate into at least five discrete cell lineages: osteoblasts, chondroblasts, nbroblasts, 

adIpoblasts, and myoblasts (Aubm and Kahn, 1996). instructionai signais h m  ceil-ceil and ce& 



matrix interactions and fiom difiiisible molecules are believed to be important determinants for 

directing tissue formation and organogenesis in these rnuitipotent stem celIs. The osteogenic 

pathway is further cornplicated by the possible existence of at teast two types of osteoprogenitor 

cells, a determined osteogenic precursor cell (DOPC) and an inducible osteogenic precursor ce11 

(IOPC; Friedenstein, 1976; Owen, 1985; Owen and Friedenstein, 1988). DOPCs are stromal cells 

present in bone marrow. These cells are clonogenic, have fibmblastic rnorphology, are highiy 

proliferative, and are capable of giving rise to bone, cartiiage, fibrous connective tissue, muscle, 

and fat when implanted in vivo. [OPCs, in addition to their presence in osteogenic tissues, are 

also found in non-osteogenic tissues such as muscle and sofi connective tissues. Upon the 

influence of osteo-inducing agents, the IOPCs can form ectopic bone and cartilage. 

A major area of research has been the search for molecules instrumental in influencing 

the mesenchymal stem cells towards the osteogenic lineage pathway, Currently, two factors 

appear fundamental for the differentiation of mesenchymal cells to osteoblasts: bone 

morphogenetic proteins (BMPs) and Runx2. BMPs are the primordial signals for bone formation 

and Runx2 is a transcription factor that is essential for bone formation. 

1A.3-1. Bone Morphogenetic Proteins 

In 1965, Urist dernonstrated that demineraIized bone contain factors with an ability to 

induce ectopic bone formation when implanted in ectopic sites in mammals (Urist, 1965). 

Subsequentiy a similar activity was demonstrated in demineralized dentin (Huggins et al., 1970). 

Urist was unable to isoIate BMPs mainiy due to a lack of a reproducible, quantitative bioassay 

for measuring bone growth. Almost 20 years later, Sampath and Reddi (1981) developed an in 

vivo bone induction assay that invoIved measuring the activity of aikaline phosphatase and 



calcium content at these ectopic implant sites. By utiliPng this assay, the first BMPs were 

isolated and sequenced (Ozkaynak et ai., 1990; Wozney et ai., 1988). This unique bone inductive 

activity, which has also been demonstrated in vitro (Sampath et al., 1992; Wozney, 1992), 

indicates that BMPs provide the primordial signals for osteo-differentiation. This is supported by 

the BMP-induced expression of Runx2 @ucy et al., 1997), which has been identified as a master 

gene for osteogenesis (Rodan and Harada, 1997). Runx2 is discussed in detail beiow. 

BMPs belong to the large TGF-B superfamily of secreted cytokines. Members of this 

superfamily are dimeric proteins that share a high degree of identity within the COOH-terminal 

domains of the subunits most noticeably in the conservation of 7 cysteine residues. Based on the 

crystallization studies of BMP-7/0P-1 (Griffith et al., 1994) and TGF-$2 (Daopin et al., 1992; 

Schlunegger and Grutter, 1992), six cysteine residues are closely grouped to fonn a rigid 

cysteine bot,  while the last cysteine residue is involved in a disutfide Linkage to form homo or 

hetero-dimeric proteins. 

As members of the TGF-P superfamily, BMPs influence many other developmental 

processes besides bone induction. BMP-2 and BMP-4 are 92% identicai and are mammalian 

homologues of the Drosophila decapentaplegic (dpp) gene. in fact human BMP-4 and 

Drosophila dpp are Functionally conserved as demonstrated by the induction of endochondral 

bone formation in mammafs by ectopic impIantation of dpp, and the rescue of dpp-nul1 mutants 

with a B W - 4  transgene (Padgett et al., 1993; Sampath et al., 1993). Consistent with the 

requirement of dpp in the induction of ventral mesoderm in Drmphila (Ferguson and Anderson, 

1992), disruption of the BMP-4 gene is embryonic lethal in mice (WiMier et al., 1995). These 

mice show mesoderm developrnent defects and a nul1 mutation of the BA@-2 gene ais0 results in 

nonviable mice with defects in amnionlchorion and cilrdiac development (Zhang and Bradley, 



1996). BMPs 5-8 share 75% identity and are rnammalian homologues of the Drosophila 6OA 

gene. Mutations in the BMP-5 gene cause effects in cartilage and bone and are responsible for 

the reduced sue of the external ear in the short ear mouse (KingsIey, 1994). BMP-7/0P-1 

knockout mutants die at birth due to severe defects in kidney development but also show defects 

in eye and skeletal development (Dudley et ai., 1995; Luo et al., 1995). From the gene ablation 

studies of various BMPs, it is clear that the ability of BMPs to induce and influence bone 

formation and patternhg is not their only role. 

lAJ-2. Smad Signaling 

BMPs transmit their signals through type 1 and type II serinelthreonine kinase 

trammembrane receptors (ten Dijke et al., 1996). Subsequent to the binding of BMPs, the type II 

receptor phosphorylates the conserved GS box of the type 1 receptor and thereby activates this 

receptor (Wrana et al., 1994). The Smad family of proteins mediates signaling by these receptors 

(Heldin et al., 1997; Kretzschrnar and Massague, 1998). BMP signals are mediated by Smadl, 

SmadS or Smad8 (Hoodless et aI., 1996; Liu et al., 1996; Macias-Silva et al., 1998; Nishimura et 

al., 1998) whereas TGF-fi and activin signah are mediated by Smad2 or Srnad3 (Eppert et al., 

1996; Liu et al., 1997; Nakao et ai., 1997). The Smads share extensive similarity in the amino- 

terminal MH1 (MAD homology 1) domain and the carboxy-terminal MH2 domain, which are 

separated by a linker region. Direct phosphoryiation of serine residues in an "SSXS" motif in the 

MH2 domain by the activatecl type 1 receptors (Abdallah et al., 1997) is thought to relieve the 

inhiiitory interaction with the MHl dom& (Hata et d., 1997) allowing the formation of active 

Srnad heteromers comprishg receptor-regulated Smads associated with a cornmon partuer, 



Smad4 (Lapa et al., 1996; Nakao et ai., 1997). The Smad cornplex then translocates into the 

nucleus (Zhang et al., 1997) to influence the transcription of target genes. 

1A.3-3. Runx.2 

The search for target genes of BMPs that pmmote the dowmtrearn effects on 

osteogenesis has identified severai genes that may be important in mineralized tissue formation. 

Of particular importance in BMP-induced osteogenic differentiation is the expression of Runx2, 

which is critical for bone formation. Thus, both intramembranous and endochondral ossification 

are blocked in Runx2 knockout mice due to the maturational arrest of osteoblastic cells (Komori 

et al., 1997; Otto et al., 1997). The Runx2-nuII mice die shortly af€er birth as a consequence of 

respiratory problems associated with the absence of ossified ribs, which are needed to maintain 

the integrity of the thoracic cavity. In Runx2 +/- heterozygous rnice, Otto and colleagues noticed 

abnormalities, the most prominent being hypoptasia of the clavicle and the delayed deveIopment 

of membranous bones, phenotypes that are typicai features of the human disease cleidocranial 

dysplasia (CCD), an autosomal dominant bone disorder (MundIos et ai., 1997; Otto et al., 1997). 

Deletions, insertions, or mutations that inactivated one alIele of the R ü d  gene were shown to 

be the cause of the CCD syndrome in humans (Lee et al., 1997; MundIos et ai., 1997). Runx2 

therefore is considered to be a master gene for osteogenesis (reviewed by Ducy and Karsenty, 

1998; Karsenty, 1998; Rodan and Harada, 1997), complementing the identification of PPARy 

and the myogenic transcription factors as master genes in adipogenesis @oftus and Lane, 1997), 

and myogenesis (Arnold and Winter, 1998), respectively. 

Runx proteins, also known as PEBPUCWAML, are sequence-specific DNA-binding 

proteins originally identined as the polyomavinis enhancer binding protein (PEBP) and Iater as 



the Moloney mnrine leukemia virus enhancer core binding protein. Runx binds the consensus 

DNA elernent 5'-ACCPuCPu-3' through two subunits, a and P. The a-subunit shares a 

conserved 128 amino acid DNA-binding region called the runt domain because of its homology 

to the Drosophila pair-rule gene runt. The nint domai. also mediates heterodimerkation with the 

P-subunit, which alIows the a-subunit to bind to DNA (Wheeler et al., 2000). The a-subunits are 

encoded by three distinct genes, Runxl (PEBP2aiBlCbfa2/AMLI), Runx2 

(PEBPZaA/CbfaliAML3), and Runx3 (PEBPZaCICbfa3/AML2). Thus fat, only one gene 

encoding the P-subunit (CBFb) has been described in mammals (Ogawa et al., 1993; Wang et al., 

1993). 

A splice variant of R d ,  called OsQ or osteocalcin specific factor-2, is expressed 

abundantly in skeletal tissues. Osf2 was identifieci as a factor that bound to the OSE2 of the 

osteocalcin gene @ucy et al., 1997), specifically to the DNA sequence 5'-AACCACA-3', which 

corresponds well with previously characterized DNA-binding sites for the Runx famiIy. This 

minimal Runx2 binding site is present in many of the promoters of the bone matrix proteins. The 

presence of multiple transcripts generated fiom the RunxZ gene ~UIY(UPEBPa2A, (Ogawa et 

al., 1993), RuWOsf2 @ucy et al., 1997), R d t i l - 1 ,  (Stewart et al., 1996)) has complicated 

the analysis of the precise role of R d  isofom in osteogenesis. The three splice variants 

exhibit different effects during osteoblast differentiation (Harada et ai., 1999) and their functions 

remain to be elucidated. 

In addition to the interaction with the CBFB protein, Runx2 can interact with a number of 

other proteins to alter transcriptional activity of target genes. Runx proteins are currently viewed 

as context-dependent regdators, which activate or repress transcription depending upon the 

organization of a parharhcdar promoter in a specific cell at a certain the.  For example, 



RunxUPEBP2aA interacts with Etsl, a transcription factor involved in bone development 

(reviewed by Raouf and Seth, 2000), to synergistically induce osteopontin gene expression (Sato 

et al., 1998). Transactivation of the osteopontin promoter is dependent on the distance between 

the RunxUPEBP2aA and Etsl DNA-binding sites. Each protein binds independently to its 

cognate DNA-binding element but the distance between the sites appears to determine the direct 

interaction between RunxUPEBP2aA and Etsl. Similady, Runx and Smad proteins have been 

show to fomi complexes to stimulate transcription of target genes (Hanai et al., 1999). 

Specifically, Runx3 interacts with Srnad3 (involved in TGF-Plactivin pathways) to stimulate 

transcription of the germline Ig C a  promoter in a cooperative manner, and the binding of both 

factors to their specific binding sites is essential for transactivation. Furthemore, the cooperation 

between Runx.2 and SmadS (involved in BMP pathways) induces osteoblast-specific gene 

expression in a rnyogenic ce11 line, C2C12 (Lee et al., 2000). The tmsactivation of genes by 

Runx2 and its interacting proteins appears to be through the recruitrnent of histone ace~lases 

(HATs) such as CBPlp300 to the promoter (Kitabayashi et al., 1998). 

Runx proteins can also repress transcription. Thus, Runx proteins can interact with the 

GrouchotTLEl class of corepressors through a conserved VWRPY C-terminal sequence motif 

that is present in al1 nuitdomain proteins (Aronson et al., 1997). Altematively, Runx proteins 

can repress transcription through a Groucho/TLEl-independent mechanism (Lutterbach et al., 

2000). Both modes of reptession appear to involve histone deacetylase (HDAC) activity 

(Kitabayashi et al., 1998; Wheeler et al., 2000). 

Recent studies have shown that two additional upstream enhancers for Runx2 are present 

in the mouse osteocalcin promoter that appear to function cooperatively with the proximal OSE 

in regdating osteocalcili transcription (Javed et aI., 1999). Since Runx proteins c m  interact with 



various HATs, HDACs, and the nuclear matrix (Zeng et al., 1998; Zeng et al., 1997), it has been 

proposed that Runx2 exerts its transcriptional regulation, in part, through rearrangement of the 

chromatin structure (Lian et al., 2001; Stein et al., 1999). 

in addition to the Runx2 enhancer, OSE2 (5'-ACCACA-3'), a second osteoblast-speciiïc 

cis-acting element, OSE1, was also identined in the osteocalcin gene. Although an osteogenic 

specific factor1 (Osfl) has been found to bind the OSEl (Y-TTACATCA-3'), Osfl has yet to be 

cloned and sequenced (Schinke and Karsenty, 1999). It is possible that the OSEl may be as 

important as OSE2 in controlling osteoblast-specific expression. 

1A.3-4. Other Factors 

Although considerable advances have been made in recent years, the underlying 

molecular mechanisms whereby Runx2, and BMPISmads in combination with Runx2, control 

osteoblast gene expression, are still poorly understood. Only a few putative, imrnediate target 

genes been identified to date, and some of these are described below. 

TEG (TGF-P-inducible early gene), a putative transcription factor, was identified in 

osteoblasts using differential display-PCR (Subramaniam et al., 1995). The expression of TEG 

is up-regulated within one how afier cells are treated with TGF-B or BMP-2 (Subramaniam et 

al., 1995), and the over-expression of TIEG rnimics the effects of TGF-P in human osteoblasts 

(Hefferan et al., 2000). TlEG possesses three zinc 6nger motifs and several proiine-rich Src- 

homology-3 (SH3) binding motifs, and is believed to play a role in apoptosis, hunor suppression, 

in addititon to its putative role in osteogenesis (Subramaniam et al., 1995; Subramaniam et al., 

1998). 



BORG (BMP/OP respomive gene) has been identified as a non-coding RNA that is up- 

reguiated within 2 hours of BMP treatment (Takeda et al., 1998). Forced expression of BORG 

will induce transdifferentiation of C2C12 myogenic celis into osteoblastic cells, whereas 

blockage of BORG by antisense oligonucleotides inbibits osteogenic differentiation (Takeda et 

al., 1998). 

TAK1, a novel member of the mitogen-activated protein kinase kinase kinase 

(MAPKKK) family, was identified to be a potential mediator of TGF-P and BMP-4 signa1 

transduction (Yamaguchi et al., 1995). TAKl along with its activator, TABl (Shibuya et al., 

1996), is required for the expression of ventral mesoderm marker genes induced by Srnadl or 

Srnad5 (Shibuya et al., 1998). However, the role of TAKltTABI in osteogenesis is cmently 

unknown. 

DM (or distal-less 5) is a homeobox-containhg gene that is up-regulated within one 

hour of BMP treatment in MC3T3-El osteoblastic cetls (Miyama et al., 1999). Dix5 is expressed 

at high Ievels in bone and brain (Chen et al., 1990, and the over-expression of Dix5 in MC3T3- 

El cells results in higher alkaline phosphatase (ALP) activity, osteocalcin (OC) production, and 

mineralization of extracellular matrix, suggesting that Dlx5 is a positive regulator of osteoblastic 

differentiation (Miyama et al., 1999). Several other homeobox genes such as Hox, Msx, and Mül  

have also been implicated in BMP signaiing and bone formation dthough their precise roles have 

not been clarified (rimura et al., 1996; Iimua et ai., 1994; Mead et ai., 1996). 

LMP-1 (or LIM rnineralization-1) protein is a novel L M  domain containhg protein that 

is induced by BMP-6 in secondary cultures of fetd rat calvarial cells (Boden et ai., 1998). The 

L M  domain is a zinc h g e r  structure invoIved in protein-protein interactions that is present in 

several types of proteins including homeodomain- and kinase-containing proteins. The inhiiition 



of LMP-1 expression by antisense oligonucleotides blocked osteoblastic differentiation in vitro, 

while conversely, the over-expression of LMP-1 was sufficient to initiate bone nodule formation 

in vitro and in vivo (Boden et al., 1998). BMP-6 is expressed in hypertrophie chondrocytes 

(Carey and Liu, 1995), and is part of a regdatory loop involving PTHrP and Ihh that regulates 

the growth of long bones (Lanske et al., 1996; Vortkamp et al., 1996). It appears that LMP-1 

provides an important signal, downstream of BMP-6, coordinating the linkage between cartilage 

maturation and the initiation of bone formation. 

The Id family of genes, Idl, Id2, and Id3, which encode negative regulators of basic HLH 

proteins, were identified by differential dispiay RT-PCR experiments, as targets of BMP-4 in ES 

stem cells (Hollnagel et al., 1999). Id family rnembers form heterodimers with the ubiquitously 

expressed E proteins (E2A, E2-2, and HEB) and inhibit their ability to dimerize with the tissue- 

restricted bHLH proteins. This prevents the bHLH proteins from activating expression of target 

genes. Down-regulation of Id genes is necessary for terminal differentiation in developmentd 

processes such as myogenesis (Jen et al., 1992). This indicates that the repression of genes is 

important for diiecting differentiation of a multipotent stem ce11 dong a specific pathway. 

1B. Gene Regulation 

With over 30 000 genes in the human genome, transcription must be carefùlly reguiated 

in accordance with cellular fiinction. For aU genes characterized to date, there is a regdatory 

region of DNA near the transcription start site of the gene that binds the general or basal 

transcription factors required for transcription. in addition, sites of gene-specific regdation can 

be found either within this proximal promoter region or at many distances upstream fiom the 

transcription start site, as weU as within intron sequences downstream of the start site. Thus, the 



promoters of eukiuyotic genes are divided into the core promoter, which binds the general 

transcription factors, and distal regdatory elements that bind gene- and/or tissue-specific 

transcription factors that enhance or repress transcription. 

Transcription fiom DNA templates requires the activity of RNA potymerases (RNAPs). 

In eukaryotes, RNA products are synthesized by three diEerent RNAPs. RNAP 1 synthesizes the 

5.8S, 185, and 28s ribosomal RNA5 (rRNAs), RNAP II synthesizes messenger RNA (mRNA) 

and most smau nuclear RNAs (snRNA), and RNAP 1II synthesizes transfer RNA (tRNA) and a 

vaciety of other smail cellular (ie. 5s  rRNA and U6 RNA) and viral RNAs. Each of these RNAPs 

is a large multi-subunit protein complex or molecular machine that is specialized to transcribe 

DNA to RNA. The backbone mode1 of yeast RNAP Ii was derived h m  x-ray diffraction data 

resolved to 3 angstrorns (Cramer et al., 2000). Due to the highly conserved nature of archaeal, as 

weii as al1 three eukaryotic RNAPs, this crystal structure, in which 10 of the 12 subunits 

comprising yeast RNAP 11 was crystallized, represents the "core" RNAP. RNAP 11 is described 

as consisting of "jaws" to hook on to the downstream DNA, "cIamps" that secureiy fasten the 

DNA, and pores where nascent RNA and substrates for poIymerization can exit and enter, 

respectively (Cramer et al., 2000). However, the regulation of transcription is controlled by 

transcription factors. in RNAP ii promoters, a unique protein-DNA complex is formed by the 

interaction of the TATA-binding protein (TBP) with its cognate TATA elernent. This initiai 

complex serves as a platform for the assembly of the remaining transMiption machinery, which 

includes the general transcription factors and RNAP II. Recentiy, the concept of sequential 

assembly has k e n  replaced by the recognition of a RNAP Ii hoIoenzyme (Ossipow et aI., 1995). 

Since activators and suppressors of transcription can control the temporo-spatial transcription of 



each gene by aitering nucleosome structure and interactions of the genes with the nuclear ma& 

they ullimately determine whether a specific gene is transcribed. 

1B.1. Nucleosome 

Genomic DNA in eukaryotic cells is present in the nucleus and packaged into chromatin, 

which allows about three billion base pairs of nucleotides to reside comfortably inside a 0.5 

cubic nanometer nucleus of a human cell. Chromatin is composed of repeating nucleosome 

complexes compnsing DNA and eight histone molecules assembled into a core octamer. The 

nucleosomes are joined by a "linker histone" (Komberg and Lorch, 1999). As universal 

components of eukaryotic chromosomes, histones were once believed to be the genetic matenal. 

Subsequently, histones were believed to be a diverse farnily of specific gene regulators. 

However, only five histone types (H 1, H2A, H2B, H3, and H4) have been identified (Philips and 

Johns, 1965). A nucleosome is composed of two molecules each of H2A, H2B, H3, H4, 

collectively called the "core histone cornplex", with the Hl histone binding DNA in the region 

between two nucleosomes and referred to as the "linker histone". Histones are small proteins of 

11 to 22 D a  that are rich in basic arginine and lysine residues, and the octomenc nucleosome 

interacts with about 146 bp of DNA. The histone-DNA interaction is confrned to the 

phosphodiester backbones of the DNA strands. Thus, the lack of contacts with DNA bases 

ailows the lack of sequence specificity between histones and DNA. The packaging of gene 

promoters in nucIeosomes prevents the initiation of transcription and therefore, nucIeosomes are 

viewed as general gene repressors and a focal point of transcription control (Kornberg and 

Lorch, 1999). 



There are a number of biochemicd activities that can alter the stability of the 

nucleosome. Al1 histones contain unstructured amino termini of about 15 to 30 amino acid 

residues that are commonly referred to as %ils". These taiIs are the major sites of histone 

modifications such as acetylation, phosphorytation, or methylation (reviewed by Strahl and Allis, 

2000). Of these modifications, histone acetylation has been the most extensively studied and is 

cunently best understood. The chromatin and specifically the nucleosomes' repressive effects 

can be retieved by histone acetyltransferase (HAT) to activate the ûansactivation of a gene and 

conversely, histone deacetylases (HDAC) repress gene activity. 

Although the relationship between histone acetytation and transcription had long been 

suspected, the discovery that transcription factors can have HAT activity provided key evidence 

of their ability to regulate nucleosome binding and, as a consequence, the modulation of 

chromatin structure (reviewed by Sûahl and Allis, 2000). Hyperacetylated regions of the genome 

are correlated with regions of transcriptional activity; conversely, hypoacetylated regions are 

generally transcriptionally inert. Furthemore, lysine to giutamine mutations in the N-terminal 

tail of yeast histones H3 and H4, which mimic Iysine acetylation, alleviate the need for 

transcriptional coactivators of certain genes (Bannister and Miska, 2000). However, this 

relationship remained uncIear until G d ,  a yeast protein, which is a positive transcriptional 

regdator of many genes, was shown to possess HAT activity (BrowneIL et al., 1996) and 

stimulation of transcription by G d  was s h o w  to require this KAT activity (Kuo et al., 1998). 

This was the tïrst indication that transcriptional coactivators, such as Gcn5, might function via 

modification of histones. Chromatin in the vicinity of a Gddependent  promoter showed an 

increase in the level of H3 histone acetyIation upon induction of gene expression (Kuo et al., 

1998). Histone acetylation resuits in decreased affinity between core histone subunits and DNA, 



and is correlated with transcriptional activation. The importance of the HAT activity in the 

transactivation of genes was reinforced with similar results on rnammalian transcription factors. 

The human coactivator, CBPlp300, was identified as a HAT whose activity is closely conelated 

with its effect on transcription (Bannister and Kouzarides, 1996; Ogsrzko et al., 1996). Smad 

proteins, which transduce BMP and TGF-B signaling, recruit CBP/p300 for transactivation 

(Janknecht et al., 1998; Poupomot et al., 1998). Runx2 also has the ability to recruit CBPlp300 

(Kitabayashi et al., 1998). The binding of HATs to the histone tails appears to be mediated in 

part by a conserved bromodomain, an approximately 1 IO amino acid residue region that forms 

four a-helices and is present in many proteins @haUuin et al., 1999; Jeanmougin et al., 1997; 

Winston and Allis, 1999). Bromodomains wiI1 be discussed in more detail below. 

The connection between acetylation and transcription is îürther shown by the repression 

of transcription by deacetyiation. Proteins originally identified as corepressors have now been 

show to possess deacetyiase activity. The connection between deacetylation and repression of 

transcription was clearly show with the isoiation of a human histone deacetylase, HDACl 

(reviewed by Struhl, 1998). Many additional HDACs have been identified and al1 are present in 

multiprotein complexes with important functiond consequences. First, isolated HDACs cannot 

deacetylate nucleosomes alone; second, the complexes contain other proteins previously 

implicated in transcription repression; and thid, the HDACs interact with DNA-binding proteins 

that recniit the HDACs to promoters (reviewed by Stnthl, 1998). TiFIp, a corepressor of 

KRAB/C2H2 zinc fhger containhg proteins (aiso referred to as KRABIC2Ht proteins) contains 

motifs that may be involved in recruiting HDACs, and subsequentIy repress or siience gene 

expression (Nielsen et al., 1999). KRAB/C2H2 pmteins and the TIFIP co-repressor are discussed 

in more detail below. Notably, gene silencing is an entirely different mechanism fiom repression 



by gene-specifïc DNA-binding proteins, and results h m  the formation of heterochromatin, a 

condensed structure that spreads from dehed sites such as silencer DNA elements and 

chromosome ends (teIomeres), inactivating the genes it encompasses (Komberg and Lorch, 

1999). 

Although the acetylation and deacetylation of the histone tails clearly contributes to the 

transactivation and rqression of genes, respectively, it is unlikely to disrupt the structure of the 

core particle, as the sites of acetylation in the tails lie outside the core particle and make Little 

contribution to its structure. Chmatin-remodeling complexes are required for nucleosome 

disruption and displacement to produce naked or nuclease-hypersensitive DNA regions required 

for the initiation of transcription. The SWSNF complex, which comprises 1 1 protein subunits, 

has a molecular mas of about 2 MDa, and contains SwiUSnf2, a DNA-dependent ATPase as its 

catalytic subunit (reviewed by Bjorklund et al., 1999). The SWYSNF complex can alter the 

structure of nucleosomes in an ATP-dependent manner and facilitate the binding of factors such 

as Ga14 and TATA-binding protein (TBP) to their target sites in the nucleosomal template (Cote 

et al., 1994; i m b a b o  et ai., 1994). This complex has been found to physically and functionally 

associate with the RNAP II carboxy-terminal domain (CTD), which explains how this complex 

is brought to the promoter region, dthough other mechanisms could be involved (Wilson et al., 

1996). Similarly, NURF or nucleosome remodeling factor is a complex of 500 kDa, originally 

identified as an activity that facilitated transcription factor binding to chromatin in an ATP- 

dependent manner (Tsukiyama et al., 1994). However, unlike the SWSNF complex, which is 

stimulated by DNA, NCTRF is stimulated by a properly assembled nucIeosome. Furthemore, 

NURF contains a distantly related ATPase ta SwiUSnfL, called ISWI (reviewed by Kornberg 

and Lorch, 1999). There are fundamentai ciifferences in the actions of SWSNF-related 
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and 



ISWI-containhg complexes. SWSNF-related complexes destabilize the nucleosome thus 

disrupting DNA-histone contacts. In contrasf ISWI-containhg complexes cause no perturbation 

to the nucIeosome, but nonethcless are able to create nucleosome-fiee regions, apparently 

enabling movement or stiding of histone octamers on the DNA (reviewed by Komberg and 

Lorch, 1999). 

The combination of histone covalent modifications, including acetylation, 

phosphorylation, and methylation, appears to encode a histone 'language' on the histone tail 

domains that is read by proteins or protein modules to remodel chromatin, and ultirnately control 

transcription (Strahl and Allis, 2000). 

1B.2. Transcription Factors 

Transcription factors are proteins that are required to initiate and reguiate transcription in 

eukaryotes. Transcription factors usually bind specific sequences of DNA within the promoter of 

target genes, and are usually divided into two classes: gene regulatory proteins such as activators 

or suppressors of transcription that reguiate specific genes, and general or basal transcription 

factors, which are ubiquitous and required for the transcription of all genes (Pu& 1996). For 

convenience, the promoter of a gene is usually divided into the core prornoter where the general 

transcription factors interact, and distal regulatory elements, which provide the binding sites for 

gene-specific transcription factors. 

1B.2-1. Basal Factors 

The core promoter of RNAP II-transcribed genes is defined as the minima1 DNA 

sequence that is both necessary and d c i e n t  to direct transcription by the general 



transcriptionai rnachinery. The rnost common core element is the TATA-box, found about 30 bp 

upstream fiom the transcription initiation site (+1), and a less well defined element cdled an 

initiator element (Inr), which is a short, weakly conserved DNA sequence that encompasses the 

transcription start site and is present in TATA-less as weil as TATA-containhg promoters 

(Goodnch et al., 1996). RNAP ii-rnediated transcription appears to be initiated by the binding of 

TATA-binding protein (TBP) to the TATA eIement, which serves as a platform for the assembly 

of the remaining transcription rnachinery. The view that a preinitation complex is assembled 

stepwise fiom individual basai factors is derived fiom in vitro assembly of purified factors. 

However, protein purification tends to strip away al1 but the most tightly interacting proteins. 

Consequently, complexes stable in vivo may be disrupted upon purification. Thus, the concept of 

sequential assernbly has been replaced with the concept of a holoenzyme, supporteci by 

recognition of a RNAP II holoenzyme, which contains al1 components required for promoter- 

specific transcription initiation (Ossipow et al., 1995). 

The general transcription factors, along with RNAP iI comprise the basal transcription 

machine. These factors include TFTIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIM, and 

appmximately 50 additionai polypeptides, which are involved in the formation of a 

transcriptional complex. Many of these general transcription factors can be fiactionated using a 

phosphocelIuIose coIumn. By eluting with increasing amounts of potassium chioride, nuclear 

extracts are separated into 4 fractions, temed A, B, C, and D (reviewed by Hemmdez, 1993). 

The "D fiaction" contains TFTiD, a factor that binds to the TATA-box element present in a Iarge 

number of RNAP II promoters. TBP was cloned h m  yeast when it was observed that a 27-kDa 

protein (TBP) codd fiuictionally replace mammdian TFIID in a reconstituted in vitro 

transcription system. Like yeast TBP, Drusuphila and human TBP are mal1 proteins (38 kDa) 



that cm, in combination with TFIlA and TFTIB, mediate basal RNAP II transcription in place of 

TFiID, an approximately 750 kDa cornplex. However, unlike TFIID, TBP cannot respond to 

transcriptional activators. Biochernical evidence revealed that TFIID is a large complex 

consisting of TBP and a number of TBP-associated factors (TAFs; Hernandez, 1993). 

TFIID is one of the most extensively studied general transcription factors. It is a WAP 

II-specific complex consisting of TBP and 10-12 TAFs (Burley and Roeder, 1996; Lee and 

Young, 1998). The role of TBP was originally assumed to be restricted to genes possessing 

TATA boxes in their promoters, as the name suggests. However, the requirement of TEP for 

RNAP iII transcription was demonstrated for the transcription of the yeast U6 RNA gene 

(Margottin et al., 199 l), as well as the transcnption of ribosomal RNA mediated by RNAP Z and 

transcription of TATA-less genes rnediated by RNAP II (Cormack and Stmhl, 1992). TBP is 

involved in the transcription mediated by archeal RNAP and ail three eukaryotic RNAPs, and the 

specificity of TBP is acquired through the association of TBP with the various TAFs (reviewed 

by Hernandez, 1993). 

TBP is well conserved fiom archeae to humans. This is not surprishg considering the 

Ievel of conservation of the RNAPs, as well as the seemingly generic nature of TBP. The 

structure of TBP was first resolved in Arabidopsis and shown to be a symmetricd saddle-like 

structure (Nikolov et aI., 1992). The concave under-side, lined with P-sheets, contacts the DNA 

in the minor groove (Kim et al., 1993), whiIe the convex upper-side, lined with a-helices, is 

important for protein-protein interactions (Nikolov and Burley, 1994). The interaction of TBP to 

the TATA box region f o m  an acute bend, believed to aid in the "melting" of the double 

stranded DNA prior to initiation of RNAP II transcription (Kim et al., 1993). 



Interestingiy, TBP-related factor (TRF), a protein whose primary sequence is highly 

similar to TBP was identified in Drosophila (Crowley et aI., 1993). TRF was believed to be a 

TBP descendent that had evolved into a more typical tissue-specific regulatory transcription 

factor, and not a part of the basal transcrÏption machine. TRF, unlike TBP, is specificaIly 

localized to genes transcnied by RNAP III on sdivary polytene chromosomes, and specificdly 

expressed in the central nervous system and the brain (Hansen et ai., 1997). Furthemore, recent 

studies show that TBP-related factor (TRF), and not TBP, is the protein required for RNAP III 

recruitment and transcription in Drosophila (Hansen et al., 1997; Takada et al., 2000). TRF cm 

also replace TBP in regdating RNAP II mediated transcription (Holrnes and Tjian, 2000). 

Therefore, it appears that "general transcriptional factors" may confer gene- and tissue- 

specificity without the presence of additional regdatory transcription factors as previously 

believed. 

1B.2-2. Gene Regulatory Factors 

The promoters of eukaryotic genes are characterized by the presence of positive and 

negative regdatory sequences. Although the promoter is considered to extend upstream fiom the 

transcription start site, regulatory sequences are not restricted to this region and can also be 

found within untranslated regions (UTR) such as the 5'-UTR and introns. Positive and negative 

regdators of transcription are gene and tissue specific factors that bind specificaiiy to DNA to 

affect transcription. These transcription factors are categorized according to the structure of their 

DNA-binding domain, and the characteristics of the major classes are summarized below. The 

CzHz zinc fïnger transcription factors comprise the largest f h d y  of transcription factors (Tupler 

et al., 2001), and wilI be discussed in greater detail. 



The homeodomain is a conserved region of about 60 amino acid residues that was first 

identifieci as being present in a class of genes Miticai in Drosophila development, cded the 

homeotic selector genes (Wilson and Desplan, 1995). The horneodomain alone is able to fom a 

stable, folded structure that can bind DNA. However, other regions present in these proteins 

appear to modulate the precise DNA-binduig specificity. The homeodomain is distantly related 

to the helix-tuni-helix protein structure, as seen from crystal structure anaiysis (Kissinger et ai., 

1990). Originaily identified in bactenal cells and Iater in eukaryotes, the helix-tum-helix motif 

was the first DNA-binding protein motif to be identified. Its structure is one of the simplest, 

comprising two a-helices connected by a short stretch of amino acids, which constitutes a W. 

The C-tenninal helix, called the recognition helix, fits into the major groove of DNA. 

The leucine-zipper motif is characterized by four or five leucine residues, spaced seven 

amino acid residues apart (heptad repeats) in an a-helix, thus, leucine is repeated approximately 

every two tums of an a-helix. This heptad repeat is the fundamental requirement for the 

formation of coiled-coi1 structures, as onginally demonstrated in a-fibrous proteins such as 

tropomyosin (Sodek et al., 1972). The DNA-binding domain of leucine zipper proteins consists 

of 60 to 80 amino acid residues and contains two subdomains: the Ieucine zipper region, which is 

actually required for homo- or hetero-dimerization, and a basic region, which contacts the DNA- 

binding domain (Landschuiz et al., 1988). 

The basic helix-Ioop-helix (HLH) motif, similar to the leucine-zipper motif, contains a 

basic region of about 15 residues that contacts DNA and an N-terminal region that mediates 

dimerization (Voronova and BaItimore, 1990). The HLH motif, which mediates dimerization, 

consists of a short a-heiix connected by a loop to a second, longer a - h e k  As with Ieuche 

zipper proteins, basic HLH proteins function as homo- or hetercdmers (Mme et al., 1989). The 



four muscle-specific transcription factors considered to be the master genes for muscle 

differentiation, MyoD, MyfS, MRF4, and myogenin, ail possess basic HLH motifs (Arnold and 

Witer, 1998). 

IB.2-2a. C2H2 Zinc Finger Proteins 

The zinc finger proteins are characterized by their utilization of zinc ions as structural 

components. More than 10 different classes of zinc-binding motifs have been identified and 

partially characterized (reviewed by Berg and Shi, 1996). A structural role for zinc in Xenopus 

TFIIiA was proposed (Hanas et al., 1983); subsequently, the C2H2 zinc finger motif was reveaIed 

(Miller et al., 1985). The C2H2 class of zinc fingm has been characterized extensively. 

The C2H2 (also known as TFUIA/Krüppel) zinc finger motif is the most abundant DNA- 

binding motif in eukaryotic transcription factors (Berg and Shi, 1996; Tupler et al., 2001). This 

motif, which is generdly present in tandem arrays, has the sequences, YIF-X-C-X~~-C-X~-F-XS- 

L-X2-H-X3_5-H where X represents variable amino acid residues. The structure of each zinc 

finger motif consists of two antiparallel j3-strands followed by an a-helix (reviewed by Berg and 

Shi, 1996). The two conserved cysteine and histidine side chains coordinate the zinc ion, and 

along with the three other conserved residues within the motif that pack to form a hydrophobie 

core, stabilize the structure (Fig. 1.2). 

A polypeptide contaihg three C2Hz zinc flzigers of Zif268Egrl was the first CO-crystal 

structure (Zif268-DNA complex) to be determineci; the zinc fmgers wrap around the DNA 

double helix binding within the major groove (PavIetich and Pabo, 199 1; Fig. 1.2C). in this 

structure, each zinc h g e r  appears to bind DNA independently, contacting the DNA maidy at 

three amino acid positions: -1, +3 and -6, commonly called the contact residues, where +1 is the 



Fig. 1.2. C2E2 zinc finger motif. A, diagram of the phary sequence of a C A  zinc hger 
motif The citcled zinc ion (Zn) is tetrahedraITy coordiaated by two cysteine and two histidine 
residues. C o d  amho acids are clrcled. B, tbe CA zinc hger motif comprises a short 
antipadel p-sheet fE,& by two B-ssdnds (mm) ami Wpin tum (curred Ihe), fbllowed 
by an a-helix (blue Mu) that d y  f3.s hto the major p v e  of the target DNA. 
Conserved amino acids are UllCiQTfirred- Ammb acids at positions -1, +3, +6 are primarüy 
responsiiIe fbr ïnîeractions with DNA C, coaystal stnrcture of Zif268/DNA as detemined 
by Pavletch and Pabo (1991). Note the a-heiices wxapped mund the major gmve of the 
DNA. N denotes the N-texmim~~. 
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first residue of the a-helical region (Fig. 1.2B). The fi-sheet of each zinc finger is not involved in 

specific recognition of DNA. The relatively simple mode of interaction in the Zif268-DNA 

complex suggested a simple recognition code for DNA-C2H2 zinc fingers. However, this 

recognition code is clearly more complex since the base contact by one amino acid can be 

affécted by neighboring amino acids. For example, the amino acid residue at position +2 ofien 

modulates the specificity of the interaction of a CzHz zinc finger with DNA. Furthemore, 

selection for C2Ht zinc frngers fiom randornized phage-display libraries that bind to a specific 

DNA sequence failed to deduce any comprehensive recognition code rule, although these 

experiments were limited by the size of the libraries (Choo and Klug, 1994; Choo and Klug, 

1994). Moreover, mutational analyses showed that the linkers between the CzH2 zinc fingers 

make an important contniution to the affinity of the DNA interaction (Choo and Klug, 1993; 

Clemens et al., 1994). Thus, the importance of context-dependent DNA-C2H2 interactions has yet 

to be M y  appreciated. 

The dificulties in understanding the rules of how C2H2 zinc fmger proteins interact with 

duplex DNA is exacerbated by the fact that the physiological roles of most C2H2 zinc figer 

proteins is not well understood. In addition to interactions with DNA duplexes, CzH2 zinc Çigers 

have been shown to bind to RNA, DNA-RNA hybrids, and even macromolecules other than 

nucleic acids (reviewed by Berg and Shi, 1996). 

The C2H2 zinc Çiger proteins comprise a large f d y  of genes that is divided into two 

classes according to the number of zinc fuiger motifs contained within the protein sequence 

(Pieler and Beliefioid, 1994). In one class are the zinc hger genes that code for pmteins such as 

Egrl, Spl, and WTI, which bave fewer than 5 zinc fuiger motifs. The proteins in the group have 

g e n e d y  been identified as transcriptional activators or repressors involved in the regdation of 



ce11 proliferation and differentiation. The proteins expressed by the second class of zinc finger 

genes have more than 5 zinc finger motifs. Although these genes are more abundaut, apart from 

TFiIIA, which binds to both the SS RNA gene and to 5 s  RNA (Theunissen et ai., 1992) and 

MZF1, which regulates the CD34 gene (Morris et al., 1995), the physioIogicaI function(s) of the 

proteins expressed by these genes is largely unknown. 

IB.2-26. KUAB/C2H2 Zinc Finger Proteins 

The Bppel-gsociated b x  or KRAB domain has been shown to be present in one-third 

of al1 C2H2 zinc finger proteins (Bellefroid et al., 1991) making this farnily one of the most 

widely distributed transcriptional repression domains yet identified in mammals (Margolin et al., 

1994; Witzgall et al., 1994). W domains are not found in yeast and appear to have evolved 

with multicellular organisms as a transcriptional repressor (Margolin et al., 1994). When fused to 

a heterologous DNA-binding motif, the -75 amino acid residues that comprise the KRAB 

domain represses both basal and activated transcription in transfected cells in a dose dependent 

manner, and over large distances (Deuschle et al., 1995; Moosrnann et al., 1997; Pengue et al., 

1994). The KRAB domains can be separated into 3 subfamilies based on nucleic acid sequence 

aiignment (Mark et al., 1999): subfarnilies containing a KRAB A box aione, both A and B boxes, 

or an A box with a divergent B box, Notably, the A domain aione is sufficient for repressor 

activity whereas the B domain has a lesser contribution (h4argolin et al., 1994; Pengue et al., 

1994; Witzgall et ai., 1994). insights into the molecuiar mechanism underlying this silencing 

activity came h m  the identification of a nuclear protein, TTFlB, also named KAP-1 (Friedman 

et ai., 1996) or KRIP-1 (Kim et al., 1996). The KRAB domain associates with TIFIS (Friedman 

et al., 1996; Kim et al., 1996; Le Douarin et al., 1998; Moosrnann et al., 1996), which serves as a 



universai co-repressor for KRAB-containhg transcription factors involved in silencing RNAP II- 

and iII-, but not RNAP I-, dependent transcription (Moosmann et al., 1997). 

Based on sequence analysis, TIFI P was aIso identified as a rnernber of the transcriptional 

intermediary factor 1 (TIFl) family (Le Douarin et al., 1996). In addition to TIFI$, the family 

includes TIFla, a putative nuclear receptor cofactor (Le Douarin et al., 1998; Zhong et al., 1999) 

and TIFly, whose function is unknown (Venturini et al., 1999). These three proteins are defined 

by the presence of three conserved regions: an amino-terminal RBCC (RING fuiger, B boxes, 

coiled coil) motif, which may be involved in intermolecular interactions that influence the 

targeting of subnuclear structures (Saurin et al., 1996), a PHD finger motif, and a brornodomain. 

The latter two motifs are often associated and are present in a number of transcriptional cofactors 

acting at the chromatin level (Aasland et al., 1995; Jeanmougin et al., 1997). The bromodomain 

has been show to interact with lysine-acetylated peptides derived from histone H3 and H4, 

suggesting a chromatin-targeting function for this highly conserved domain (Dhalluin et al., 

1999; Winston and Allis, 1999). Supporting the hypothesis that TIFlP may exert its co-repressor 

function by a chrornatin-mediated mechanism, TlFlp is known to associate with and 

phosphorylate mernbers of the heterochromatin protein L (HP 1) family, a class of nonhistone 

proteins with a weli-established function in heterochromatin-mediated silencing in Drosophila 

(Nielsen et al., 1999). Thus, TIFlP may rnediate the pression function of the KRAB domain by 

HP1 interaction and histone deacetylation to induce formation of heterochromatin (Nielsen et al., 

1999). 

Although KRABlCzH2 proteins comprise two weil-characterized motifs and make up one 

of the largest protein families, the function of these proteins in vivo is stilI unclear. KRAB 

domains are exclusively associated with CzHz zinc h g e r  proteins and with those proteins 



containhg five or more C2Hz zinc hger motifs. These proteins are most Iikely sequence-specific 

transcription repressors based on ment resdts (Zheng et al., 2000). However, the numerous 

C2Hz zinc hger motifs dong with the variable linker region joining the KRAB domain and C2H2 

zinc fingers suggest other roIes. Furthemore, no promoter has been reporteri for any member of 

the KRAB/C2H2 family of proteins. 



Hypotheses and Objectives of Thesis 

The abiiity of BMPs to induce osteogenic differentiation has been of fundamental interest 

in the understanding of bone formation as well as of more general interest in utilizing these 

powerfbl cytokines to repair and regenerate bone that has been lost through trauma and disease. 

AIthough the sequence of events that is induced by BMPs has been well documented fiom a 

biological perspective the molecular basis of these actions of BMPs is stilI poorly defined. In 

part, this is due to the variability of responses to BMPs that are dependent on the nature of the 

responding ce11 type and also because the contuiuous presence of BMPs is required for optimal 

promotion of the osteogenic response. WhiIe the identification of immediate gene targets for 

BMPs in osteogenic systems could provide important insights into the moIecular mechanism that 

govem the osteogenic effects of BMPs, few target genes had been identified when the studies 

reported in this thesis were initiateci. Thus, it was initidly hypothesized that the identification 

and characterization of gene targets for BMPs would reveal novel pathways linking the effects of 

BMP with osteogenic genes acting downstream of BMP. The rationale for these studies was 

based on the importance of BMPs in promoting bone formation and the need to relate the effects 

of BMP with phenotypic changes associated with the differentiation of osteogenic cells. The 

objectives, therefore, were to utilize differentid dispIay to identiQ genes that were either up or 

dom-regulated as an immediate response to treatment with BMP. Because of its availability and 

its strong osteogenic activity BMP-7/OP-1 was chosen for these studies. 



Chapter 2: Identioeation and Characterization of a Novel Gene 

Involved in Bone Differentiation 

The data presented in this Chapter are essentially as published in "Identification of a Novel Zinc 

Finger Transcription Factor Target of Bone Morphogenetic Protein-7 (BMP-7) in Osteogenesis" 

by Jheon, A., Ganss, B., Cheifetz, S., and Sodek, J. (2000) in Chemistry and Biology of 

Mineralized Tissues: Proceedings of the Sirth International Conjérence (Goldberg, M., Boskey, 

A., and Robinson, C., Eds.) pp. 87-9 1, American Academy of Orthopaedic Surgeons, Rosemont, 

IL, and "Characterization of a Novel KRABICtH2 Zinc Finger Transcription Factor Involved in 

Bone Developmenf' by Jheon, A., Ganss, B., Cheifetz, S., and Sodek, J. (2001) in Journal of 

Biological Chemisîry, 276: 18282-9. 

Andrew Jheon performed al1 experiments except for the experiment shown in Fig. 2.7, which 

was performed by Mr. Jun Chen. 

The nuclmiide sequence reporteci in this Chapta has been submitted to the ~ e n ~ a n k ~ ~ E ~ 1  

Data Bank with accession number AF32 1874. 



2.1. Summary 

Osteogenic ciifferentiation involves a cascade of coordinated gene expression that 

regulates ce11 proliferation and matrix protein formation in a defined temporo-spatial manner. A 

novel zinc finger transcription factor (AJ18) that is responsive to BMP-7 was identified using 

differential display. AJ18 was shown to be induced duxing differentiation of bone cells in vitro 

and in vivo. The 64 kDa protein, encoded by a 7 kb mRNA, contains a Kriippel-associated box 

(KRAB) domain followed by 11 successive C& zinc h g e r  motifs. M l 8  mRNA is expressed 

in embryonic tibiae and calvariae in a devetopmentally regulated manner. There is little 

expression of M l 8  in these tissues in neonate and adult animals. Ml 8 is expressed in kidney 

and brain of embryonic and neonate animais as wells as in the brain of aduit animais. During 

osteogenic differentiation in vitro AJI8 mRNA is expressed as ceils approach confluence and 

declines as bone formation occurs. Using bacterially expressed, His-tagged N18  in a target 

detection assay, a consensus binding sequence of 5'-CCACA-3' was identified. This target site 

forms part of the consensus eIement for Rum2, a master gene for osteogenic differentiation. 

Over-expression of AJ18 in transient transfection assays suppressed Runx2-mediated 

tramactivation of an osteocalcin pmmoter constnict and reduced aikaline phosphatase activity in 

BMP-induced C3H10Tl/2 cells. The studies described in this Chapter, therefore, have identified 

a novel zinc finger transcription factor that is highly expressed in bone, and has the abitity to 

moduiate Runx2 activity and osteogenic differentiation. 



2.2. Introduction 

The characterization of bone rnorphogenetic proteins (BMPs), their serindthreonine 

kinase membrane receptors, and downstream Smad effectors (reviewed by Derynck, 1998; 

Heldin et al., 1997; Massague, 1998) dong ~5th the identification of RunxZICbfaliOsfZ (Runt 

domain factor2icore binding factor dlosteoblast-specificfactor2; reviewed by Karseniy, 1999) 

as a master gene for osteogenesis (Rodan and Harada, 1997) has established a template for 

osteogenic differentiation. However, the molecular mechanisms Iinking the osteogenic effects of 

BMPs and Runx2 with the expression of a bone rnatrix by osteoblastic cells are still largely 

Unknown. 

BMPs were onginalIy identifiai by their ability to induce ectopic bone formation 

(Sampath and Reddi, 1981; Urist, 1965). This unique boue-inductive activity indicates that 

BMPs provide the primordial signais for osteodifferentiation. This is supported by the BMP- 

induced expression of RunxUCbfal. As a sub-group of the TGF-P superfamily, BMPs signai 

through type 1 and type II serindthreonine receptors on the ce11 surface (ten D#e et al., 1996). 

Upon ligand stimulation, the type i receptor phosphorylates the family of Smad proteins. Smadl, 

SmadS, and Smad8 mediate BMP signahg (Hwdless et ai., 1996; Kawai et ai., 2000; 

Nishimura et al., 1998) whereas Srnad2 and Srnad3 mediate TGF-P signalhg (Macias-Silva et 

al., 1996; Zhang et ai., 1996). These receptor-regulated Smads form a complex with the common 

partner, Smad4, and translocate to the nucleus, where they interact with other transcription 

factors, incIuding Xenopus FAST1 and its mammaIian homoiopes and aiso the c-Junlc-Fos 

complex, to regulate the transcription of target genes. A murine isoform of Runx2 was first 

ideniined as a DNA-binding protein that recognizes an osteobIast-specific enhancer elernent 

(OSE2; 5'-AACCACA-3') of the osteocalcin gene @ucy and Karsenty, 1995). Runx2- 



dependent gene expression increases in parallel with osteogenic differentiation @ucy et al., 

1997; Ji et al., 1998), and Runx2-deficient mice fail to deveIop skeletai tissue (Komori et al., 

1997; Otto et al., 1997). Moreover, Runx and Smads have been shown to interact functionally 

and to stimulate transcription of the germiine Ig C a  promoter for which binding of both factors 

to their specific binding sites is essential (Hanai et al., 1999). Aithough the RunxISmad complex 

iikely regulates genes involved in the differentiation of bone, target genes for this complex have 

yet to be identified 

As an approach towards characterization of genes involved in osteoblastic differentiation, 

differential display was used to identiQ genes responsive to BMP-7 (osteogenic protein-1; OP-1) 

and up-regulated during the differentiation of fetal rat calvarid cells (FRCCs). In this Chapter 

the identification and characterization of AJIS, a C2H2 zinc finger transcription factor is 

described. N I 8  is transiently up-regulated during osteoblastic differentiation and appears to 

modulate osteogenic differentiation through effects on Runx2 activity. 



2.3. Experimental procedures 

2.3~. Ce11 Culiwe 

Primary fetal rat calvarial cells (FRCCs) and rat bone marrow cells (RBMCs) were 

prepared and cultured as descnied previously (Yao et al., 1994). FRCCs, WMCs, and the rat 

osteosarcorna c e l  line, ROS 17i2.8, were grown in a-minimal essential medium (a-MEM; 

Sigma, St. Louis, MO) containhg IO% fetaI bovine s e m  and antibiotics (100 pg/ml penicillin 

G, 50 pg/ml gentamycin and 0.3 @ml hgizone). Dexamethasone @ex) at a f ia i  

concentration of 10 nM was added to RBMC cultures. For BMP-induction experirnents, pre- 

confiuent FRCCs (80% confiuent) were treated with BMP-7 (400 ng/ml) or Dex (10 nM) for 20 

min and 3 h, For time-course experiments, FRCCs and RBMCs were plated at 90000 cells/60mm 

dish; 50 pglmI of ascorbate was added at confiuence; 10 rnM of B-glycerophosphate was added 

at the onset of nodule formation. The mouse fibroblast-like ce11 line, C3HlOT1/2, was obtained 

at passage 8 h m  the Arnerican Type Culture Collection (Rockville, MD). AU experirnents on 

these cells, which were maintained in 10% fetal bovine serum and basal medium essential 

@ME; Lik Technologies, Ontario, Canada), were perfomed between passage IO and 15. Al1 

cells were p w n  in a humidified air/C& (19: 1) mixture at 37T. 

2.36. RNA Extraction 

Total RNA was extractecl fiom cultured ceils and rat tissues using the thiocyanate- 

phenol-chIoroform extraction method as described by Chomczynski and Sacchi (Chomczynski 

and Sacchi, 1987). Various tissues h m  developing embryonic and addt rats were prepared as 

described previously by Chen et al, (1993). 



2.3~. Difîentiul DWplay 

Differential dispIay was perfonned using the RNAimage kit (GenHunter, Nashviiie, TN) 

foiiowing manufacturer's instmctions. Briefiy, 200 ng or 1 pg of total RNA was treated with 

DNase 1 (MessageClean Kit; GenHunter) and reverse transmlbed in 3 separate reactions using 

poly-dT primes with dA, dC, or dG at the 3'-end. PoIyrnerase chah reaction (PCR) in the 

presence of 3 S ~ - d ~ ~ ~  was perfomed on each complementary DNA (cDNA)/RNA hybnd 

subpopulation using the corresponding poly-dT primer in combination with 20 different arbitrary 

13-mer primers. The %-labeled, raadody generated gene fragments were sepmted on a 6% 

denaturing polyacrylamide gel. The gel was dried and exposed to autoradiographic fih. Gene 

fragments from differentially expressed genes were cut out of the geI, reamplified using the same 

set of poly-dT and arbitrary primers, subcloned into pBluescript II SK plasmid (Sûategene, La 

Jolla, CA), and sequenced using the T7 sequencing kit (Amesham Fharmacia). 

2.3d. Northem Blot Hybridization 

Samples of total RNA (1 5 pg) were separated on a L -2% agarose-formaldehyde gel and 

blotted ont0 a nyIon filter (GeneScreen, N'EN, Boston, MA) with 10x SSC (lx SSC is 1.5 mM 

sodium citrate, 150 mM NaCl). A mouse embryonic total RNA blot was purchased fiom 

Clontech. Preparation of cDNA hgments coding for boue siaioprotein, osteopontin, osteocdcin, 

osteonectiniSPARC, coliagen-1, alkaline phosphatase, and glyceraldehydes-3-phosphate 

dehydrogenase are described in Li et al. (1996); mouse R d O s f 2  @LA-0a4) cDNA was 

provided by Dr. G. Karsenty (Baylor College of Medicine, Houston, TX); and Egrl and Etsl 

cDNAs were provided by Dr. A. Seth (University of Toronto). cDNA fragments were labeled 

with 3 2 ~ - d ~ ~ ~  using the T7 Quickpnme kit (Amersham Pharmacia). Hybridization was 



performed ovemight at 42 OC in a solution containing 5x SSC, 50% formamide, 10x Denhardt's 

solution, 0.1% sodium dodecyl sulfate (SDS) and 0.25 mg/ml salmon sperm DNA. The blot was 

washed twice in 2x SSC, 0.1% SDS and twice in 0 . 1 ~  SSC, 0.1% SDS at 55 O C  for 30 min. 

2.3e. S-Rapid Amplifcation of cDNA En& (S-RACE) 

The Marathon cDNA amplification kit (Clontech, Pa10 Alto, CA) was used according to 

manufacturer's instructions. Briefly, using 1 pg of poly-A RNA fiom rat brain, a 1Lbrary of 

adapter-ligated double-stranded cDNA was constmcted. Antisense oligonucleotide (5'- 

ACTGATTGGCTGACCCAGAGTAT-3') specific for the 3'-UTR of Ml8 was used with the kit 

primer, AP-2, to PCR-amplify the upstream sequence. The 5'-RACE product was subcloned into 

pBluescript II SK plasrnid (Strategene) and sequenced using the T7 sequencing kit (Amersham 

Pharmacia). 

2.3J RT-PCR and Southern Blot 

Total RNA (1 pg) Liom various rat tissues and RBMCs was reverse-transcnied using M- 

MLV Reverse Transcriptase (Life Technologies). M l 8  specific primers (5'- 

GGAGAACTAAGAAGGGAAATGGCTGGnG-3' and 5'-CAGGCTTCTCCCCC'TTCAGACACCT- 

3 rat Runx2 primers (5'-AACCGCACCATGGTGGAGATCAT-3' and 5'- 

TGAGGCGGGACACCTACTCTCATA-3'), and B-actin specific primers (5'- 

CACCCTGTGCTGCTCACCGA-3' and 5'-ACCTGGCCGTCAGGCAGCTC-3') were used to 

PCR-amplify M18, Runx2, and P-actin, respectively. The PCR products were amplined for 22 

cycles with Taq polymerase (Life Technologies) and separated on a 1.5% agarose gel. The gel 

was pIaced in denaturation buf5er (0.5 M NaOH, 1.5 M NaCI) for 30 min and washed in 



neuûaiization buffer (0.5 M Tris, 0 . 2 ~  SSC) for 30 min. The DNA was transferred ont0 nylon 

filter, a probe was synthesized using the fidi length M l 8  or mouse cDNA as template, and 

hybridization was performed essentially as described in Northern blot hybridization above. 

2.3g. Bacterial Expression and Target Detection Assay 

The cDNA sequence encoding full-length M l 8  (amino acids 1-560) was PCR amplified 

using primers (5'-CCGCATGCCTGTGGA'ITTGCTGGC-3 and 5'- 

CCTCTCTGCTTGTGTCCTGGATCA-3') and inserted in-fiame into SphI and SmaI sites 

downstream of the sequence encoding the N-terminai 6xHis tag of pQE32 (Qiagen, Ontario, 

Canada) to produce His-Ml8 (His-AJ). cDNA encoding tnincated M l 8  (His-ZF; amino acid 

166-560) was prepared by excising the linker (located between the KRAB domain and the first 

zinc finger motif) and zinc h g e r  region fiagment with Sac1 and San, and ligating the fragment 

in h e  into pQE32. The E. coli strain, MlS(pREP4) (Qiagen), was transforrned with full-length 

or tmcated M18-pQE32 constnicts and plated on Luria-Bertani (LB) agarose (Difco 

Laboratories, Detroit, MI) plates containing 25 p g h l  of kanamycin and 100 pg/ml of ampicillin. 

Single colonies were grown in culture and cells were harvested five hours after addition of 

isopropyl-P-D-thiogalaçtoside (IPTG) to 1 mM to induce expression of His-AJ and His-ZF. 

Whole ce11 lysates were separated by SDS-PAGE and transferred to a nitrocellulose membrane 

(Schieicher and Schuell, Keene, NH). The target detection assay was adapted fiom the methods 

descriid by Thiesen and Bach (1990), and Sukegawa and Blobel (1993). The membrane was 

treated with 10 mL of 50 mM Tris-Cl, 100 mM KCI, 1% Triton-X-100, 10% gIycerol (pH 7.5) in 

the absence (+50 mM EDTA+10 mM DTT) or presence (+1 mM ZnC12) of zinc at 4°C 

ovemight. Double-mded (ds) DNA was prepared h m  oiigonucleotide T'DA (5'- 



CGCTCTAGAACTAGTGGATC-N12-ATCGATACCGTCGACCGA-') by using KS primer 

(5'-TCGAGGTCGACGGTATCGAT-3') in a 50 jL reaction containing 1 pM TDA 

oligonucleotide, 1 pM KS primer, 1.5 pM MgC12, 1 rnM dNTPs, 10 pCi u'~P-~CTP (Amersham 

Phannacia Biotech, Quebec, Canada), lx PCR buffer, and 2.5 U of Taq polymerase. One 

amplification cycle was carried out as follows: heated to 94°C for 30 s, annealed at 52OC for 2 

min and extended at 72OC for 10 min. DNA was purified though a ProbeQuant column 

(Amersham Pharmacia Biotech) and 1x10~ c p W  was hybridized to the membrane in 

renaturation buffer (see above) in the absence (+IO mM EDTA+2 mM DTT) and presence (M.1 

mM ZnC12) of zinc at 4°C ovemight. The membrane was washed for 6 h at 4OC in 100 mM KCI, 

and the amount of DNA bound was visualized using a PhosphorIrnager and the ImageQuant 

software (Molecular Dynamics, Sunnyvale, CA). The positive band was digned to the bb t  and 

excised. The excised membrane was washed in 400 mM KCI and then bound DNA was eluted 

with 500 pL of 1 M KCI. The DNA present in 5 uL was amplified by PCR in the presence of SK 

(5'-CGCTCTAGAACTAGTGGATC-3') and KS primers with the reaction condition being 

similar to those descnid above but amplified for 20 cycles. The amplified product was used for 

the next round of selection and was repeated for a total of 5 rounds. Afier 5 rounds, the product 

was PCR-ampIified for 35 cycles, S'-end phosphorylated using T4 polynucleotide kinase (Life 

Technologies), ligated into pBluescript and the clones sequenced. 

2.3h. Anti-AJf8 PoiycIonaI Antibodies 

Peptides spanning amino acid residues 2-13 (AVDLLAARGTEP; Anti-MIS-1) and 158- 

169 (EDGIPTDPELEK; Anti-MIS-2) of the M l 8  sequence were synthesized. The C-terminus 

of the peptides was conjugated to keyhole limpet hemocyanin (KLH) protein and to bovine 



semm albumin (BSA) by Alberta Peptide Instiîute (Alberta, Canada). The KLH-peptides were 

used by Cedarlane Labs (Ontario, Canada) to generate ant isem in rabbits fiom which affinity- 

purified anti'bodies were isolated using BSA-immobihed to CNBR-activated Sepharose 4B 

(Amersham Pharmacia Biotech). The IgG w u  eluted fiom the column using glycine-HC1 b a e r  

(0.05 M glycine, 0.15 M NaCl, pH 2.3), and was immediately adjusted to pH 7 with 0.1 N 

NaOH. Anti-HisG monoclonal antibody was purchased fiom Invitrogen (Carlsbad, CA). 

2.3i. Immunohistochemical Analysis 

immunoperoxidase staining for AJ 18 protein in formalin-fixed paraffin-embedded 

sections of ti!ia from Cweek old rats was performed using the Vectastain ABC kit (Vector 

Laboratories, Burlingame, CA) following the manufacturer's instructions. Tibia were isolated 

fiom a Cweek old rat and fixed in 4% parafonnaldehyde-PBS at 4OC. The tissues were 

demineralized in 12.5% (wlv) EDTA @H 7.4), with the solution changed every 20d day for 2-3 

weeks. The embryos and tissues were subsequently embedded in p a r a n .  Serial 12 p t h i c k  

sections were mounted on Superfi.ost/flus gIass slides (Fisher, Ontario, Canada), dewaxed, and 

rehydrated through graded alcohols to water. Sections were incubated in blocking solution (5% 

BSA, 2% normal goat s e m )  for 1 hr. Affinity-purified anti-AJl8-1, or anti-M18-2, antibodies 

were applied, and tissue sections were incubated for L h. The sections were washed and treated 

with biotinylated anti-rabbit IgG for 30 min, followed by incubation with peroxidase-Iabeled 

streptavidin for 30 min, and subsequently hcubated with diaminobenzidine tetrahydrochlonde 

@AB) and H202 for 15 min. All incubations were performed at room temperature (21°C). 

Sections were counterstained with hematoxylin. The stained sections were visualized under a 



light microscope (Eclipse 400; Nikon Canada Inc., Mississauga, ON) and photographed using a 

Coolpix 950 digital camera (Nikon Canada Inc., Mississauga, ON). 

2.3j. Transient tramfections and fluorescence microscopy 

FuI1-length M l 8  and tnincated Ml8 were PCR amplified with KlenTaq (Clontech) using 

antisense primer 5'-GCGGTACCAGGGATGAATTAAGGTCCTCAGGCTTCT-3' and sense 

primers 5'-AAGGTACCCGCCACCATGGCTGTGGATTTGCTGGCTGCTCGA-3' and 5'- 

AAGGTACCCGCCACCATGTATCACACTïCAGAGAkPLGA'ITTA-3 , respectively . KpnI- 

specific sites were incorporated into the primers (italicized). The hgments were digested with 

KpnI and inserted into a KpnI site of the pEGFP-NI plasmid (Clontech). Plasmids containhg 

fragments inserted in the sense orientation and i n - h e  were selected by sequencing to produce 

AJ18-GFP and ZF-GFP. ROS 1712.8 ceIls were plated at 20 000 ceils/well on 8-weI1 charnber 

slides and grown ovemight. Cells were transfected with 2 pg of plasmid using LipofectAMINE 

2000 (Lifc Technologies), grown for 24 h, and f i e d  in 4% paraformaldehyde-phosphate 

buffered saline (PBS). The nuclei were stained with 4',6'-diamidino-2-phenylindole (DAPI) for 

5 min and visualized under a fluorescent microscope and photographed. 

2.3k Transcrtption Assay 

AJ18 was PCR ampmed using antisense primer (5'- 

GCGGTACCTGGATCAGAGGGATGAATTAAGGTC-3') and prhers described above and 

inserted into a KpnI site of the pçDNA ptasmid (invitmgen) to produce MIS-pcDNA (amino 

acids 1-560) and ZF-pcDNA (amino acids 191-560). Sense and antisense plasmids of AJlb 

pcDNA and ZF-pcDNA were purified ushg a midi-prep procedure (Qiagen). C3HlOT112 ceiis 



were plated at 50 000 cells/weli in 24-well dishes and grown for 24 h. Total DNA (2 pg), 

including 0.5 jtg of p60SE2-luc (6xOSE2), 0.3 pg of R d O s f 2  (both plasmids generously 

provided by Dr. G. Karsenty), 0.01-1 jtg of M18-pcDNA (sense, AJ18-S; antisense, M18-AS) 

or 0.1 pg or 1 pg of ZF-pcDNA (ZF-S), and 0.2 pg of pSV-B-Gd (Arnersham Pharmacia 

Biotech) was introduced into ceIIs by transfection with LipofectAMINE 2000. The cells were 

grown for 48 h. Luciferase assays were perfomed as described previously (Kim and Sodek, 

1999). The ratio between the activities of luciferase and P-galactosidase were used to normalize 

for transfection efficiency. 

2.31. Alkaline Phospharase Activiîy 

Plasmids were transfected into C3H IOT 112 cells as described in the transcription assay 

above. BMP-7 was added 5 h after transfection and the celIs were grown for 48 h. The cells were 

fixed in 4% paraformaldehyde and alkaline phosphatase activity was obsewed by staining the 

cells using NaphthoI AS-MX Phosphate and Fast Red TR (Sigma) in 100 pL of 1 M Tris-CI and 

0.1 M MgCl*. Total alkaline phosphatase activity was measured as descnied by Li et al. (1996). 

2.3m. Sequence Analysis 

A search of the non-redundant and EST sequeme databases ( ~ e n ~ a . n k ~ ~ / ~ ~ ~  Data Bank) 

for the 5'-RACE product was perfomed using the BLAST program (Altschul et al., 1990). The 

open reading h e  and its transIated product was determined using the Analyze program 

(MacMoUy Tetra V2.5). Amino acid sequences of KRAB domains were retrieved from 

G ~ ~ B ~ ~ ~ ~ ~ I E B I  and aligned using the CIustalW algorithm (Thompson et al., 1994). 



2 . 4 ~ .  Identifcation and Sequence Analysis of AJi8 

DZferential display was perfomed with total RNA fiom proliferating (80% confluence) 

FRCCs treated with BMP-7 or Dex (Fig. 2.1A), and with total RNA fiom proliferating (80%) 

and differentiating (confluent) FRCCs (Fig. 2.2A). A 313 bp gene fiagment was identified that 

was temporally up-regulated after 20 min treatrnent of cells with BMP-7 or Dex (Fig. 2. LA), and 

upreguiated during osteoblastic differentiation (Fig. 2.2A). The 313 bp gene hgment was 

subcloned and subsequently used as a probe to perform Northem blot hybridization to confirm 

the differential display results (Figs. 2.IB & 2.2B). An mRNA of approximately 7 kb was 

visuaiized and a comparison to 18s rRNA by densitometn'c analysis showed expression at 3-fold 

higher levels after 20 min with BMP-7 or Dex treatment (Fig. 2.1B). interestingly, Egrl showed 

a similar expression profile with 2.5-fold higher levels after 20 min treatment (Fig. 2.1B). The 

same 7 kb mRNA showed a 5-fold higher Ievel of expression in differentiating FRCCs relative to 

proiiferating FRCCs (Fig. 2.2B). In comparison, Egrl again showed a similar expression profile 

whereas expression levels of another transcription factor, Etsl, were not dtered significantly. A 

2514 bp fragment was generated extending upstream of the 313 bp gene fiagment using 5'- 

RACE. Sequence analysis revealed an open reading frame (ORF) of 1680 bp encoding a protein 

of 560 amino acid residues extending fiom the £kt ATG codon located at nucleotide 175, to a 

temination TGA codon present at nucleotide 1855 (Fig. 2.3). The amino-terminal 85 amino 

acids constitute a KRAB domain and is followed by series of 11 C2H2 zinc h g e r  motifs that 

begin at amino acid 220 amd extend hast to the end of the protein sequace (Fig. 2.3). 

Alignment of the amino-terminal sequence of M l 8  with the KRAB domains of severai C2H2 

zinc fhger proteins revealed at least 2 distinct subfamiiies of KRAB/C2Hz proteins as suggested 
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Fig. 2.1. Identitication of a 313 bp gene fragment op-regulated by BMP-7 and Der. A, 
differential dispiay was @meci using primers polyT-A (5'-AAGC-A-3') 
and arbitrary primer 18 (5 ' -AAmCGGAC-3') .  Experiments were performed m 
duplicate using 0.2 pg (02) or 1 pg (1) of total RNA h m  FRCCs that had not been treated (-) 
or had been treated with BMP-7 (B) or Dex @) for 20 min or 3 h. A diffetentially amplifieci 
313 bp @ment (maTked by an m w )  separated on a 6% sequencmg gel was identined by 
radioautography and excised h m  the gel re-amplined, cbned and sequencd B, Northem 
bIot hybridization was performed on the original RNA isoIated h m  the FRCCs using the 3 13 
bp gene m e n t  to probe fbr the expression of the corresponding mRNk A -7 kb mRNA, 
provisionally named AJ18, was ident%ed by the 313 bp probe and was expressed at 
approxhately 3-fold higher levels in BMP-7 a d  Dex treated cells relative to non-treated 
cells. Early growth response-1 (Egrl) Wor s h o d  a similar expression profle to M18. A 
cDNA probe to 18s rRNA was nsed as a costrol for RNA loading. 



Fig. 2.2. Identiliaeioa of a 313 bp gene Ingmtit  rp-regdated in dine~entiathg boae 
cells. A, differential Ilispiay was perfotmed as describe in Fig. 2.1. except 0.2 pg (0.2) or 1 pg 
(1) of s&rting total RNA was isoIated h m  proIiferathg (P) and coduent (C) FRCCs. A 
differentially amplined 3 13 bp hgmnt (marked by an m o w )  was identicai in sequence to îhe 
fiagrnent descnk in Fig. 2.1.. B, No- blot hybdization was performed as descn'bed m 
Fig. 2.1. A -7 kb mRNA, provisiody named AJ18, was expresseci at approximateIy Efold 
higher leveis m confluent ceh (C) relative to proliferatnig ceh (P). Egrl h w e d  a simiIar 
expression profile to AJ18, wbereas the expression of Etsl, was wit altered Signincantly. A 
cDNA probe to 18s rRNA was used as a contro1 for RNA IoadÏug- 



Fig. 2.3. b u g  structure of rat Ml& Nucleotide and preâicted amino acid sequence of rat 
MIS. Krüppel-associaîed box A (KRAB A) domain is clbt m&rIined; KRAB B domain is 
rliEsh ~ I ~ d ;  II conservesi C a  zinc finger motifs are &Iined. A poIyadenylsrtion 
signal (AATAAA) in the 3'-unttansIated region is lntrderlined- The 313bp gene h p e n t  
isolated h m  the differential display is in italics, 



by Mark et al. (1999; Fig. 2.4). Those sequences shom above the M l 8  sequence represent a 

subfamily of proteins containhg KRAB A box done, whereas sequences below M l 8  represent a 

subfamily of proteins with both KRAB A and B box domains. Thus, sequence determination 

suggests that M l 8  is a 64 kDa protein compnsing a transcnptional repressor, KRAB domah and 

1 1 DNA-binding, C2H2 zinc fmger motifs. 

2.4b. 14518 is Expressed During Osteoblasr D@erenntiation and Bone Development 

Northern hybridization analysis of totd RNA h m  FRCCs at various stages of 

osteodifferentiation showed that N I 8  is first detected as ceIls approach confluence. The RNA 

reaches maximal levels as the cells begin to forrn multilayers and subsequendy declines as the 

mineralization of the bone-like nodules begins (Fig. 2.5). These stages of osteodifferentiation are 

characterized by the expression of bone ma& proteins (reviewed by Stein and Lian, 1993) with 

alkaiine phosphatase and osteopontin mRNAs being expressed as early differentiation markers; 

the increase in coIlagen mRNA reflecting eady bone nodule formation; and the expression of 

boue sialoprotein and osteocaIcÎn mRNAs as early and iate indicators of mineralization (Yao et 

ai., 1994), respectively. Notably osteoponth expression is markedly elevated in response to 

mineralization, whereas the mRNAs for the other rnatrix proteins, with the exception of 

osteonectin/SPARC, are dom-regulated. in vivo, MI8 mRNA expression could be observed by 

Northern hybridization of RNA fiom embryonic rat calvaria and tiiia at the time of bone 

formation. Little expression was evident in neonate and aduIt boue tissues (Fig. 2.6). The 

expression of M l 8  mRNA was not b t e d  to boue but aIso occuned in kidney and brain during 

embryonic development. Strong expression continued in the adult rat brain (Fig. 2.6). The 



Fig. 2.4. Amino acid sequeace aiignment of muitipk KRAB domains. The KRAB domains 
of 16 zinc hger proteins are aligneci with AJ18, using the CIustaiW program. AU SeQuences 
show a conserved KRAB A box domain. Amino acid seque- shown above the Ml8 
sequence iack the KRAB B box, while sequences beneuth the Ml8 SeQuence (imhlined) 
show conservation of the KRAB B box domain. The consensus sequence is s b w n  at tk 
bortom, mi c o m e d  se~uences are on a gray background. Data base accession nimibers for 
the Pllc hger proteiris are as hbws: MZF13, AAF79949; ZNF136, P52737; KRAZI, 
ABû24224; MZF31, AAF79951; ZFP93, Q6llI6; tKr2, AAB60512; 22P97, w035895; 
HZF4,414588; ZNF45, NP-003416; HZFo, AAD12728; ZNF85,Qû3923; ZNF91,Qû5481; 
KOXI, g549835; h4ZF22, AAF79950; KOX3 1,406730; and ZFP228, Q9üJü3. 
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Fig. 2.5. Tempomt espression of AJ18 and bonerwsociated genes daring FRCC 
difCerentiation. Total RNA (15 jq) extracted at various days during FRCC differentiation 
was hybridized with Ml8 &NA probe- T h  bIot was stripped and re-hybridized with cDNA 
h m  bone sialoprotein (Ba), osteoponîh (OPN), osîeocaIcin (OC), osteonectinlSPARC 
(ON), collagen-l (COL), and ahhue  phosphatase (ALP). GbceraIdehydephospbate 
dehydrogenase (GAPDHJ was used as loading controis. 



B M K L L u B r O  S 1 ET 

Fig. 2.6. AJ18 is dincrentirlly erpnssed during rat devdopment. Various tissues were 
isolaîed fiom rats at different embryonic (E), neonate O, and dui t  stages (A). A, the 
expression levels of Ml8 mRNA h m  calvaria (C), tibia O, liver (L), kidney (K), and brain 
@) were analyzed by RT-PCR and Southern blot hybridizatïon. b e l s  of &a& were used as 
loadiig controls fbr PCR B, to compare expression of MI8 in a range of tissues fiom an adult 
rat, totd RNA was isolated fiom various tissues and the expression of AJ18 mRNA was 
d y z e d  by Nortfiem blot hybridization. LanaiF 1-9 in the top panel contain totai RNA fkom 
muscle 0, kidney, ber, huig (Lu), brain, ovary (O), spleen (S), intestinCs 0, and heart 0, 
respectively- The lmerpamei shows ethidium bromide-stained 28s and 18s rRNq which were 
used as Ioading controls. 



expression of M l 8  protein was shown by immunohistochemical staining of sections of tïïia 

h m  4-week old rats with anti-AJl8 polyclonal antriodies (Fig. 2.7). M l 8  protein was detected 

in the nuclei of hypertrophie chondrocytes and osteoblastic cells in the transition zone of the 

growth plate where osteogenesis is still evident. Two distinct polyclonal antiiodies were raised 

fiom peptides specific for M l 8  (shown in Fig. 4.1). Both antisera gave identicai results. 

2 . 4 ~ .  AJ18 is Localized to the Nucleus through its Zinc Finger Region 

To c o n f i  nuclear localization of NI8 in osteoblastic cells, Ml8 was tagged with GFP 

to monitor its localization by fluorescence. ROS l7f2.8 cells at 50% confluence were transfected 

with an empty pEGFP-NI vector, or the same vector in which either a full-length M l 8  cDNA 

(AJ-GFP) or a truncated M l 8  cDNA (ZF-GFP) was incorporated. ZF-GFP lacked the coding 

region for the KRAB domain and 120 of the 150 amino acids comprising the linker region (the 

region between the KRAB domain and the first zinc finger motif), but retained the sequence for 

al1 the zinc fingers. After 24 hours, the cells were 6xed and the intraceIIuIar location of Mt 8 

was visualiied by fluorescence microscopy (Fig. 2.8). Whereas cells transfected with the empty 

vector showed a generalized fluorescence in the cytoplasm and nucleus, cells transfected with 

either M-GFP or ZF-GFP showed distinct nuclear localization of flurorescence. Thus, the 

KRAB domain was not required for nuctear IocaIization whereas the zinc h g e r  region andor 

remaining 30 amino acids of the Iinker region appeared to be sufficient for directing nuctear 

localization of AJ 18. 

2.4d. AJI8 Shows Selective Binding to dsDNA 

The presence of zinc finger motifs in AJ18 suggests that this protein binds to dsDNA. 

Thedore, to determine the DNA-binding abiliîy of Ml8,  a Es-tagged version of AJl8 (His- 



Fig. 2.7. Expression of Ml8 protein in tbe gmwth phte of rat î i b k  The le8 panel shows 
a section of the t i i  growth pIate that was taken h m  a 4-week oId rat and immuiaostained 
with an affmitv-purined ad-AJ18 polyclod anti'body. AJ18 is Iocalized to the nucleus m 
h-phic chonQocytes (groy mwheaIIS) and osteogenic ceils (black o r r o w k ~ )  on the 
d e  of newly-brming bone, as sbwn by a red/brown 5 t h  The nght panel shows 
immunostammg wahout primary anti-AJ18 anti'body. The sections were coimterstained with 
hemaîoxyiïn, which stams nuclei. 



Fig. 2.8. KRAB domain is mot mquired for nuclear locaüzation. The lefi paneh &w fuü- 
leagth AJl8-GFP f'usron protein, tmmted AJ18 (ZF-GET) or empty pEGFP wctor e x p d  
io ROS 1712.8 ce& and visualized d e r  biue Quorescence. The right p e I s  show the 
corresponding nuclear staining as a e d  with DAPI. Note the nuckar lacation of the GFP 
for both the fdi-Iength and tnmcated AJIû-GF'P fusion proteins whereas the GFP protein 
expressed abne is f o d  tbrougbout the ceU 



AJ) was prepared by expressing the protein in bacteria. SDS-PAGE analyses revealed a major 

PTG-induced protein band of 64 Da, conespondhg to the hypothetical molecular mass of 

M l 8  (Fig. 2.9A, 1 vs. NI). in addition, a second band was also evident at -35 kDa. To express 

protein comprising the zinc finger domain without the KRAB domain, M l 8  was truncated at the 

S'-end creating His-ZF, producing a construct similar to ZF-GFP described above. His-ZF 

contains 50 amino acids tiom the linker region. A protein band consistent with the predicted size 

of the truncated protein (His-ZF; 44 kDa) was induced with PTG (Fig. 2.9B). Western blot 

analyses showed that both the 64 kDa and 35 D a  proteins generated by His-A118 and the 44 

kDa protein generated by His-ZF were recognized by a monoclonal anti-HisG antibody (His) and 

a polycIonal antibody raised to a peptide correspondhg to arnino acids 158-169 in the AJ18 

protein sequence. Thus, the 35 D a  protein appears to be a spontaneously truncated form of 

Ml8 that represents the amino-terminal half of the protein and retains the His-tag. Theoretically, 

this spontaneously truncated form would contain the b t  three zinc finger motifs of MIS. 

To study DNA-binding with the target detection assay, His-tagged proteins were 

transfened to nitrocellulose and renatured in the absence and presence of zinc ions prior to 

hybridization with radiolabeled dsDNA. Randomized 12-mer dssligonucleotides with flanking 

primer sequences were incubated with the nitrocellulose-immobilized His-Ml8 and His-ZF in 

the absence and presence of zinc (Figs. 2.9A & 2.9B). This same randomized I2-mer library was 

used to identifjr a consensus DNA-binding sequence of 5'-CAATG-3' for Krox-26, a putative 

transcription activator containing 5 C2H2 zinc finger motifs (personal communications, Dr. 

Bernhard Ganss, University of Toronto). Zincdependent binding of ds-oiigonucleotides was 

observed in al1 üuee bands identified by irnmunoblotting. M e r  5 cycles of hybridization, the 

DNA bound to His-Ml8 and His-ZF was eluted, ampiified, subcloned, and sequenced. The 



DNA bound to the truncated, 35 kDa fonn of His-Ml8 was not analyzed at this tirne. Out of 48 

clones sequenced, sequence alignment revealed the presence of a DNA-binding site of 5'- 

CCACA-3' in 20 of these clones (Fig. 2.9C). Since a "CCACA" sequence is typically found 

within the consensus element (OSE2) utilized by R&, the ability of an OSE2 ds- 

oligonucleotide to bind to the immobilized His-AJ18 was investigated and shown to bind to His- 

M l 8  under stringent binding conditions of the target detection assay (Fig. 2.9D). Notably, the 

spontaneously truncated form of His-NI8 aIso bound OSE2, suggesting that the interaction 

between M l 8  and OSE2 may be through the f h t  three zinc fmger motifs. 

2.4e. AJ18 is Co-Expressed w*th Rum2 and Modulates its Transcri@ional Activity 

Since the DNA-binding studies suggested that M l 8  might modulate the activity of 

Runx2 through the OSE2, the temporal expression of Ml 8 and Runxî was examined in primary 

rat bone manow cells (Yao et ai., 1994), grown in the presence of 10 nM of Dexarnethasone to 

stimulate osteogenic differentiation (Fig. 2.10A). Similar expression profiles for the two proteins 

were evident with both AJ18 and Runx2 mRNA being expressed at maximai levels as the cells 

reach confluence and begin to differentiate. While M l 8  and Runx2 expression was down- 

regulated as mineralized bone noduIes were being formed, both mRNAs increased again at 21 

days, after bone nodule formation had been completed. The maximal expression of these 

transcription factors at the onset of bone formation conesponded to their expression profile in 

vivo (Fig. 2.108). To determine whether AT18 might disrupt Runx2 transcriptional activity by 

possiily competing for the OSE2, transient transfection assays were performed using an 

osteocalcin-luciferase reporter constmct in which six OSE2 sequences had been incorporated 

@ucy and Karsenty, 1995). When a full-length M l  8 expression vector (Ml  8-S) was co- 
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Fig. 2.9. Bacterially espressed AT18 biids dsDNA in the prwience of zinc A, Ceil Iysates 
h m  non-mduced (NI) and IPTG-duced O MIS bacteria containhg expression pIasmid for 
6xHis-Aï18 were separateci on 10% SDS-PAGE and stained wiîh coomassie blue. A second 
gel loaded with the same samples was transférred to a nitrocelluiose membrane and Western 
biot hyùridization @rmed using an a5ity-pirnned poiyclonai M t 8  adi'body (AJ) and an 
d - H i s  monoclonal antiaody (His). &th anthdies d e d  a 64 kDa protein corresponding 
to hii-length 6xHis-A318 fiision protein (His-AJ; indicated by an urrow), and a 35 kDa 
hgment, A target detection assay was also p e r f i o d  in the presence (+Zn) and absence of 
zinc (-Zn) after the proteins were t m s f k d  to a droceilulose membrane. RadioIabeIed ds- 
oligonucleotide probes selectively hybridized to tk 64 and 35 kDa proteins in the ptesence of 
zinc. B, to determine whethet the KRAB domain was required for DNA binding, the cDNA 
coding for the amino terminal haIf of AJl8 was removed ushg restriction enzymes &CI ami 
&II, ami the tnnicated M l 8  retagiiag the 11 zinc hger mot& re-inserted into pQE32. The 
target detection assay was repeated revealing zincdependent binding to the t b e e d  6dxHis- 
M I 8  fiision protem (His-ZF; dicated by an mrow). 



1. CACCCACCTCTTAA 
2. TACAGTCCCXCGG 
3 ,  TATTGAAAACCACG 
4. TGCCATACCACCCG (2) 
5. TACCACACACATGG ( 2 ) 
6. CGTTATTGACCACA 
7. TTGCACCACACCAG 
8. CCACATGAACCATA 
9. CCCCCACACTCTAA 
10. CACACATTGCCATA 
11. CACACATGTATGCA 
12. TGCACAGTAAACCG 
13. CTGTCACIIGCCA 
14. CTCACACATTCGCA 
15. TAGGCACACCTAGG 
16. TAGCCAGCACATGG { 2 ) 
17. TGCATACCACCCG 

Conuoants cCllCI 

Fig. 2.9. (cont'd) Bacterially expressed Ml8 binds dsDNA in the p m n c e  of zinc C, a 
consensus DNA binding site (in bol4 was identifid by aligning the seqwnces of 20 ds- 
oiigonucleotides that bound to AJ18 in the targd detection assay. Sequences 4, 5, a d  16 
appeared twice. One nucleotide h m  each flanlrmn primer sequence was included in the 
sequemes. D, a radioIabeld dssiigonuclemtide encompasshg the Runx2 regdatory element 
(OSE2) was hcubated with miniobiliaed His-AJ, and shown to bmd under the target 
detedon -y conditions (indicated by an mrow). 
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Fig. 2.10. Ml8 rad Cbhl are a~rprossed durhg RBMC dinerentiation and mouse 
emb yonic devebpmtnt. A, leveis of mRNA for MI8 and Runx2 were determined by RT- 
PCR and Souîhern blot hybridization analyses of total RNA isoIated h m  RBMCs over the 
course of osteogenic differentiatàon. k l s  of p-acth were d fOr RNA template controls. 
B, leveis of mRNA expression of AJ18 and Ru& wwe detennined by Northem bbt 
hybridEzation on total RNA kolateci h m  muse embryos at days 7,11,15, and 17. 



transfected with the R d O s f 2  expression vector, the induction of transcription observed with 

R d O s Q  was markedly suppressed in a dose-dependent manner, whereas the expression 

vector with anti-sense Ml8 (AJ18-AS) was without effect (Fig. 2.1 1). Similarly, a dose- 

dependent reduction of RdOsfL-induced transcription was obsewed with co-transfection of 

tmcated AJ 18 (ZF-S). 

2.4f. Over-expression of AJI8 Suppresses Alkaline Phosphatase Expression 

Since alkaline phosphatase is an early marker of osteogenesis that is induced downstream 

of Runx2, following stimulation of C3HlOTli2 ceIls with BMP (Ducy et al., 1997), the effects of 

AJI 8 on the BMP-7 induced osteogenesis in these celIs were examined. When C3H 10T 112 cells 

were trausiently transfected with the AJ18 expression vector, the induction of alkaline 

phosphatase by BMP-7 (400 ng/ml), observed in non-transfected cells and cells transfected with 

the empty vector, was suppressed. This was evident by qualitative examination of cultures 

stained for alkaline phosphatase activity. Quantitative assessrnent of aikaline phosphatase 

activity indicated a reduction in alkaline phosphatase activity of almost 40% (Fig. 2.12). 



6xOSE2 + + + + + + + + + + 
Runrrl/OsfZ œ + + + + + + + + + 

AJ18-S I - 0.05 0.1 0.25 0.5 1 - - - 
ZF-S O - O - 0.1 1 - 

AJlSAS 0 - - I - - .I .I 1 

Fi. 2.11. AJ18 represses Ranr21Ost2 transactivatioa of 6xOSE2 in a dasedependent 
manner. p60SE2-hic (containing 6 copies of OSE2; 6xûSE2) was ttaasfècted with 
R d O s f L  mto C3HIOTIR fibmbiast-like ceiis with mcreasing amounts (0.01-1 pg) of 
M18-S, 0.1 pg or 1 pg of tnmcated Ml8 (ZF-S), or without (-) Ml 84, ZF-S or AJI8-AS- 
Resultant h~ifèrase activities, nonnalized to &gaiactosKlase activities, are exptessed relative 
to the level of hiciferase activity observed with ce& ttansfected with 6xûSE2 done. 



empty no transfection Ml8 

Fig. 2.12. Aikaüne phospbatrwe activity is r e p d  by Ml8 in C3HlOTliZ ceüs trested 
with BMP-7- A, C3HlOTIL2 ceiis were ttansfected with AJl8-pcDNA or empty vector and 
grown with (+) or wiîhout (-) BMP-7. The ceiis were 6xed and stained for aUcaline 
phosphatase (ALP) activity. B, C3HlOT112 ce& were trandkcted as in A, and the levei of 
a h h e  phosphatase activity was m e a d  using a soiuble assay as descn'bed in 
Experimentuiprocedwes- This experkmt was done in tripliCate. 



2.5. Discussion 

Aithough the presence of more than one hundred members of the KRAB/C2H2 zinc h g e r  

protein f a d y  have been estimated (Bellefioid et al., 1989; Bellefroid et al,, 1991), tittle is 

known of their biological function. Moreover, few target DNA sequences or target genes have 

been identifiai for KRABIC2H2 zinc fhger proteins (Mark et al., 1999). This study describes the 

isolation and charactetization of a novel zinc fiager transcription factor, provisionally named 

M18, that is up-reguiated by BMP-7 after 20 min of treatment, developmentally expressed in 

bone and appears to regulate osteobtastic differentiation. k118 contains 11 CzHz zinc finger 

motifs and an N-terminal Krüppei-associated box domain (KRAB), which is beiieved to hction 

as a repressor of transcription. The zinc fmger region of the molecule has been shown to be 

invoIved in nuclear targeting and for binding of M l 8  to dsDNA containing a '5-CCACA-3' 

sequence, including the OSE2 for Runx2. These studies M e r  show that AJ18 can suppress the 

activity of Runx2, a transcription factor that is cmcial for bone development (Rodan and Harada, 

1997), and alkaline phosphatase activity in BMP-7 stimulated C3H 10T112 cells. This study 

appears to be the first to identify a KRABlC2H2 protein that may be involved in regulating 

osteoblastic differentiation. 

The CzH2 or TFmA/KnrppeI type zinc finger proteins comprise a large family of genes 

that is divided into two classes according to the number of zinc finger motifs containeci within 

the protein sequence (Pieler and Bellefroid, 1994). in one class are zinc h g e r  genes that code 

for proteins such as Egrl, Spl, and WT1, with fewer than five zinc h g e r  motifs. The proteins in 

this group have generally been identified as transcriptional activators or repressots involved in 

ce11 proliferation and differentiatioa The proteins expressed by the second cIass of zinc h g e r  

genes have more than five zinc kger motifs and inchde A118. Mthough these genes are more 



abmdant, apart h m  TFIIIA, which binds to both the 5S RNA gene and to 5s RNA (Theunissen 

et ai., 1992) and MZFl, which regulates the CD34 gene (Morris et al., 1995), the biological 

function of the proteins expressed by these genes is largely unknown. 

ApproKimately oae-third of aü C2H2 zinc finger proteins contain a KRAB domain, which 

is not present in yeast proteins, and which appears to have evolved with rnulticelluiar organisms 

as a transcriptional repressor (Margoiin et al., 1994). KRAB domains c m  be separated into 3 

subfamilies based on nucleic acid sequence alignment (Mark et al., 1999): subfamilies containing 

a KRAB A box alone, both A and B boxes, or an A box with a divergent B box. Based on amino 

acid (Fig. 2.4) and nucleic acid (data not shown) sequence dignments, MI8 appears to be a 

member of the subfamily of genes possessing a classical KRAB A and divergent B box. Notabiy, 

the A domain done is sufficient for repressor activity whereas the B domain bas a lesser 

contribution (Margolin et al., 1994; Pengue et al., 1994; Witzgall et al., 1994). The KRAB 

domain associates with TIFI~/KAP-1 (Friedman et ai., 1996; Le Douarin et al., 1998; 

Moosmann et ai., 1996), which serves as a universal co-repressor for KRAB-containhg 

transcription factors involved in silencing RNA pol II- and iIi-, but not pol I-, dependent 

transcription (Moosmann et ai., 1997). TIFlP contains a bromodomain, which has been 

implicated in the interaction with histone tail domains of H3 and H4 (DhalIuin et al., 1999; 

Wiston and Allis, 1999). TIFlP is also known to associate with and phosphorylate members of 

the heterochromatin protein 1 (HP1) famiIy, a class of nonhistone proteins with a well- 

established fiuiction in hetemhromatin-mediated silencing in Drosophila (Nielsen et al., 1999). 

Thus, TIFlP appears to mediate the repression,siiencing function of the KRAB domain by HP1 

interaction and histone deacetylation to induce formation of heterochromatin (Nielsen et ai., 

1999). 



In regard to the multiple zinc finger motifs present in the KRABfCtH2 proteins, until 

recently, neither target genes nor DNA target sequences had been identifiai for these 

transcription factors. Characterization of ZBRKl, a novel60 kDa zinc finger protein comprising 

a KRPLB domain and eight zinc fingers, revealed a DNA target sequence of 5'- 

GGGxxxCAGxxxTIT-3' found in the growth regulatory gene GADD4.5. In addition, ZBRK 

interacts with BRCA1, which is required as a CO-repressor in the regulation of genes involved in 

ceII growth and differentiation (Zheng et al., 2000). 

Consistent with KRAB/C2H2 proteins acting as transcription factors it was shown with an 

AJ18-GFP h i o n  protein and irnmunohistochemical analysis, that AJI8 is localized to the 

nucIeus (Figs. 2.7 & 2.8) and that M l 8  binds a DNA-binding site of sequence 5'-CCACA-3' 

(Fig. 2.9C). Moreover, analyses of the expression of a truncated form of AJ18 lacking the N- 

termiaal KRAB domain revealed that the KRAB motif is not required for nuclear iargeting or for 

DNA-binding. Interestingly, the DNA-binding sequence for A118 is present within the consensus 

binding sequence for Runx2 (OSE2), which is present in the promoters of several genes, 

including osteopontin and osteocalcin that are involved in bone formation @ucy et al., 1997). 

These studies show that the OSE2 binds to AJ18 in the presence of zn2+ under high stringency 

conditions of the target detection assay (Fig. 2.8D). Interestingly, the spontanmusly truncated 

form of His-MI8 (35 kDa form), which in theory sbould contain the kt t h e  zinc finger 

motifs, dso bound OSE2 suggesting that these three zinc finger motifs may be important for 

binding to the OSE2. Notably, 28 of the 48 clones selected by the target detection assay did not 

contain the sequence, 5'-CCACA-3'. This suggests that AJ18 through its 11 zinc finger mot* 

(and possily its M e r  region) may recognize other or longer DNA-binding sequences, A future 



study on the interaction of DNA through the numemus zinc 6nger motifs of AJl8 is descrîbed in 

Chapter 5. 

Notably, attempts to establish conditions for electrophoretic mobility shift assays were 

not successfÛi, suggesting that stabilization of the protein structure, afforded by the target 

detection assay, may be required for DNA-binding. In this regard, ZNF74, a KRAB/C2H2 protein 

whose primary sequence is similar to AJ18, has been shown to interact strongly with the nuclear 

matrix (Grondin et al., 1996). As a consequence, a more detailed study of the possible 

competition between AJI8 and Runx2 for ihe OSE2 could not be performed as planned. 

However, the interaction of AJ18 witb wild-type and mutagenized OSE2, which can be studied 

with procedures utilized in the target detection assay, are important experiments that would 

demonstrate the specificity of the AJ 18-OSE2 interaction. 

In vivo, full-length AJ18 could strongly suppress transcriptiona1 activity induced by 

Runx2 in a 6xOSE2-luciferase reporter gent in a dosedependent manner (Fig. 2.1 1). The 

suppression could be mediated by the KRAB domain recruiting co-repressors such as TIF 1 P or 

involve competition of the M l 8  and R d O s f L  for OSE2 binding sequence. However, since 

ûuncated AJl8, which lacks the KRAB domain, aho suppressed Runx2-induced transcription of 

the 6xOSE2-luciferase reporter gene, the modulation of RunxUOsQ appears to involve 

competition between AJ18 and Runx2 for the OSE2 (Fig. 2.1 1). Because of the low transfection 

efficiency of the ROS1712.8 celfs used in transient transfection assays, these studies have not 

been able to determine whether Ml8 suppresses the endogenous expression of either osteocalcin 

or osreopntin. This question might be answered fiom the analysis of AJ18 effects following 

stabIe mfec t ion  of N I 8  cDNA into an osteogenic ce11 h e  as descriied in Chapter 5. 



That M l 8  may modulate Runx2-mediated osteogenic differentiation is indicated by the 

suppression of alkaiine phosphatase expression in BMP-7 stirnulated CH310TU2 celIs 

transfected with an M l 8  expression vector (Fig. 2.12). Although not an irnmediate target of 

Runx2, alkaIine phospbatase is as an early marker of osteogenic differentiation and is required 

for mineralization (Lee et al., 1999). Analysis of the temporal expression of AJ18 and Runx2 

during boue formation in vivo and in vitro, is also consistent with an interactive role of these 

ûanscription factors (Fig. 2.10), although the relative level of expression of the two proteins 

within the same ceIl is currently unknown. Both AJ18 and Runx2 are up-regulated early and are 

maximally expressed as osteoblastic differentiation occurs; the mRNA expression of both 

proteins being down-regulated as bone tissue formation is underway. However, the expression of 

MI8 in other embryonic tissues, including kidney and brain, indicates a more general role for 

AJ 18 in organogenesis. 

In sumrnary, the studies in this Chapter have descnied the characterization of a novel 

zinc fmger transcription factor, AJ18, which is expressed early in bone formation and has the 

poteutid to modulate the osteo-inductive activities of Runx2. 



Chapter 3: Characterization of the 5'-Flanking Region of the Rat 

AJ18 Gene 

Andrew Jheon performed a11 experiments presented in this Chapter, except the rat genomic 

library ,rcreen and the experiment presented in Fig. 3.7. These experiments were performed under 

my supervision by Drs. Naoto Suntki and Takehisa Nishiyama (Nihon University, Tokyo, 

Japan), respectively. Drs. S& and Nishiyarna were visiting scientists in the Iaboratory. 



3.1. Summary 

KrIIppel-associated box (KRAB) domains are present in one-third of al1 C2H2 zinc finger 

containhg proteins, making the KRAB/C2H2 proteins one of the largest hown families of 

putative transcription repressors. AJl8 bas been identified as a novel KRAB/C2H2 gene that is 

involved in the differentiation of osteogenic cells. To study the regulation of expression of the 

AJZ8 gene, the 5'-flanking region of the AJI8 gene was obtained by screening a rat genomic 

library. This region was sequenced, and the transcription start site mapped by primer extension. 

The AJ18 gene consists of at least 4 exons, the first exon coding for an unusually long 2.3 kb 5'- 

UTR region. A putative interna1 ribosome entry site (IRES), imrnediately upstream of the 

translation initiation site, is indicated fiom the complementarity of a 12 nucleotide sequence with 

a region in the rat 18s rRNA. Partial sequence analysis indicated that a novel gene, provisionally 

named AJi7, which encodes another putative zinc h g e r  transcription factor is present 1.5 kb 

upstream of the transcription start site of AJ18. Chimeric constmcts encornpassing the region 

surrounding the transcription start site (-77 to + 17 l), as well as constmcts with additional 1.9 kb 

upstream h m  tbis region revealed strong transcriptional activity when ligated to a luciferase 

reporter gene and tested in transient üansfection assays. This activity was Iost on deletion of the 

Y-flanking region to -77. In addition, luciferase activity was progressively lost with the 

inclusion of downstream sequences extending into the 5'-UTR, High conservation between 

rodent AJI8 promoters is apparent fiom cornparisons of the rat sequence with a sequence 

retrieved h m  the murine genomic databases. Severai known response elements for proteins 

such as Runx2, NFKB, Smads, Spl, and Etsl are retaked witbin the conserved sequences. 

Notably, this is the 6rst gene promoter h m  the Iarge KRAB/C2H2 zinç finger family of proteins 

to be identified and characterized 



3.2. Introduction 

Differentiation of multipotent stem celis into discrete ceIl lineages occurs during 

organogenesis and embryologicd development (Hall and Watt, 1989; Potten and Loeffler, 1990). 

Thus, mesenchymal tissues such as bone, cartilage, muscle, and fat are believed to be derived 

fiom a cornmon precursor ce11 that proliferates and commits to specific lineages. The lineages 

are guided by environmental influences and molecuIar signals which initiate a cascade of gene 

activities (Aronow et al., 1989). Elucidating mo[ecular mechanisms that determine tissue 

specification, therefore, is fundamental to understanding the potential of precursor cells to form 

specific tissues. While the molecuIar events invoIved in the differentiation of hematopoietic cells 

have been extensively studied, it is only recently that comparable progress has been made in 

understanding the differentiation of mesenchymal cells. Studies of adipogenesis (Loftus and 

Lane, 1997), myogenesis (Arnold and Winter, 1998) and osteogenesis (Ducy and Karsenty, 

1998; Karsenty, 1998; Rodan and Hmda, 1997) have identified "master genes" that are crucial 

for the normal development of these tissues. in osteogenesis, the expression of Runx2 is critical 

for bone formation @ucy et al., 1997; Komori et al., 1997; Otto et al., 1997; Rodan and Harada, 

1997). Thus, ablation of the Runx2 gene in mice completely abolishes bone formation while 

mutations in the human gene have been linked to the heritable disease cleidocranial dysplasia 

(CCD), which is characterized by patent fontmeIIes, supemumary teeth, hypoplasia/aplasia of 

clavicles, short stature, and othw changes in skeletai patteming and gowth (MundIos et aI., 

1997; Otto et ai., 1997). Moreover, the expressioa of Ruax2 is up-regulated when osteogenesis is 

induced in undifferentiated ceiis by treatment with bone morphogenetic proteins (BMPs; Ducy et 

ai., 1997; Lee et ai., 2000; Lee et ai., 1999), which have been recognized as important osteo- 

inductive molecules. AIthough the chcterization of BMPs and their signahg pathways 



(reviewed by Kawabata et al., 1998; Wrana, 2000), together with the recent identihcation of 

Runx2 as a master gene in osteogenesis (Rodan and Harada, 1997) has greatly increased the 

knowledge on osteoblast differentiatioa, the molecular mechanisms that lin. the boae-inductive 

activities of BMPs and Runx2, and other genes involved in promoting osteogenesis, are largely 

unknown. 

Developmentally regulated genes and transcription factors that regulate the expression of 

differentiation-associated genes appear to be the most useh1 for defining the early stages of 

osteo-differentiation (Erlebacher et aI., 1995)- Many of the developmental genes, including 

homeobox genes such as hoxa2, hoxdl3 and hoxalj, dlx.5, msxl and msx2, as well as BMPs are 

involved in ske[etai patternhg (Cohn and Tickle, 1996; Hogan, 1996). However, the same genes 

are a h  expressed during the development of other organs and tissues. Similady, diffwent 

classes of transcription factors such as the zinc finger, helix-toop-helix, and leucine zipper 

proteins bave broad targets of regulation. In the previous Chapter, a novel gent provisionally 

named AJ18, was identified as an irnmediate-early responsive gene to bone morphogenetic 

protein-7 (BMP-7; Jheon et al., 2000). This gene was identified by a differential display 

approach to analyse RNAs fiom fetd rat calvarial cells (FRCCs). AJ18 comprises a mppel-  

associated b x  (KRAB) domain followed by I 1 successive CzH2 zinc finger motifs. Ml8 is the - 

W member of the large family of KRAB/C2Ht zinc finger proteins reported to be expressed in 

bone ceIls. Preliminary studies indicate that Ml 8 may affect osteogenic differentiation through 

an abiIity to moduiate Runx2 activity (Chapter 2; jheon et aI., 200 1). 

As a first step towards characterization of upstream regdators of MM, a geaomic iiirary 

was ~cfeened, The rat AJ!8 gene including the Y-fhking region was cloned. The genomic 

organization of the Ml8 gme was defineci, the transcription start site mapped, and the region 



encompassing the start site was shown to possess strong transcriptiond activity in osteoblastic 

cells. 



33. Experimental procedures 

3.3a. Rat Genomic Library Screen 

A rat genomic library prepared h m  rat testis DNA and assembled into A phage DASH II 

vector (Strategene, La JoIla, CA) was screened by plaque hybridization to M l 8  (Sambrook et 

al., 1989). The 461 bp hgment used as the probe was prepared by digesting rat N18  cDNA 

with PstI. The gel-purified cDNA fragment was labeled with 3 ' ~ - d ~ ~ ~  using the T7 Quickprime 

kit (Amersharn Phmacia). Positive clones fiom tertiary screens were isolated, purified, and 

characterized by restriction endonuclease digests. Xhol-released inserts were separated on an 

agarose gel, gef-purified, and subcloned into pBluescnpt iI SK (Strategene). Southern blot 

hybndization was perforrned as descnied in Chapter 2, using a cDNA probe specific to the 5'-  

or 3'-UTR of Al1 8. A 240 bp, 5'-UTR specific cDNA fiagment was obtained fiom Xhol digests 

of M l 8  cDNA, and the 3'-UTR specific cDNA is describeci in Chapter 2. 

3.36. Ce// Culture 

Pnmary fetal rat calvarial cells (FRCCs) and rat bone marrow cells (RBMCs) were 

prepared and cultured as descnied previously (Yao et al., 1994). FRCCs, RBMCs, and the n t  

osteosarcoma ce11 h e ,  ROS 17/28, were grown in 10% fetai bovine serum, a-minimal essentiai 

medium (a-MEM) (Sigma, St. Louis, MO), and antiiiotics (100 p g M  penicillin G, 50 pg/d 

gentamycin and 0.3 pg/ml hgizone). The mouse fibroblast-like ce11 Iine, C3HlOTll2, was 

obtained at passage 8 h m  the American Type Culture Collection (Rockvile, MD), and 

maintained in 10% fetai bovine senun and basal medium essentid (BME; Life Technologies, 

Ontario, Canada). Experiments using C3HlOT112 cells were perfomed using cultures between 

passage 10 and 15. All ceUs were grown in a humidifïed a i r I c a  (19:I) mixture at 37°C. 



3 .3~ .  RNA Extraction 

Total RNA was isolated fiom FRCCs and RBMCs using the thiocyanate-phenol- 

chloroform extraction method as descnied by Chomczynski and Sacchi (1987). 

3.3d. PCR Reactions 

Total RNA ( 1  pg) tkom FRCCs was reverse-transcribed using an antisense oligonucleotide (5'- 

CTCAAATCCTCTCTGACTACACAT-3') specific for the 5'-UTR of M l 8  and Moloney 

Reverse Transcriptase (Life Technologies, ON, Canada). Various combinations of M l 8  specific 

primers (antisense, A) 5'-AGAGTKTGAAAGCTGAGTCGGA-3'; B) 5'- 

TACCAATAGTCTTGTGCAGCTACA-3 ' ; sense, 1) 5'-CTGATTTCTCCATGTTCCATGT-3 ' ; 

2) 5'-GCTGCACAAGACTATTGGTATC-3'; 3) 5'-TCTTTCCCCTCTAGCCTTlTCTCT-3'; 

4) 5'-CTGGTTGGAGATATCCTGATCACG-3'; 5) 5'-GTATGGGGCTGTTTCAGACTGTC- 

3'; 6) 5'-GTTTCTAGAACTïCCTGTGTC'ITGT-3') were used to amplfi PCR products for 35 

cycles with Taq polymerase (Life Technologies). The amplified products were separated on a 

1.5% agarose gel, and photographed. 

3.3e. Primer Extension Anabsis 

Primer extension was based on methodology descnied in Ausubel et al. (1992). Briefly, 

the complement of oligonucleotide 5 (above), was end-labeled using y - 3 2 ~ - ~ ~ ~  (Amersham 

Pharmacia Biotech, Quebec, Canada), and T4 kinase (Life Technologies) and hybridized to 20pg 

of DNase 1-treated (Amersham Pharmacia Biotech), total RNA pcepared fiom FRCCs and 

RBMCs in 150 mM KCI, 10 mM Tris-HC1 and 1 mM EDTA. The RNA and oligonucleotide 

were pcecipitated, re-suspended in Ix Reverse Transcriptase buffer, and incubated with 200U M- 



MLV Reverse Transcriptase (Gibco B K )  at 42OC for 1 h. The same ~Iigonucleotide that was 

used for the primer extension experiment, and plasmid XBC (pX/X), which contains the fioI- 

digested AJi8 gene insert were used to obtain a sequencing ladder. The primer extension product 

was separated concurrently with the sequencing ladder on a 5% denaturing polyacrylamide gel. 

3.3J 3'-Rapid Amplijkation of cDNA Endr (3'-RACE) and Southem Blot Hybridization 

The Marathon cDNA amplification kit (Clontech, Pa10 Alto, CA) was used according to 

manufacturer's instructions. Briefly, using 1 pg of poly-A RNA fiom rat brain, a library of 

adapter-ligated double-strand cDNA was constructed. A sense oligonucleotide specific for the 

3'-UTR of AJ18 (5'-GACAGATCCACTACAGAGGAAAA-3' at nucleotide position 2232 of 

the previously reported sequence; Fig. 2.3), was used with the kit primer, AP-2, to PCR-amplifi 

the downstream sequence. The 3'-RACE product was separated by agarose gel electrophoresis 

and Southern blot hybridization was perfocmed as descriied in Chapter 2, using a cDNA probe 

generated fiom the 3 '-UTR of AJ 1 8. 

3.3g. DNA-Lucgerase Constructs 

Chimeric constructs encompassing various lengths of the rat M l 8  promoter extending -2 

kb upstream and -1 kb downstream of the transcription start site, were cloned into the pGL3- 

Basic (pluc) vector (Promega, Madison, WI). A combination of PCR and restriction enzyme 

digests was used to generate the desued fragments using pX/X as template. Construct p(-1822- 

284) was prepared by HîndiiI digests of pXrX and ligation of the hgment into pGL3; constructs 

p(-77/+171), p(-77/+451), p(-77/+505), and p(-77/+657) were prepared by PCR using sense 

primer, -77 (5'-GGGGTACCCAGCAGCAGTCTGTAG-3'), in combination with 



antisense primers, +171 (5'-GGGGTACCACTAGGTAGGAGAGAAAAGGCT-3')' +451 (5'- 

GGGGTACCATAGGTTCITlTITCTTCCACC-3')' +SOS (5'- 

GGGGTACCAATCAACCAACATGAGTCCTG-3'), 6 5 7  (5'- 

GGGGTACCCTCATATGAGTITAGATGCCCA-3')' respectively. The PCR-amplified 

fragments were digested with KpnI and inserted into pGL3; constnicts p(-1886/+171) and p(- 

1484/+171) were prepared by PCR using antisense primer, +17I, in combination with sense 

primers, -1886 (5'-GGGGTACCTGCGGTAAATCTGCCTTGAGACA-3') and -1484 (5'- 

GGGGTACCI'GCGGTAAATCTGCCTTGAGACA-3'), respectively ; constmct p(-77/+955) was 

prepared by PCR using primer -77 and primer +955 (5'- 

ATGCTAGCTCACT'ITCAAAGCGCTCAA-3'), digested with KpnI and NheI, and inserted into 

pGL3. 

3.3h. Transient Transjëction Assays 

ROS 17/2.8 and C3H10T1/2 cells were plated at 50 000 celldwell in 24-weU dishes and 

grown for 24 h. A total of 2 pg of DNA, including various AJ18 gene fusion-luciferase reporter 

constnicts descriied above, 0.2 pg of pSV-@-Ga1 (Amersham Phannacia Biotech), and varying 

amounts of pBluescript Ii SK plasmid (Strategene), was ûansfected using LipofectAMINE 2000 

and îhe cells were grown for 48 h. Luciferase assays were petformed as described previously 

(EGm and Sodek, 1999). The ratio between the activities of luciferase and P-gdactosidase werp 

used to nomalize for transfection efficiency. 



3.3i. Sequence Analysis 

The mouse AJ18 genomic sequence was reîrieved fiom the genomic databases 

( ~ e n . B a n k ~ ~ 1 ~ ~ 1  Data Bank) using the BLAST program (Altschul et ai., 1990). Rat and mouse 

MI8 genomic sequences were aIigned using the ClustalW aigorithm (Thompson et ai., 1994). 



3.4 Results 

3 . 4 ~ .  Cloning of Rat AJI8 Promoter 

To isolate AJ18 genomic clones, a rat genomic library was screened by plaque 

hybridization with rat M l 8  cDNA probe, which targeted the sequence between the KRAB 

domain and C2H2 zinc finger motifs. Four independent lambda clones were obtained fiom an 

initial screen of -1 x 106 recombinant phage plaques. Tbree clones were 10 kb in size and 

determined to be identical based on restriction enzyme digests (h6.8; data not shown). The fourth 

clone (h4.2) was 4 kb and hybridized to the 3'-UTR AJ18 cDNA probe (data not shown). A -5 

kb fiagment excised with XhoI fiom A6.8 was recognized with the 5'-UTR M l 8  probe, and 

subcloned into Bluescript plasmid (pX/X). Sequence cornparison between pX/X and previously 

obtained M l 8  cDNA (Chapter 2; Jheon et al., 2001) showed that the subcloned genomic 

fiagment extends 5 kb upstream fiom the translation start site, and contains a 1004 bp intron 

(intron i) in the 5'-UTR (Fig. 3.1A). 

3.46. Mapping of the Transcription Initiation Site 

In previous studies the size of the M l 8  mRNA was determined fiom Northem 

hybridizations to be approxirnately 7 kb, whereas the cDNA used to characterize the coding 

region of M l 8  was only 2.5 kb (Chapter 2; Jheon et al., 2001). Consequently, large S'-UT' 

andlor 3'-UTR sequences were expected. However, previous studies using S'-RACE did not 

extend the 5'-UTR beyond 175 bps h m  the translation start site (Chapter 2; Jheon et ai., 2001). 

Examination of the genomic sequence revealed a region of high GC content located 

approximately 200 bp upstream of the translation start site, which may have caused premature 

termination of the S'-RACE ampliitications. Therefore to determine the Iength of the 5'-UTR and 
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Fig. 3.1. Tramscription initiation site is mrppd withii a 975 bp @on. A, X/X was 
digested h m  plage clone A6.8, Mseaed h o  Bhiescript plasmid @XBC), and sequeaced The 
restriction emymes mdicated on tbe map are X, Xhol; B, B e ,  S, &II; P, Psri, Bg, BgliI. A 
1004 bp Mtron (introu ï) was identified within the 5'-UTR by seqace  comparison with AJI 8 
cDNA Partial coding SeQuence of AJl8 is shown as a gray bax, 5'-UTR is shown as a white 

gemmic se~uence is shown as a solid line- Various sense (1-6) and antisense primers (A, 
B) were s y n t h d  spimuhg the region apBtream of tbe tnmslation start site (ATG) in an 
attempt to i d e  the region coataining the traascription initiation site by PCR B, PCR was 
perf0mied using variaus primer combmatiotls on total RNA hlated h m  FRCCs with (+) or 
*ut (-) merse transcription. The expected PCR products h m  the various primer 
combinations are: Al, 901 bp; A2,997 bp; B3,486 bp; El4581 bp; B5,790 bp; B6,1765 bp- 



locate the region of the transcription start site, RT-PCR was performed on total RNA isolated 

fiom FRCCs using various combinations of primers corresponding to regions upstream h m  the 

previously determined 5'-UTR (Fig. 3.1). Amplified cDNA fragments were obtained using 

primer combinations Al, A2, B3, B4, and B5, but not with the B6 primer combination, 

suggesting that the 5'-UTR does indeed extend much M e r  upstream with the transcription start 

site behg present between primer sites 5 and 6. Since the size of the amplicons generated by AI, 

A2, 83, 8 4  and B5 correspanded with the distance between the primer sites in the genomic 

sequence it was deduced that introns were not present in this region of the 5'-UTR. To identifi 

the transcription start site, the antisense oligonucleotide of the sense oligonucIeotide designated 

as 5) was synthesized and primer extension experiments performed on total RNA isolated form 

FRCCs and RBMCs. A major radiolabelled primer extension product was obtained (Fig. 3.2). By 

comparing this product to a sequencing Iadder prepared ushg the same antisense primer used in 

the primer extension experiment and plasrnid XBC as template, the transcription start site was 

mapped to a cytosine residue and designated as position +L. Thus, the 5'-UTR of Ml8 was 

determined to extend 2.3 kb and to be encoded by two exons separated by intron i (Fig. 3.4A). 

3 . 4 ~ .  Genomic ûrganùation of AJld 

To complete the genomic structure of AJl8, the length of the 3'-UTR was determined using 3'- 

RACE. A sense primer iocated 370 bp downstrearn fiom the translation stop codon was used to 

ampli@ two major cDNA transcripts of -300 bp and -3 kb, both of which were recognized by an 

Ml8 3'-UTR specific cDNA probe (Fig. 3.3). Aithough this wodd suggest that two mRNAs 

with a shoa and a long 3'-UTR might be generated for NI 8, ody one -7 kb mRNA has been 

observed so far and this consponds to the transcript with a long 3'-UTR. Because the intensity 



ACGT PE 

RBMCs 
PE ACGT 

AACAGTTTAC TACAGAGTGA GAATTTTGGT TTTAAACTTA +70 

GAAATATTTT GGGGAATATG TTTCTGTTTT AATCCAGGCA +IO0 

TGGGGTATGG GGCTGTTTCA GACT-3' 

Fig. 3.2. Identüïcation of the transcription initiation site by primer extension. An 
antisense oligonucleotide targeted to a sequence in the 5 '-UTR of AJl8 (Mderlineed) was end- 
IabeIed using y-32P-ATP and primer extension was performed on total RNA isolated fmm 
FRCCs and RBMCS, The primer extension teaction products (PE) and qenc ing  teaction 
ptoducts using the same primer were qmmîed co-iy by electrophoresis. The major 
cDNA hgment h m  the primer extembn teaction is indicated with an urrow, and the 
traascription start site was designateci +I. 



Fig. 3.3. Mapping the 3'-UTR by 3'-RACE. 3'-RACE was performed using mRNA isolated 
h m  FRCCs. cDNA 6.agments were separated on an agarose ge1 (lefi paner), transfened onto 
nylon membrane, a d  Southern Mot hybricüzation was perfiirmd usmg a probe specinc to the 
3'-UTR of N I 8  (nghr paner). The two cDNA hgments (-3 kb and -300 bp) identifieci with 
the N 1 8  probe are indicated wiîh mrowsWS 
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Fig. 3.4. Genomic organization of AJIB.  A, the Al18 gene CO& of at least 4 exons (I-ZV) 
t h  are separateci by 3 htmns (i-iiii mdicated as gr? boxes and solid lines, respectiwly. The 
testnction enzymes indicated on the map of phage cbne, A6.8, isolateci h m  the rat genomic 
l'brary screen are: X, XiioI; Xb, Xbd, E, EcoRI, H, Hindm, B, BumHI. B, AI18 protem is 
encoded by an open reading hune comprishg exom II, III, and IV. Solid lines mdicate the 
5'- and 3'-üTR sequemes. 



of the 7 kb mRNA on Northem blots is relatively weak, it is conceivable that the presence of a 

minor transcript would not be detected. 

From the analyses of the UTRs, the MI8  gene can be shown to comprise 4 exons 

separated by 3 introns. The sues of introns ii and iii were deduced fiom comparisons with N18  

mouse genomic sequence (Chapter 4). The 5'-UTR is 2.3 kb, the open reading frame (ORF) is 

1.7 kb, and the 3'-UTR is 3.4 kb (Fig 3.4A). N18  protein comprishg the KRAB domain, a 

linker, and 1 1 CzH2 zinc h g e r  motifs is encoded by exons 2 and 3 (KRAB domain), and exon 4 

(linker + 1 1 C2H2 zinc fingers; Fig. 3.4B). 

The 5'-UTR of AJ18 revealed several GC-nch regions and 28 ATG (or AUG) sites 

upstream of the previousiy reported ATG site of the ORF (Fig. 2.3). Al1 28 ATG sites are 

subsequently followed by an in-ûame translation stop codons (TGA, TAA or TAG), which 

would generate short peptide fragments (Fig. 3.5A). Notably, the translation start site previously 

identified for AJ18 contains the sequence, GAAATGG, which is a "strong" ATG start codon 

based on the presence of nucleotides R" and G+ (Kozak, 1999). A sequence representing a 

putative intemal ribosome entry site (IRES), with a complementary sequence to rat 18s rRNA, 

was identified near the previously reported M l 8  translation initiation site (Fig. 333). This 

region may direct translation at this ATG site. Sequences complementary to 18s rRNA were not 

present around the other 28 upstream ATG sites. 

3.4d. Identification of a Second Novel C2H2 Zinc Finger Gene 

Analysis of the sequence upstream of AJL8, obtained h m  the -5 kb fiagrnent excised 

6 t h  Xhol fiom h6.8 genomic clone, revealed a partial ORF, encoding a second novel CzH2 zinc 

bger  protein. This putative zinc finger protein-encoding gene, provisionally named AJ17, is 
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Fig. 3.5. Idcniifiïtion of 2û u p s t m  ATG sites and a putative IRES in the 5'-UTR of 
nt N18. A, ATG sites (1) a d  stop codons, TM, TAG, and TGA (T) upstream of the 
authentic translation start site (+l) in the 5'-UTR of rat AJZ8 are indicated for the thtee 
reading h e s  (1, 2, 3). B, the region encompassing the translation initiation site of AJi8 
mRNA shows compIementarity to a sequence within nit 18s rRNA (nt 1329-1355). AUG 
(ATG) in hoH represents the translation initiation site. 



present approximately 1.5 kb upstream of the M l 8  transcription start site (Fig. 3.4A). To 

determine whether the expression of M l 7  and M l 8  are Linked in osteogenesis, a cDNA probe 

encompassing the partial ORF of AJ17 was synthesized and the temporal expression of M l 7  

mRNA during osteogenic differentiaion of FRCCs (Chapter 2; Jheon et al., 2001) was analyzed 

by Northem blot hybridization (Fig. 3.6). A single -2.5 kb AJ17 mRNA was detected but, in 

contrast to M18, its expression remained fairly constant over the 28day tirne penod. 

3.4e. Mouse and Rat AJ18 Genomic Sequences 

The nucleotide sequence corresponding to rat AJ18 promoter sequence was used in a 

BLAST search of High Throughput Genomic (HTG) databases, which contain 'unfinished' or 

'singIe-pass' DNA sequences generated by high-throughput sequencing centers, and the 

homologous mouse AJ18 gene (Genbank Accession No. AC023427) was retrieved. The 5'- 

flanking regions of the rat and mouse genes were aligned using the ClustalW program, and found 

to be highly consewed, sharing several consensus binding elements for transcription factors such 

as Runx2, NFKB, Smads, Ets 1, and Sp 1 (Fig. 3.7). 

3.4J Promoter Region Possesses Transcriptional Activrivrîy 

Examination of the nucleotide sequence 5' to the transcription start site of the rat AJ18 

failed to identa a consensus sequence corresponding to a TATA box. Moreover, an initiator 

element (Inr) could not be located. The sequence surrounding the transcription start site was 

anaIyzed to veriG that this region, which lacks the elements that are characteristic of a 

transcriptional start site, has promoter activity, and to locate the region of the proximal promoter. 

Various rat M l 8  gene fragments were ligated into the promoter-less pGL3 luciferase reporter 
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Fig. 3.6, Identifkath of a novel gene opstierm of M U .  A 191 bp DNA Gagment h m  
the o p  reading h m e  of AJl7 was excised h m  pX/X using remidon enzymes Bo1 and 
EcoRI, and used to synthesis radiolabeled probes. Nortbern blot d y s h  of total RNA 
isolated on varbus days of FRCC diffeteattiation was perhrmed. Ai17 mRNA is -2.5 kb 
M e  MI8 mRNA is -7 kb. Glyceraldehydephospbate dehydrogenase (GAPDH) was used as 
Ioading controis. 
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Fig. 3.7. N u ~ e  seqaeaœ of the O ilanking region of rat and mouse Rn8. The rat 
AJ18 gene isoiaîed h m  the rat genomic ribrary screen was q u e m d  The sequence of 
muse AJ18 gene was retrieved usïng the BLAST program (Genbank Accession No. 
ACû23427), and aligned using the CIustalW aigofithm. Putative Rtmx2, Srnad, Etsl, mi 
NFd3 b h h g  sites are indicaieci in baxes- A prdaSive SpI b i i  site is indicated with a 
h h e d  6ax. î k  tnuiscnption start site (+1) of tbe rat AJ18 gene is indicated with an armw. 



vector and the luciferase activities measured in ROS 17/2.8 cells (Fig. 3.8). Transcription 

activities of constructs p(-1886/+171), p(-14841+171), and p(-77/+171) were 5- to 8- fold higher 

than the activity of a pGL3 luciferase reporter plasmid (pluc). This is comparable to the 

luciferase activity of the thymidine kinase prornoter construct @TIC-luc). As expected, the 

fragment that lacked the transcription start site, construct p(-1823-284), did not support the 

expression of the reporter gene. Inclusion of additional 5'-UTR sequence downstrearn of nt +171 

resulted in a progressive demase in relative luciferase leveis. Consûucts p(-77/+451) and p(- 

771+505) produced about 2-fold luciferase activity, whereas constructs p(- 1 886/+955), p(- 

77/+657), and p(-77/+955) showed luciferase activities below the levels of pluc. The progressive 

loss of luciferase activity is suggestive of a translational effect due to interference fiom ATG 

sites upstream of the auîhentic translation start site rather than a transcriptional effect due to the 

presence of a transcriptionai repressor element. 

3.4g. Transcription Activiîy of Rat AJ18 is Higher in Osreoblastic Cells 

To detennine whether the prornoter activity was infiuenced by the differentiation state of 

the cells, the relative luciferase activity levels of rat AJI8-luciferase constructs, p(-1494/+17I) 

and p(-77/+505) were analyzed in undifferentiated C3HlOT112 ceIls and in osteoblastic ROS 

1712.8 cells. For both constnicts, transcription activity was found to be 100-fold higher in the 

ROS 1712.8 cells (Fig. 3.9). 
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Fig. 3.8, M I 8  promotet shows trriwcription retmty. Variable Iengths of the AJ18 gene 
were inserted in a luderase reporter vedor, W e c t e d  into ROS 17/28 ceiis, and the 
transcription actMties measured- Resuhant luciferase activities, nonnalized to B- 
galactosidase acîivities, are expressed relative to the levd of luciferase activity observed with 
cells transfected with pluc aione. 
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F i g  3.9, MI8 gcne shows bigh transcription rceivity in bone cdlr. The transcription 
activity of hicifémse constnicts p(-I494/+171) and p(-77/+505) was measured in ROS 1712.8 
and C3H10TlJ2 œUs. ResuItant hrciferase activities are expresseci relative to the level of 
Iuciferase actnrities observed in ROS 1712.8 c d s .  



3.5. Discussion 

AJ18 was hitidly identified using differential display in a screen to i d e n w  genes that 

were reguiated by BMP-7 treatment of osteogenic FRCCs (Chapter 2; Jheon et al., 2000). 

Subsequent studies in vitro and in vivo showed that AJI8 is expressed as a -7kb mRNA that 

appears, together with RunxS, early in osteogenic differentiation and is down-regulated as bone 

formation commences (Chapter 2; Jheon et al., 2001). A target detection assay identified a 

nucleotide sequence 5'-CCACA-3' that is also present within enhancer eiement of OSE,  

through which AJ18 could potentialiy modulate Runxî transcriptionaL activity. Moreover, 

expression of AJ18 in undifferentiated C3H 1 OT 112 cells suppressed BMP-7 induced alkaline 

phosphatase activity, indicating that AJ18 has an important role in osteogenic differentiation. 

Although the cornpiete ORF was determined from these studies, the limits of the 5'- and 3'-UTR 

regions were not detemined. 

To investigate regdatory pathways that control îhe expression of the AJi8 gene, a rat 

genomic lîbrary was screened and a phage clone extending 10 kb upstream fiom the translation 

start site was subcIoned and sequenced. The genomic structure of AJl8 was mapped using 3'- 

RACE, and a combination of RT-PCR (Fig. 3.1) and primer extension experiments (Fig. 3.2) to 

determine the size of the 3'- and 5'-UTRs, respectiveIy, and to Iocate the transcription start site. 

By comparing the cDNA sequence corresponding to the -7 kb mRNA with the genomic 

sequence, the MI8 gene was shown to comprise four exons and three introns. An cu1usually Iong 

(2.3 kb) 5'-UTR is coded by the k i t  two exons, which are separateci by a 1 kb intron. A 1.5 kb 

intergenic region was identified extending fiom the transcription start site of Ml8 to an 

upstream gene, AJ17, which also appears to code for a novel zinc fmger protein. Although the 

minimal promoter of AJ18 appears to lack TATA-box and Im elements, hi@ transcriptiona1 



activity was evident in chiruetic reporter constmcts containing the region encompassing 

nucleotides -77 to +171 (Fig. 3.8). Furthemore, luciferase activity was progressively [ost when 

constmcts included sequences extending downstream into the 5'-UTR. This may be due to the 

interference on tramLation by the numerous ATG sites upstream of the authentic translation start 

site. 

3.5a. Characterization of the 5 '-IITR and Transcription Start Site 

The unusually long 5'-UTR of M l 8  containing GC-rich sequences interfered with 

previous attempts to determine the size of the UTR and the site OF transcription initiation. The 

presence of stable secondary structure formed by GC-rich regions appeared to preclude 

successful S'-RACE, as only short -175 bp extensions of the ORF were generated (Chapter 2; 

Jbeon et al., 2001). By using a senes of PCR amplifications, which can be performed at higher 

temperatrires to unfold more stable secondary structures, in combination with primer extension 

analysis, the extent of the S'-UT' region and the transcription start site were determined in the 

studies describeci in this Chapter. However, if the long 5'-UTR in AJ18 is characteristic of the 

KRAB/C2H2 f d y  of genes, this could explain the pnor absence of a reported promoter 

sequence for îhis large family of proteins. 

The 5'-UTR identified in this snidy contains 28 ATG (or AUG) sequences upstream of 

the previously reported ATG site of the ORF in M18, which challenges the theory of the 

niosome-scanning mechanism for the initiation of transIation. Briefly, the scanning theory 

suggests that a preinitiation compIex compnsing a srnall (40s) niosomal subunit, tRNA, and 

other factors is recnrited by the cap structure at the S'-end of -A, and migrates IinearIy until 

it encounters the first ATG codon, which is recognized by basepairhg with the anticocion in Met- 



tRNA (reviewed by Kozak, 1999). Recently, there has been evidence suggesting tûat the 

nisome-scanning mode1 for translation initiation may be an inadequate mode1 to exphin the 

initiation of translation of ali genes. Construction of "S'-end enriched" cDNA hiraies showed 

that only 63% of 954 species of 5'-UTR contained a single ATG start codon (Suzuki et al., 

2000). The remaining 37% of the 5'-UTR species contained additional upstream ATG codon 

sites and did not contain an in-frame terminator codon downstream of the upstream ATG. 

Moreover, a putative breast cancer suppressor gene (Genbank Accession No. AU076409) was 

found to contain 26 upstrem ATG codons while the promoter of the Runxl gene contains 15 

upstream ATGs (Pozner et al., 2000). Therefore, translation from a large number of 5'-UTR 

species (37%) conflicts with the scanning translation initiation model, in which translation is 

Uiitiated fiom the h t  ATG codon (Kozak, 1999). While leaky scanning or pre-initiation by the 

40s ribosome are two mechanisrns by which translation initiation at a second or third 

downstream ATG codon could occur (Kozak, 1999), access to intemal translation start sites has 

been postuiated to occur via ribosome shunting, which in AJ18 may be facilitated by the 

formation of stable secondary structure in the GC-rich regions. in ribosome shunting, the 40s 

ribosome bypasses large segments of the mRNA to reach the initiation codon vueh  and 

Schneider, 2000). Alternatively, a cap-independent mechanism may exist for translation 

initiation through direct internai binding of an interna1 ribosome entry site (IRES) (Gray and 

Wickens, 1998; Jackson and Kaminski, 1995). Although the IRES sequences characterized to 

date are dissimilar, it has been postuiated that the 18s rRNA within the 40s niosomal subunit 

can recruit mRNA through sequences that are complementary to the IRES sequences (Chappe11 

et ai., 2000; Owens et aI,, 2001; Zhou et al., 2001), which aiiow the IRES and 18s rRNA to 

interact directiy (Hu et al., 1999; Tranque et ai., 1998). in fact, an IRES may be as short as 



stretches of 9 nucleotides that can initiate translation via cap-independent mechanisms (Chappe11 

et al., 2000). Thus, whiie the scanning mode1 is currently the best characterized mechanism for 

translation initiation (Kozak, 2000), there is strong evidence of alternative mechanisms, which 

could explain the location of the translational initiation site in AJ18. Notably, the translation start 

site identified for AJZ8 is a "strong" ATG start codon based on the presence of nucleotides R * ~  

and G~ (Kozak, 1999). Furthemore, al1 upstream ATG sequences present in the A118 gene are 

followed by subsequent i n - M e  translation stop codons, which would generate short peptides. 

Therefore, there are at least two postulated models of translation initiation for the expression of 

M l 8  protein: 1) a cap-independent mechanism that occurs through the interaction of the 40s 

ribosome cornplex to an IRES encompassing the rat AJ 18 initiation codon, or 2) a cap-dependent 

mechanism where strong secondary structure within the 5'-UTR of M l 8  mRNA results in 

ribosome shunting aliowing translation initiation at a downstrearn initiation codon. Further 

experiments are required to make any conciusions, but AJl8 and perhaps the farnily of 

KRAB/C2H2 genes may be important tools for elucidating various known or novel mechanisms, 

or a combination of these mechanisms of translation initiation. 

Approximately 1.5 kb upstream of the transcription start site for AJI8, a second novel 

C2H2 zinc finger gene, provisionally named AJI 7, was identified and partially sequenced. AJ17 

contains at l e s t  7 C2H2 zinc &ger motifs and is most likely another member of the KRAB/C2H2 

zinc finger gene based ou its close proximity to AJ18. Northern hybndization experiments 

showed that AJ17 and Ml8 are encoded by two separate mRNA species of -2.5 kb and -7 kb, 

respectively, and show different expression profiles during FRCC maturation (Fig. 3.6). 



3 3 .  Chmacterlzation of the 3'-üïX 

The 3'-UT' of M l 8  was determined to be 3.4 kb based on 3'-RACE experirnents (Fig. 

33). The 3.4 kb 3'-UTR, dong with the 1.7 ORF and 2.3 kb 5'-UTR would remit in a 7.4 kb 

mRNA, which corresponds with the observed -7 kb AJ18 mRNA. A possible, alternative 

termination site resulting in a shorter 700 bp 3'-UTR was also observed (Fig. 3.3). AIthough the 

sequence AAUAAA, is near the end of the 700 bp 3'-UTR, it is present -250 nucleotides 

upstream of the putative poly-A tail (Fig. 2.3). The AAUAAA hexamer is required for ckavage 

and polyadenyiation of the 3' end, and is present in the region fiom 11 to 30 nucieotides 

upstream of the site of poly(A) addition (Conway and Wickens, 1987). Furthemore, there has 

been no evidence of a second M l 8  transcript of 4.7 kb (0.7 kb 3'-UTR + 1.7 kb ORF + 2.3 kb 

5'-UTR). Although it is conceivable that the presence of a minor transcript would not be 

detected, as the intensity of the major -7 kb mRNA on Northem blots is reiatively weak, it is 

more likely that the 700 bp 3'-UTR does not represent an authentic termination product. 

Interestingiy, the poly-TA primer utilized in the differential display experiments that originally 

identified M l 8  appears to have anchored at the end of this 700 bp 3'-UTR (Chapter 2; Jheon et 

al., 2001)' and explains why the complete 3'-ü'ïR was not obtained previously. 

3.52 Characterizaiion of the AJl8 Promoter 

Rat and mouse AJ18 gene expression appears to be mediated by a TATA-less and inr-Less 

prornoter, which is well conserved between the two species (Fig. 3.7). Thus, transcription may be 

mediated h u g h  an Spl site near the transcription start site. Prornoter consüucts containing 

seyences extending upstream h m  nt +171 demonstrated hi@ promoter activity, comparable to 

the constitutiveIy active thymidine h a s e  promoter (TK-Iuc; Fig. 3.8). However, this 



transcriptional activity was progressively lost in consmcts in which additional sequence 

extending downstream of nt +171 and in the 5'-UTR was included (Fig. 3.8). Aithough tbis may 

be due to a repressor element, the gradua1 decline in hxciferase activities suggests that the 

decrease is more likely due to the length (the presence of numerous ATG sites) ancilor the 

presence of extensive secondary structure in the 5'-UTR of AJI8, which may affect translation. 

As the Ievels of Iuciferase activities measured in transient transfection assays are dependent on 

transcnption and translation, the effects of the 5'-UTR of M I 8  on these events remain to be 

deterrnined. 

The region upstream of the transcription start site of the rat AJ18 gene includes various 

consensus-binding sites for regdatory proteins such as Runx2, EI 1, Smads, Sp 1, and NFKB that 

are also conserved in the mouse gene. The regulation of M 8  ihrough the Runx2 and Smads 

sites might be anticipated in view of the relationship between the expression of Ml8 and Runx2 

and the osteogenic activity of BMPs. However, transcnption regulation of promoter constnrcts 

containhg these responsive elements was not observed in ceiis treated with BMP-7 or 

transfected with R d  expression vector (data not shown). Similarly, ûansfection of an 

expression vector for Etsl, a transcription factor involved in bone development (reviewed in 

Raouf and Seth, 2000), did not significantly alter transcription of NI8  (data not shown). C m n t  

studies are directed at the effects of NFKB, which has been implicated in boue resorption 

(Iotsova et al., 1997) and at the interactive effects of BMPs, Ru& and Etsl. in this regard, there 

is a Smad binding site separated by 9 bp from an Etsl binding site (Fig. 3.7). It bas been 

previously shown that Etsl interacîs with Runx2 for the synergistic transactivation of the 

osteopontin gene (Sato et al., 1998), while Smads have been shown to interact with the Runx 

proteins (Hanai et al., 1999). Therefore, it is possible that Smads and Etsl may interact directly 



or indirectly, with Runx2 as a mediatur to induce the transcription of boue retated genes such as 

MI 8. 

Although AJ18 &NA is expressed in various developing rat tissues, Ml8 was 

identified in a primary bone ce11 preparation (IXCCs) and is expressed highly in bone and brain 

tissues. The transcription activity of AJl8 appears to be significantly greater in osteoblastic cells 

compared to undifferentiated fibroblastic cells, supported by the 100-fold higher luciferase 

activity for constructs p(-1494/+171) and p(-77/+505) in ROS 17J2.8 ceHs dative to lhat seea in 

C3HlOT1/2 cells. This suggests that the region encompassing nucleotides -77 to +t71, which 

includes Runx2 sites (OSE2) at nucleotides -30 and -73 (Fig. 3.6) may, in part, be important for 

the bone-specific expression of AJI 8. 

In summary, these studies have cbaracterized the 5'-flanking region of AJl8, which is the 

fmt promoter described for the large family of KRAB/C2H2 zinc finger genes. 



Chapter 4: Temporal and Spatial Expression of AJ18 

Andrew Jheon performed experiments shown in Figs. 1 and 2. Dr. Bernhard Ganss and William 

Teo dissected the mouse tissues and lun Chen perfonned îhe immtmostaining. Andrew Jheon 

was responsibie for interpretation of data presented in Figs. 4.3 to 4. IO. 



Osteoblastic differentiation remes the coordinated regdation of specific genes that 

direct mesenchymal stem cells towards the bone ce11 lineage. Rat M l 8  is a putative 

transcriptionai repressor that was initially identified as an immediate-early responsive gene to 

bone morphogenetic protein-7 (BMP-7). M 1 8  appears to be involved in osteoblastic 

differentiation through its ability to bind to the osteoblast-specific element2 (OSE2), and to 

modulate transactivation by R d .  To detennine the temporal and spatial expression profile of 

A118 during mouse developmtnt, Northem blot hybridization analyses were performed in 

concert with immunohistochemical experiments using affinity-purified anti-AJ18 antibodies. 

Whereas AJ18 rnRNA expression was low in most tissues during embryonic development, high 

levels were observed in brain, kidney, and bone tissues of 17 days postcoitum (17 dpc) 

embryonic mice. Thereafler, expression of Ml8 declined, except in brain where levels remained 

high. Immunohistochemical analysis for Ml8 in 16 dpc embryos showed strong staining of 

nuclei in brain, kidney and skeIetaI tissues, consistent with the expression of mRNA in these 

tissues. In addition, strong staining was also evident in various epithelia. in developing 

endochondral bone, M l 8  staining was strong in proliferating and pre-hypertrophic chondrocytes, 

and osteoblasts with low or no staining in hypertrophie chondrocytes. in long bone of 4week old 

mice, some pre-hypertrophie and hyperüophic chondrocytes stained for AJ18, with strong 

staining in osteoblasts. in developing embryonic teeth, staining for M l 8  was observed in nuclei 

of cells that are destined to forrn enamel, dentin, and alveolar bone. In teeth of 4-week old mice, 

staining was observed in ameloblasts, odontoblasts, cementobIasts, alveolar bone ceh,  and 

periodontal ligament cells. Notabky, the expression of MI8 mRNA in mouse embryos including 

expression in developing gfomenrli of the kidney, the eye, developing bone and teeth, and an 



absence of expression in the iiver is similar to that observed previously for the expressioa of 

BMP-7 mRNA (Helder et al., 1995). Thus, the expression of Ml8 is consistent with its 

perceived d e  as a transcriptional factor that regulates developmentd processes downstream of 

BMP-7. 



4.2. Introduction 

Organogenesis involves temporo-spatidly regulated morphogenesis cf cells that 

differentiate to form organ-specific structures in the appropriate Iocation (reviewed by Peters and 

BaiIing, 1999). At the earliest stages of organ development, cwrdinated sequential and 

reciprocal interactions occur between adjacent epithetial and mesenchymd tissues, and it is 

evident that growth factor-mediated signaling is important and necessary for the regdation of the 

epithelial-mesenchyumi interactions. The majority of these growth factors are encoded by a 

small number of conserved multigene families, which inchde the bone morphogenetic proteins 

(BMPs). Although BMPs provide the primordial signals for bone formation, the importance of 

BMPs in epithelid-mesenchpal interactions has also been dernonsttated. For example, BMP-4 

expression in dental epithelium induces its own expression along with transcription factors 

Msxl, Msx2, and Egrl in mesenchyme (Vainio et al., 1993). Moreover, BMP-7 is expressed in 

both the ureteric epiîhelium and the undifferentiated mesenchyme of the kidney, and is required 

for the continued proliferation and differentiation of mesenchpal and/or epithelial celk (Dudley 

et al., 1995; Luo et al., 1995). BMP-7 is also required for the development of mesenchyme and 

epithelium during eye development. 

AJ18, a member of the growing f d I y  of KRAB/C2H2 zinc f ige r  genes, was originally 

identified in feid rat &varial cells (FRCCs) as a target gene for BMP-7 (Cliapter 2; Jheon et al., 

2000). Subsequent shidies have shown that the protein is differentialiy regulated during 

osteogenic differentiation, that it has DNA-binding activity, and that it can moduiate RunxL- 

mediated transactivation through the OSE2 (Chapter 2; fieon et al., 2001). To determine how the 

expression of MI8 is regulated duting osteogenic d i f f i t ia t ion the rat AJl8 gene was isolated 

and the 5'-fianking region characterized (Chapter 3). The intergenic region upstream of the 



transcriptionai start site is relatively short and contains consensus elements for transcription 

factors, such as RU11X2, EtsI, Smads, Spl, and NFKB. These factors are known to be involved in 

the differentiation of osteoblastic cells. 

To determine the physiological significance of N I 8  in bone development, preliminary 

analyses of MI 8 mRNA expression were performed in rat tissues by Northem biot hybridization 

(Chapter 2; Jheon et al., 2001). Whereas expression of AJl8 was reiativeiy strong in ernbryonic 

bone, expression was also observed in other tissues, including brain and kidney. In this chapter, a 

combination of Northern hybridization and immunohistochemistry was used to analyze the 

temporal and spatial expression of N I 8  in moue embryos to provide a more comprehensive and 

detailed analyses of tissues and cells that express AJ18 during embryonic development. The 

isolation and sequencing of moue M l 8  confirmed that polyclonal antibodies specific for rat 

AJ18 would recognize the moue protein. Mouse AJI8 was later found to be the sarne gene as 

Kid3, which wu isolated fiom a mouse genomic iibrary, aud as shown for AJ18, is expressed 

highiy in brah and is differentially expressed during kidney development (Watson, 2000). The 

studies presented in this chapter have revealed an expression pattern of N I 8  that is similar to 

that reported for BMP-7, which affects tissue and organ development during ernbryogenesis. 

These observations support the possibility that M l 8  is a downstream target of BMP-7. 



43. Experimental methods 

4.3a.Mouse Genomic Library Screen 

To characterize the mouse AJIB gene, a mouse genomic library was prepared fiom 

129SvJ mouse spleen DNA assembled into A. phage FIX II vector (Strategene, La Jolla, CA) and 

scmned by plaque hybridization (Smbrook et al., 1989). The library was screened with a 3 2 ~ -  

dCTP-labeled cDNA probe, which was digested from rat Ml8 cDNA by Pst& generating a 461 

bp Eragment. After tertiary screening, positive clones were isolated, purified, and characterized 

by restriction endonuclease digests. EcoRi digested fragments were separated on an agarose gel, 

subcloned into pBluescript II SK (Strategene), and sequenced. 

4-36. Mouse Tissue Preparation 

Tissues were isolated fiorn rnice at various stages of developrnent. Tissues fiom brain, 

heart, h g ,  skeletal muscle, cartilage, liver, thymus, kidney, calvaria, and long bones were 

dissected from rnice at embryonic stages 15 and 17 dpc, and neonate stages day 2,7, 15, and 23. 

Mouse embryos at 16 dpc, and a mandible and tibiae h m  a 4-week old rnouse were isolated, 

and 6xed in 4% paraformaldehyde-PBS at 4°C. The mandible and tibiae were demineralized in 

12.5% (wlv) EDTA (pH 7.4), with the solution changed every 2" day for 2-3 weeks. The 

embryos and tissues were embedded in paraffiil Serial 12 p- th ick sections were mounted on 

Superf?rost/Plus gIass sIides (Fisher, Ontario, Canada), and stored at 4°C until use. 

4 . 3 ~  RNA Ejrttaction 

Total RNA was isolated h m  mouse tissues uskg the thiocyanate-phenol-chloroform 

extraction method as descnied by Chomczynski and Sacchi (Chomczynski and Sacchi, 1987). 



4.3d. Northent Blot Hybriàization 

Northern bIot hybridization was performed as descriie in Chapter 2. A cDNA hgment 

of 700 bp withùi the 3'-UTR of M l 8  was PCR-arnplified fiom the isolated mouse A clone using 

primers 5'-GGCACACCïlTCATCTACGGCTCATCC-3 and 5'- 

ACGCCTGTATCCATCCCCACTGTTAAG-3', and used as the template for probe synthesis. 

4.3e. Anti-AJi8 Polyclonal Antibodies 

Polyclonal antiiodies specific for AJ18 were raised and *nity-purified as described in 

Chapter 2. 

4.3f. lmmunohistochemical Analysis 

Immunoperoxidase staining fa Ir M l 8  protein in tissue sections from 1 1, 12, 13, 14, 15 

and 16 dpc mouse embryos, and 4-week mouse teeth and tibia was performed using the 

Vectastain ABC kit (Vector Laboratories, Burlingame, CA) following the manufacturer's 

instructions. Tissue sections, prepared as described above, were rehydrated through incubation in 

graded alcohols to water, and incubated in blocking solution (5% BSA, 2% normal goat senim) 

for 1 hr. Affmity-purifîed anti-AJ 18- 1, or anti-M18-2, antibodies were applied, and tissue 

sections were incubated for 1 h. The sections were washed and treated with biotinylated anti- 

rabbit IgG for 30 min, followed by incubation with peroxidase-labeled streptavidin for 30 min, 

and subsequentiy incubated with diaminobenzidine tetrahydrochloride @AB) and H202 for 15 

min. Al1 mcubations were performed at room temperature (21°C). Some of the sections were 

counterstained with hematoxyiin. AI1 sections were visualized under a light microscope (Eclipse 



400; Nikon Canada Inc., Mississauga, ON) and photopphed ushg a CooIpix 950 digital camera 

(Nikon Canada Inc., Mississauga, ON). 



4.4. Resuits 

4 . 4 ~ .  Idenhpcation of Mouse AJl8  

The sequence of the mouse M l 8  ORF was deduced £iom a -10 kb h clone that was 

isolated fiom mouse genomic screens. Due to a high conservation of the nucleotide sequence 

between mouse and rat M18, the moue M l 8  gene was readily identified and the sequence of 

the ORF determined f?om a compacison of the mouse genomic sequence to the rat cDNA. This 

was simplified, in part, as the 11 CzHz zinc finger motifs are over 97% identical and are encoded 

by a single exon. In total, the translated protein sequences of rat and mouse M l 8  share 91% 

identity and 94% similarity (Fig. 4.1). Whereas the N-terminus, KRAB domain, and zinc finger 

regions of mouse and rat AJ18 are almost perfectly conserved, showing between 97% to 100% 

identity, the Iinker sequence between the KRAB domain and zinc f iger motifs and the C- 

terminus show relatively low conservation with 72% and 79% identity, respectively. 

4-46. Preliminary Northern Blot Hybndization 

in previous studies expression of M l 8  mRNA in whole mouse embryos was first 

detected in 11 dpc embryos, reached a peak at 15 dpc, and decreased in 17 dpc embryos (Fig. 

2.10B). To determine the developmental expression of M l 8  mRNA in different mouse tissues, 

totd RNA extracted fiom tissues dissecteci at various stages of embryonic and neonate 

development and Northem blot analyses performed (Fig. 4.2). in 15 dpc embryos, expression of 

Ml8 mRNA was evident in aii tissues and organs analyzed, except the b e r  (Fig. 4.2). h 17 dpc 

embryos, relatively high expression of N I 8  mRNA was indicated in brain, kidney, and bone 

tissues. Thereafter, in day 2 and day 7 neonates Pig. 4.2), in 15- and 23day old mice (data not 



rat 

Fig 4.1. Sequence aIÉgiment of rrt and mouse AJ18. A, alignment of the predicted amino 
acid sequeme of rat and muse AJ18. The KRAB A box is mdicaîed with a rIPrsh-dotted line, 
the modified KRAB B box with a &shed lmed, a d  the C A  zinc îiuger motifi are mdicated 
wiîh lines. Synihesized peptides 1 and 2 for raising asti-AJI8- I and anîi-MM-2 polyclonai 
anti'bodies, mpectkly are mdicated with g m y  fines. B, schematic qmentahn of rat ami 
muse AJ18. N I 8  was divided h o  5 regions N-terminus 0, KRAB A and B (K A+B), 
Iinker (L.), zinc 6ngers (ZFs), aml the C-terminus (C). Degrees of identity and s h i h i t i e s  are 
iisted fbr each tegion. Rat and monse: Ml8 protein se~uences showed 91% identity and 94% 
similatity- 

122 
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Fig, 4.2. Preiirninay Northern bbt rnaïyaes of A118 mRNA espression diring mouse 
devebpment. Various tissues were isohted h m  muse embryos and maates, ami total 
RNA extmckd for Northern bbt adyses. Biots were hybndized with radiolabeIed probes 
qmîhakd h m  AJ18 cDNk A cDNA probe hr Glycetaldehydephosphate dehydrogenase 
(GAPDH) was d as a contllol hr RNA badbg. Mouse embryos 15 dpc, EI5; 17 dpc., E 17; 
mouse neunates day 2, M; neouates day 7, D7. 



shown), and in aduit rats (Fig. 2.6B), MI8 W A  was expressed hi@y in the brain, with 

expression barely detectable in bone and other tissues. Notably, Ml8 mRNA was not detected in 

liver at any of the deveIopmentaI stages andyzed (Fig. 4.2 & Fig. 2.6). 

4 .4~ .  Immunohistochemical Staining 

in concert with Northem blot analyses, immunohistochemistry was performed on tissue 

sections of whole mouse embryos at various devetopmental stages, as well as in neonate tissues. 

As the moue and rat N I 8  sequences are highly conserved, the anti-rat M l 8  polyclonal 

antibodies raised to synthetic peptides 1 (residues 2-13) and 2 (residues 158-169) should 

recognize both rat and mouse AJ18 protein. AEfinity-purifTed mti-AJ18-1 and anti-AJ18-2 

antibodies recognized mouse AJ18 protein (data not shown), although anti-AJ18-1 showed 

higher immunoreactivity, consistent with the 100% conservation of sequence between residues 

2-13 (Fig. 4.1). Therefore, an the u'ssue sections presented hereafter were immunostained using 

dlïnity-purified anti-Ml8-l antibody. Strongest staining was obtauied for al1 tissues at day 16 

dpc at which time skeletai tissues could be anaIyzed at different developmentat stages in the nis. 

Consequentiy results are show primarily for tissues at this stage (Figs. 4.3-4.5, 4.7,4.8,4.10). 

Although staining for Ml8 was observeci in the same tissues beginning at 13 to 14 dpc mouse 

embryos, staining intensity was Iower reIative to 16 dpc mouse embryos, and the ciiffereutid 

expression within and between tissues was less clear. To adyze expression of Ml8 in tibia1 

bone and teeth, sections of tibia and teeth fiom a 4-week old mouse were immunostained, 

respectiveIy (Figs. 4.6 & 4.9). 



4.4~-i. Ehpresssion of AJI8 Protein in Cartilage and Bone 

Immunostaining of Ml8 was high in skeletal tissues of 16 dpc mouse embryos, as shown 

for bone of the maxilla and mandible, Meckel's cartilage, and rib bones (Figs. 4.3-4.5 & 4.7). 

During embryonic development, mesenchymal cells in the facial region condense to form 

nodules of differentiated osteoblasts that form the maxillar and mandibukir bones of the upper 

and lower jaws, respectively. Expression of Ml8 was evident in the nucki of rnesenchymal cells 

adjacent to the bone surfaces with stronger staining of the osteoblasts lining mineraiized bone 

surfaces (Figs. 4.3A & C). Ml8 was also detected within some newly-formed osteocytes, but no 

staining was apparent in the endothelial cells surroundmg blood vessels or in Ioose connective 

tissue (Fig. 4.3C). Ml8 was detected within the nuclei of the smdl chondrocytes of Meckel's 

cartilage, which form the template for mandibular bone (Fig. 4.3E). In identically prepared 

control sections, lacking the incubation with the primary antibody, no red-brown staining fiom 

the peroxidase activity was obsewed Figs. 4.3 B, D & F) 

As the individual rib bones are formed at different times, a progression of endochondral 

bone development can be seen at a single t h e  point in a sagittal section through a series of nbs. 

Thus, staining for AI18 in the IO', 1 lf and 12' nb bone shows protein in nuclei of cartilage 

and bone cells (Fig. 4.4A) In the 1 2 ~  ni, the section shows nuclear stahhg of Ml8 in pre- 

hypertrophie choodmcytes (Fig- 4.4B). in the Il" rib, which is M e r  developed, the cartilage 

cells bave undergone hypettrophy and ce11 nuclei show sporadic staining for Ml8 (Fig. 4.4C). 

At this stage the cartilage has started to mineralize and osteogenic periosted cells have 

condensed and are expressing Ml8 on the surface of the mineralizing bone. in the more 

advanced 1 0 ~  ni, endochondral bone has formed centraliy, replacing the mineraiized cartiIage, 

and the formation of periosted bone is weli-established (Fig. 4.4D). Staining for Ml8 is 



Fig. 4.3. Immanostaiaing of Ml8 in jaw h e s  and MeckePs cartihge. Light rnimgraphs 
of mzucillar and maadibular bones of a 16 dpc muse embryo immumstained for AJ18. A, C, 
regions of bone devebpment in the rmxiüa and mandiale, respectively, show AJ18 staining 
m osteoblasts (black m o w h e d )  on the slrrfaEe of mineralized bone (Mb) and osteocytes 
(white m o w h e d )  embedded withrn brie. Capiiîaries are identined wiîh merisks. E, 
immunostainhg of A.18 m MeckeIys cartitage (MC) and the surroundÎng ninieraüzed bone 
(Mb) of the nwndiile showing st- in th miei of chondrocytes (white caniwkcrdp) and 
osteoblasts (olack urrowhed), respectivelyY B, D, F, show sections imxuunostained omatmg 
primary ant i iy  as negaSive costrols. All sections - coimterstained with 6wiatoxylin. 
Bars:4Op 



rib bones. Light micrographs of 
develophg ni bones of a 16 dpc mwa e-o immmstained for kÜ18. A, &velopmg 
le, I l h  and 12& ni bones (D, C, B. respectively) shows staining for AJ18. Sttong staining 
fbr Ml8 is observed m the epitheiium (Ep) and is also evident m musde (Mu). B, higher 
mgnification of the 12'" ni h w s  stahhg fbr N I 8  m prehypertrophic chondrocytes (PC; 
black mrowhed). C, higher ~ c a t i n n  of the 1 lh ni shows staining for Ai18 in some 
hyperfrophic choudrocytes (HC; gruy m w k a d r )  and m the deveIoping osteobiasts (biack 
mowfieads) on surfkce of the periostenm (Pl D, higher mamiification of the 1tP ni shows 
staiaing hr  AJ18 m osteobiasts (black m-) present m the boue marrow (BM) and the 
surface of m b d i z h g  boae m the perbsteum (Pl, a d  m osteocytes (gray urrmhead) 
embedded m periosteai brie. E, higher mgnification showhg sbining for AJ18 m the 
epitheiium (Ep), White bat: 30 p~ b c k  IO p 



observed in cells present in bone marrow, in the periosteal cells on the d a c e  of the rib bone, 

and in osteocytes present within periosteal bone. In these sections comparable staining is present 

in muscle tissue surmunding the ribs (Fig. 4.4A) and is particularly strong in the outer epithelial 

layer of the embryo (Fig. 4.4E). In both muscle and especially in the epithehrn, difTuse staining 

was seen in the cells, with nuclear staining in the epithelium being strongest in the basal ce11 

layer. 

A sagittal section through the growth plate of the 3rd rib bone fiom a 16 dpc mouse 

embryo showed the developmentai progression of cartilage cells fiom proliferating chondrocytes 

through the formation of columnar proliferating chondrocytes to hypertrophic chondrocytes in 

the mineralized cartilage, which is replaced by epiphyseai bone (Fig. 4,SA). The strongest 

staining was seen in the proliferating chondrocytes with lower expression in hypertrophic 

chondmcytes (Figs. 4.5A & B), consistent with the stainhg in the 1 lh and 1 2 ~  ribs. However, 

staining was high in the osteogenic cells in the primary spongiosa, ùnmediately below the 

calcified cartilage and in the subperiosteal bone collar formed by periosteal celIs (Fig. 4.32). 

Staining in muscle was also observed. 

In rodents, formation of the long bones in the limbs occurs continuously and the 

epiphysis does not close. To study Ml8 in endochoncird bones, sections of tibiae from a Cweek 

old mouse were inimunostained (Fig. 4.6A). Ml8 staining was observed in some pre- 

hypertrophic and hypertrophic chondmcytes (Fig. 4.6B) with strong staining visible in 

osteoblasts (Fig. 4.5C). Staining for Ml8  was aIso present in the cartilage cells at the peri- 

articular surface (Fig. 4.5D). No staining for MI8 was observed in osteocytes embedded within 

cortical bone (Fig. 4.E). These resuits were identical to those obtained in tiiiae of a 4-week old 

rat (Fig. 2.7). 



Fig. 4.5. Immuaoshining of AJl8 in rn embryonie rib boae. A, sagittai sections of the 3rd 
ni shows staining fbr AJ18 in the growth plate (GP) of a 16 dpc mouse embryo. 
Mesenchymal ceUs (M) lie adjacent to the ni- B, h i g k  mgaification shows stainïng hr 
AJ18 within prehypertrophic choadrocytes (PC; black mowheadr) aml iow or no expression 
within hyperttophic cbondrocytes (HC; gray mowhead). C, higher mapification of tbe 
expsion of AJ18 m osteobiam (blmk mowheadp) withm the bone matrow (BM) beiow 
the mne of calcifying cartilage (ZC), d in the periosteum (P) adjacent to the subpenosteal 
bone collar (BQ. Mese~lchymai ceiis also shows some staining- Whrle bar, 40 cim, black 
bars: 20 cun, 



Fig. 4.6. Inimunostaining of AJl8 in long bone of Cwtdr old mouse. A, sagittal sedons of 
tiiiaI bone fiom a 4week old mouse shows staining for AJ18 within epiphysis (Ep) 
comprishg articular cartilage (AC) aad secoadary ceater of ossification (2nd), aad the growth 
plate (ûP). Cortical bone (Cb) shows an absence of staining for AJ18. BE, shows higher 
magnification of regions within the tiiiae. 8, staining for AJ18 is seen in some of the 
prehypertmphic chondrocytes ( g r q  mowkads) and hypertrophie chondracytes ( b k k  
umwhpads) within the p w t h  phte- C, staining for MI8 in osteobiastic ceils ( b k k  
m h e a d p p )  is strong within the bone marrow (BM) below the zone of c a l m g  cartilage 
(ZC). D, sîaining for AJ18 is observed within ceiis of artidar cartilage (blrack ~170~iieads). 
E, shows lack of AJl8 staining in osteocytes ( b M  mowheacis) embedded in cortical boue. 
Gray bars: 10 pm, b M  bar: 200 pm 



4.4~-ii .  Fxpression of AJl8 Protein in Developing Teeth 

Three principal stages (bud, cap, and bell), are recognized in the formation of teeth. The 

bud stage begins with the incursion of epithelial ceHs into the mesenchyme of the jaw. The cap 

stage shows a condensation of cells and the formation of the dental papilla and dental follicle. 

The outer epithelial ingrowth resembles a cap sitting on the denta1 papilla and is called the dental 

organ. The dental organ, dental papilla, and dental foUicle constitute the tooth germ, and gives 

rise to enamel, dentin-pulp, and supporting structures of the tooth, respectively (reviewed by ten 

Cate, 1994). Continued growth of the twth germ produces the bel1 stage (Fig 4.7), named for the 

resemblance of the dental organ to a bel1 as the crescent-shaped area of the epithelial cap 

deepens. At the early bell stage, the epithelial cells start to differentiate forming the internai and 

externa1 dental epithelia. hunostaining for MI8  was weak prior to the bel1 stage at which 

t h e  M l 8  was expressed primarily in the nuclei of the internai dental epithelium, especially 

around the cervicd loop region of the dental organ (Fig. 4.7). As well N I 8  was expressed in the 

extemal dental epithelium, which is contiguous with the orai epithelium and in some of the 

mesenchymal ceUs in the dental papilla 

Expression of AJ18 was aiso studied in the incisors and Mly deveioped molars of a 4- 

week old moue (Fig, 4.8A). in sections through the molar roots, staining for MI8 was seen in 

the dental papilla with strong staining in the odontoblaçts lining the dentin. Strong staining was 

aIso apparent in the cells of the periodontai iigament and in osteogenic ceUs Lining the surface of 

the alveolar boue. However, nuclear staining of osteocytes was weak (Fig. 4.8B). in the area of 

the cervical loop staining of the dentai foilicle cells, which differentiate into cementoblasts, 

staining for MI8 was also seen (Fig. 4.8B). In the continuously erupting incisor tooth, a 

progression of contmuous ceL diffkmtiation for the formation of dentin and enamel is 



Fig. 4.7, Immunwtaining of AJ18 in developiag teeth. Light rnimgraph of the early bel1 
stage of m o k  tooth development h m  the of a 16 dpc muse embryo. The nuclei in 
the oral epitheiium (OE), W c h  gives rise to the dental organ (Dû) are lightly staùied. Some 
staining is also evident in nucbi of condensing mesenchymal c e h  in the dental papiiia (DP), 
which forrns a crescent shaped anxi as the cap stage is repiaced by the beiï stage. Smogest 
stammg is observeci m the &cal Imp region of the dentai organ (bkack urrowheads), and is 
also present at lower mtensities in epithekd ceiis f o r h g  the internai (IDE) and externai 
(EDE) denial epitheiium. Section was counterstained with hematoxylin. Bar: 20 



sr; 

Fig. 4.8. Immunost.ining of AJ18 in mdrr rad incisor of Qweck oîd mouse. Light 
micrographs of the mandiile fiom a 4-week old mouse. A, shows staining for AJ18 within 
molars (Mo) and in the incisor (In)- Odontoblasts, which forms the dentin (De), and 
ameloblasts, which forms the m e 1  (Fa) show strong staiaing kr AJ18. &E, regions show 
higher magnification B, staining for N I 8  in the nudei of odontoblasts (O) in the first molar 
tooth mot. Nuclear staining is also seen in cementobiasts in œmeutum (C) and in periodontal 
ligament (PL) fibroblasts. Osteoblasîs ( b k k  ctrnmhed) on the surfàce of the alveolar boue 
(Ah) also stain, whereas osteucytes (gray mowhearls) are weakiy stained. C, staining for 
A118 is strong in celis of the dental tbuicle @F) and odontoblasts (0) adjacent to newly- 
fiirmed dentin @e) witb less staiaing in dentai papilla @P). D, E, shows s&hg for AJ18 in 
ameloblasts (Am) at different stages of maturation. Ameloblasts actively forming e m e l  
(En), showil in D, show lateral oqph î ion  with the immwreactive uuclei polarized at the 
interfkce wiîh the siellate reticuhmr (Sr), which also shows stabhg At a late stage, shown in 
E, the immunostained ameloblasts dergo apoptosis and appear less organktL Bliaçk bars: 
10 CM, grq  bars 40 pu 133 



present only on the underside of the mouse mandibuiar incisot. M l 8  staining was observed in 

the ceUs of the dental papiila with strong staining in the newly-direrentiating odontoblasts (Fig. 

4.8C), wbich [ose the staining after the formation of dentin has started. Anterior to this region the 

nuclei of ameloblasts, with theu elongated ce11 bodies, are strongly stained (Figs. 4.73 & E). 

Moreover, the sbinuig intensity appeared to be retained as the ameloblasts progress Eiom the 

secretory stage wtiere they appear highly ordered (Fig. 4.7D), to the post-maturation stage where 

they undergo apoptosis and the columnar arrangement becomes disorganized (Fig. 4.7E). 

4.4~-iii.  Expression in the Brain and Epithelium 

Expression of Ml8 mRNA was highest in brain in the ernbryo and especially post- 

natally when expression in other tissues dedined markedly (Fig. 4.2). immunostainhg of 

sections of brain in 16 dpc embryos showed variable staining in brain cells with the strongest 

staiaing in the condençing cells forming the future cerebral cortex, midbrain, and tentonum 

cerebelii (Figs. 4.9A & C). Generally, staining in the brain was not as strong as seen in the 

osteogenic celis forming the calvarial bone and much Iower than the staining seen in the 

epitheIium covering the cranium (Fig. 4.9B). Since Ml8 mRNA expression appeared stronger in 

brain compared to bone it is possible that protein transtation in brain cells is less efficient than in 

bone celIs, or MI8 may be hi@y expressed in spedic regions of the brain, which were not 

included in the sections d y z e d  ReiativeIy strong staining was observed in the outer epitheIium 

surroundhg the embryo (Fig. 4.9B). Aithough uucIear staining was present in the basa1 cells of 

the epithelium, staining in the outer layers was diffuse, possiiIy due to ce11 death. 



Fig. 4.9. Immunostaining of Ml8 in the bni i .  A, staining hr  Ml8 m the brain of a 16 dpc 
muse embcyo is variable, with strong staming apparent in comlensing ceüs separating 
distinct regions of the brain, oamely the fbture cabra1 cortex (CC), midbrain (MB), and 
tentorium cetebelli (TC). B, higher magdîcation of region showhg strong staining for Ml 8 
in the outer epitheiium (Ep) and in osteobiastic ce& (black arrowhecldr) forming the 
intrarnembrauous calvariai bore (Ca). Nuclear staining of ceils m tentorium cerebeiii is 
observed beIow the calvarium (gny mowCierrrlS). C, strong staining for MI8 is observed in 
coudensing ceih (black mrowhercdr) h m  at higher magnincation. Black bars: 40 cim, whire 
bar, 200 p. 



4.4~-iv. Expression in the Kidney, Eye, and Whisker Follicles 

Northern blot analyses showed AJl8 mRNA expression in the kidney of mouse embryos 

at 15 and 17 dpc. Consistent with these d t s  relatively high immunostainhg for M l 8  was 

obsewed in cells within deveIoping glomentli of the kidney (Fig. 4.10A). The specific 

expression of AJ18 mRNA within the deveioping glomeruli was also detected by in situ 

hybridization in 19 dpc rat embryos (personal communications, Dr. Mark DeCasteker, 

Vanderbilt University). In the eye, specific staining was found in cells within the sclera, 

choroids, and vitreous body, with less staining in the retina (Fig. 4.8C). AJ18 staining was a1so 

obsewed in epithelial cells forming the whisker follicles (Fig. 4.8E). The strong staining of 

nuclei in the whisker follicles is consistent with the general staining of epithelial cells, including 

the epidermal cells (Figs 4.4 & 4.9B), and epithelial cells lining the intestine and lung alveoli 

(results not shown). 



Fig, 4.10. Immanostrining oZAJI8 in hues that expm BMP-7. L i i  mimgraphs of 16 
dpc muse embryo sections. A, stainiug h r  AJ18 is observeci in developing giorneruii of 
kidney (black m o w h e d ) -  CC, stamiag for AJ18 is o k m e d  m the various Iayer~ of the eye 
including the sciera (Sc), c h i d  (Ch), and the vitreous My (VB), with Iess stainjng in the 
retina (Re). E, staming fbr AJ18 is seen in ceik of a whisker fOUicle (black mowkodr). B, 
D, E, show sections immmsbmed with secondary anh'body aione as negative controis. B, 
section was couatetstamed wiîh bematoqlin. BIack bairs; 40 pm, white bars: 10 pm 



4.5. Discussion 

Previous studies have characterized M l 8  as a zinc h g e r  transcription factor that is up- 

regdated in osteogenic cells induced to differentiate with BMP-7. Consistent with the expression 

of M l 8  mRNA during osteogenic differentiation by FRCCs in vitro (Fig. 2.5), AJ18 mEWA was 

expressed early during the formation of endochondral and intramembranous boues (tiiia and 

calvaria, respectively) in mouse embryos. Expression of M l 8  mRNA was also detected in other 

tissues and organs with maximal expression during embryonic development. WhiIe signincant 

expression of AJ18 occuned post-natally in brain, which together with mineraiized tissues has 

the highest expression of AJ18, expression was lost in other tissues. As expected for a 

transcription factor, irnrnunohistochemical staining for N I 8  protein was largely restricted to ceIl 

uuclei, with the relative intensity of staining in the tissues approximating the level of mRNA 

determined by Northern blot hybridmtion. 

Comparison of the protein sequences for N I 8  in rat and mouse reveded hi& 

conservation of arnino acids (97% to 100%) in the region of the CzHz zinc fmgers and the KRAB 

domain, s i g n w g  the functional importance of these regions in mediating DNA-binding and 

transcriptional activity. In the Iinker region between the KRAB domain and the zinc fingers, and 

at the carboxy-terminal region, sequence conservation was much lower (72% to 79%), indicating 

that the precise structure of these regions is of lesser functional importance. In previous studies 

(Chapter 2; Jheon et ai., 2001) the C2H2 zinc fkger motifs of Ml8 has been shown to bhd to 

DNA with a preference for sequences containhg 5'-CCACA-3', which is present within the 

OSE2 through which Ru& mediates transcriptional activity (Ducy et ai., 1997). M l 8  was 

found to suppress Runx2-mediated transactivation through the OSE2 While gene targets for 

M l 8  have not been identined, forced expression of M l 8  m C3HlOTlJ2 nbrobiast-like ceUs 



induced towards osteogenesis by BMP-7, suppressed the expression of alkaline phosphatase, an 

early marker of osteogenic differentiation. 

ALthough BMPs are characterized by their bone-inductive activity (Rodan and Harada, 

1997) as members of the TGF-p superfamily of cytokines they have a broader role in 

developmental processes involving different tissues and organs (Hogan, 1996). Thus, it is of 

interest that BMP-7, which was originally used to identiQ AJ18 (Chapter 2; Jheon et al., 2000), 

has a similar expression pattern to M l 8  in mouse embryos. BMP-7 mRNA is expressed in the 

glomemli of kidney, in the eye, and in whisker follicles, and its expression is absent in the liver 

of 17.5 dpc mouse embryos (Helder et al., 1995). Studies presented in this Chapter show that the 

expression of M l 8  in 16 dpc mouse embryos corresponds with the results reported by Helder et 

al. (1995). In addition, BMP-7 is expressed in the brain, in mineralized tissues such as in 

hypertrophie chondrocytes, osteobIasts, and periosteum, and in the inner dental epitheiium with 

expression in a few celIs in the dental pulp (Helder et al., 1995). These are al1 tissues in which 

M l 8  showed positive staining. In 12- to 18-day mice, BMP-7 is expressed in al1 bony tissues, 

and in the odontoblasts and ameIobIasts of teeth (Thomadakis et al., 1999). Although M l 8  

mRNA expression was markedly reduced in al1 post-natal tissues, except brain, and was difficult 

to detect by Northem hybridization, AJ18 protein was detectable by irnmunostaining in 4-week 

old mice. Ml8 was present in the nuciei of chondrocytes and osteoblasts in tibiae, and in the 

odontoblasts and arneloblasts in moiar and incisor teeth. Taken together, the temporal and spatial 

expression of M l 8  at various developmental stages closely mimics the expression of BMP-7 in 

mouse tissues, consistent with the original identification of MI8 as an immediate-early 

responsive gene to BMP-7 (Fig, 2.1). Similar to BMP-7, therefore, AJ18 may modulate the 

differentiation of bone and cartilage cens, but its expression in various tissues suggests 



bctional d e s  in the development of other tissues, which may be revealed by generating mice 

with a targeted disnrption of the AJ18 gene. While signifiant developmental effects have been 

observed in BMP-7 knockout mice in only three organs (eyes, kidneys, and bone; Dudley et al., 

1995; Luo et al., 1995), other BMPs may cornpensate for the absence of BMP-7 in the fonnation 

of other tissues. 

From the immunhistochernical analysis of endochondral bone in 16 dpc mouse embryos, 

it is evident that Ml8 is initially expressed by proliferating chondrocytes and pre-hypertrophie 

chondrocytes, with sporadic expression in hypertrophic chondrocytes. The formation of cartilage 

in endochonclrai bones is controlled by a negative regdatory feedback loop involving PTH- 

related protein (PTHrP) and Indian hedgehog (Lanske et al., 1996; Vortkamp et al., 1996). . 
ihh is expressed in the pre-hypertrophie chondrocytes present in the growth plate, where it 

regulates the rate of hypertrophic chondrocyte differentiation (Vortkarnp et al., 1996). ihh 

induces the expression of PTHrP in the pi-articular perichondrium, which signals to its 

teceptors expressed in pre-hypertrophie chondrocytes and inhibits the expression of Ihh thereby 

blocking hypertrophie chondrocyte differentiation (Lanske et al., 1996; Vortkamp et al., 1996). 

Thus, ablation of the PTH/PTHrP receptor results in mice with accelerated differentiation of 

chondrocytes within the growth plate of bone (Lanske et al., 1996). The inhibition of ihh by 

PTHrP appears to be indirect, and through the direct down-regdation of BMP-6 (Gtimmd et ai., 

1999). The spatial expression pattern of Ml8 within the growth plate of bone and the apparent 

fimctional redundancy of BMPs suggests that Ml8 may be a possible downstream target for 

BMP-6 in this cartilage negative feedback lmp. 

BMP-7 has aIso been shown to inhibit the terminai differentiation of chondrocytes m the 

peri-articular region, independent of the IhhlPTHrPBMP-6 negative feedback loop via unknown 



inhi'bitory factors (Haaijman et al., 1999). Peri-articular cartilage rem& unmineralized, and it is 

the loss of peri-articular cartilage due to new boue formation that leads to joint diseases such as 

osteoarthritis (Goldring, 1999). Thus, AJ18, which is aIso expcessed in cartiiage cells present at 

the pen-articular region, may play a role in the Uihibition of the terminal differentiation of these 

chondrocytes under the control of BMP-7. That AJ18 expression is lost in hypertrophic 

chondrocytes, in which Runx2 expression is induced (Kim et al., 1999), further suggests that 

M l 8  and Runx2 have antagonistic activities, as evident in the M l 8  suppression of R u .  

transcriptional activity (Chapter 2; heon et al., 2001). Thus, whereas the over-expression of 

Runx2 in pre-hypertrophie chondrocytes induces differentiation to hypertrophic chondrocytes 

(Takeda et al., 2001), the over-expression of AJl8 in pre-hypertrophie chondrocytes may inhibit 

hypertrophic chondrocyte differentiation. Therefore, it wouId be interesting to determhe the 

phenotypic effects of M l 8  over-expression in a chondrogenic ce11 Iine such as CFK2 (Bernier 

and GoItzman, 1993), dong with its effects on Runx2 and Ihh expression. 

These studies have shown that M l 8  has a broad expression profile in ernbryonic tissues, 

consistent with the concept that M l  8 acts downstream of BMP-7 in tissue morphogenesis. 



Chapter 5: Summary and Future Directions 



Elucidating the mechanisms that controI the coordinated cascade of celluiar events and 

the regulation of genes involved in osteogenesis is fiutdamental to understanding the formation 

of rninedized tissues and the aberrations associated with inherited and acquired bone diseases. 

Although relatively few molecular signak that control these events are known @ucy et a[., 2000; 

Erlebacher et al., 1995; Karsenty, 2000), the chcterization of BMPs and their downstream 

effectors (Smads), together with the recent identification of Runx2 as a "master gene" of 

osteogenesis (Rodan and Harada, 1997) have provided a basic paradigrn for studying osteogenic 

differentiation. Using BMP-7 to induce bone ceIl differentiation, and differential display to 

identiQ the genes regulated during osteoblast differentiation, a novel gene provisionally named 

AJ18 that is up-regulated during osteoblast differentiation and responsive to BMP-7 was 

identified fiom cultures of FRCCs. AJ18 encodes a 64 kDa protein comprishg a KRAB domain 

at the N-terminus, and a Iinker region followed by I l  successive C2H2 zinc finger motifs. The 

presence of the transcription repression W domain and C2H2 DNA-binding zinc finger 

motifs was indicative of a transcription repression fiinction for AJ18. Using a target detection 

assay, a consensus-binding site (5'-CCACA-3') for zinc finger DNA-binding domain of Ml8  

has been identified. The binding site f o m  part of the osteoblast-specific element2 (OSE2; 5'- 

ACCACA-3') that is recognized by Runx2. Since the temporal expression of AJ18 and Runx2 in 

osteogenic differentiation in vitro was similar, the effects of M l 8  on Runx2-mediated 

transcription were analyzed in transient transfection assays. Using a luciferase reporter plasrnid 

containing six-tandem repeats of OSE2 fiised upstream of a minimal osteocalcin promoter, over- 

expression of AJ18 was foimd to abrogate the tramactivation activity of Runx2 in a dose- 

dependent marner. Since the suppressor activity of N I 8  did not require the KRAB domain, it is 

possible that AJ18 competes with R d  for binding to the OSE2 element. Consistent with the 



abiiity of Ml8 to repress Rd-mediated transactivation through the OSE2 is the decrease in 

activity of alkaline phosphatase resultant fiom the over-expression of Ml8 during BMP-induced 

osteogenesis in undifferentiated fibroblastic cells. 

To understand how the expression of Ml8 is regulated, a rat genomic library screen was 

perfonned to isolate the 5'-flanking region and to elucidate the genomic organization of MI8. A 

short intergenic region of 1.5 kb was identified between H l 8  and another putative zinc tïnger 

transcription factor gene provisionaily narned AJ17, and partiaIly sequenced. The 5'-flanhg 

reigon of AJl8 was show to be active in transcription assays, with strong activity obtained with 

a minimal promoter encompassing nucleotides -77 to +171. The rat AJ18 gene consists of at 

least 4 exons, the first exon coding for an unusually long 2.3 kb 5'-UTR region. The presence of 

multiple ATG codons upstream of the authentic initiator ATG codon suggests the translation of 

AJI8 occurs via a mechanism other than the nbosome-scanning mechanism. Interestingiy, a 

putative IFES was identified near the authentic ATG codon that showed complementarity to rat 

18s rRNA sequence. The initiation of trandation via an IRES is supported by the GC-rich 

regions present in the 5'-UTR, and the gradua1 decline in luciferase activity with the addition of 

sequence extending downstream of the minimal promoter into the 5'-UTR. The minimal 

promoter of AJI8 appears to Iack a TATA box and an initiator (Inr) element, and transcription 

initiation may be mediated through the putative Sp 1 site present near the transcription start site. 

Consensus binding-sites for transcription factors such as Runx2, NFKB, Smads, and Etsl were 

identined within and upstrearn of the minimai promoter, Although preliminary analyses have 

failed to show regulation through individuai Runx2 and Smad sites, the transcription activity was 

shown to be dramaticaiIy increased in osteoblastic cells compared to mdifferentiated 

C3HlOTlQ cells, indicating that transcriptional regulation of Ml8 in osteogenic c e k  may 



involve the coordinated activities of the transcription factors acting through one or more 

enhancer elements. Thus, interactions between Smads and Runx proteins have been shown in the 

regulation of the germiine Ig C a  promoter (Hanai et al., 1999), while Etsl interacts with Runx.2 

in the regdation of the osteopontin gene (Sato et al., 1998). Recent studies have also shown that 

Rd-rnediated up-regdation of the osreocalcin gene involves cooperative interactions with 

three OSE2 sites in a mecbanism involving interaction of the Runx2 with the nuclear matrix 

(Javed et al., 1999). These studies also emphasize the importance of studyiag transcriptional 

regulation in the context of the nuclear rnatrix, which may also stabilize interactions between 

transcription factors and DNA. For example, the KRABIC2H2 protein ZNF74, which has a 

primary sequence that is similar to AJ18, has been shown to interact strongly with the nuclear 

matrix (Grondin et al., 1996). In ttiis regard, a requisite for interactions of N18 with other 

transcription factors or the nuclear matrix for binding to DNA could explain the lack of success 

with electrophoretic gel mobility shift experiments. 

Notably, the characterization of the promoter region of M l 8  appears to be the first 

reported For a rnernber of the large KRABiC2H2 farniIy of genes. Thus, it is conceivable that the 

unusually long 5'-UTR in combination with regions of high GC content in the N I 8  gene, which 

proved problematic in determining the MI8 promoter, may be a characteristic of the 

KRABlCîH2 FamiIy of genes. 

The temporal and spatid expression of N I 8  in mineralized and other tissues is 

strikingIy similar to the expression of BMP-7, further supporthg MI8 as  a target gene of BMP- 

7. The expression of M l 8  in various tissues suggests a rote for MI8 in epithelial-mesenchymal 

interactions during organogenesis. BMP-7 has been impkated as an importaut signahg protein 

between the epithelium and mesenchyme dining early eye and kidney devetopment (Dudey et 



al., 1995; Luo et al., 1995). Furthermore, BMP-4 expresseci by dental epithetium induces the 

expression of at least three transcription factors (Msxl, Msx.2, and Egrl) in mesenchyme (Vainio 

et al., 1993). Egrl, whose expression profile is similar to M l 8  (Figs. 2.1 & 2.2), was identified 

as a target gene for BMP-7 (Fig. 2.1). This may suggest that Egrl and M l 8  cooperates 

downstream of BMP-7 to regulate epithelial-mesenchymai interactions. Furthemore, Runx2, 

which is induced by BMPs @ucy et al., 1997) and has an expression profile similar in 

developing tooth structures (Jiang et al., 1999) to M18 ,  has also been impticated as an important 

factor that regulates the expression of molecules derived fiom mesenchyme that act reciprocally 

on dental epithelium to control its growth and differentiation (D'Souza et al., 1999). 

The regdation and possible functions of AJl8 are summarized (Fig. 5.1). Possible futwe 

experiments to elucidatc the function(s) of MIS, which may then be extended to the 

KRAB/C2H2 farnily of proteins are discussed below. 

SA. Functional Characterization of AJ18 

The function of M l 8  and the KRAB/C2H2 famiiy of proteins in vivo, is still unclear. 

Although the data presented in this thesis (Chapter 2; Jheon et al., 200 1) and by others (Zheng et 

ai., 2000) dernonstrate that the KRAB/C2H2 proteins are sequence-specific transcription 

repressors, the numerous C2H2 zinc finger motifs aIong with the highiy variable Iinker and C- 

terminal regions suggest other possibte d e s .  For example, the KRAB/C2H2 protein Kid-l that 

contains 13 zinc h g e r  motifs, binds to hetemduplex DNA (Elser et al., 1997) and appears to 

dissociate the nucleoIus (Huang et d., 1999). ZNF74, a KRAB domain protein containhg 12 

C2H2 zinc hger motifs, has an affinity for RNA homopolymers and interacts strongly with the 

nuclear r n a b  (Grondin et ai., 1996), and c m  interact with the hyperphosphorylated form of 
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Fig. 5.1. Summay of AJ18 regdation in osteogenesis. A-D, schernatic linking the 
induction of Ml8 expression by BMP-7 with the downstream effects of Al18 on regdation 
of osteogenic genes tbrough specifïc enhandreptessors for Ml8 (SE) or through an OSE2, 
A, binding of BMP-7 mvokes a signal cascade comprishg transmembrane receptors and the 
translocation of teceptor-dependent Smads to the the nucleus. Other exogenous signais, 
includmg other BMP members such as BMP-6, may also be involveci. B, Srnad proteins, as 
weii as other traascription factors wfiose consensus sequences are present in the promoter of 
AJ18, may regulate the transcription of AU8 hnRNA, which bas an unusually Iong 5'-UTR 
(exon 1). C, Ml8 hnRNA is exportai h m  the nucleus where inîrons would be spiiced, and 
the mRNA couid form extensive secondary structure in the GC-rich regions of exon 1. AJ18, 
comprishg a KRAB do& and 11 CA zinc hger mot& is transIated h m  the mRNA 
utilking a putative IRES. MI8 localizes to the nucieus mdependent of its KRAB domain 
where ït regulates the trariscription of target genes. D, by recogakhg the conseasus sequeme 
5'-CCACA-3'' which is a partial OSE2, A118 can modulate the traasactnration of Ru&! and 
o k  OSE2-regulated genes. AitmaiiwIy A118 &ne, or through interactions with other 
transcription factors or its putative CO-repressor TIF$, m y  enbance or cepress the 
transctiption of target geiues that are associaîed with osteogenic dïfléren;tiatmn k u g h  a 
specsc element encornpasshg the 5'-CCACA-3'. 



RNA polymerase iI (Grondin et al., 1997). Furthermore, in addition to the interaction through the 

KRAB domain to TIFlB, various proteins interact with KRAB/C2H2 proteins. Thus ZBRK1, a 

KRAB domain protein containhg 8 CzH2 zinc h g e r  motifs, interacts with BRCAl to down- 

regdate the GADD45 gene (Zheng et al., 2000). The direct binding of BRCAl appears to 

involve some of the C2H2 zinc fingers and the C-terminus of ZBRKI. Also, RbaK, a 

KRABICtH2 protein that represses E2F-dependent genes interacts directly with the 

retinoblastoma gene product (RB) through its Iinker region between the KRAB domain and zinc 

h g e r  motifs (Skapek et al., 2000). 

Thecefore, it would be of interest to identify proteins that may interact with the linker or 

C-terminus region of AJ18, particularly in context with osteogenic differentiation. This would be 

best achieved through yeast 2-hybrid screens. Briefly, this would involve the fusion of the linker 

(amino acids 82 -219) or C-terminus (amino acids 521-560) region to the GAL4 DNA-binding 

domain to generate the "bait", which would be used to screen a target library generated fiom 

osteogenic cells expressing cellular proteins fhed to the GAL4 activation domain. Potential 

difficulties due to the interactions with endogenous yeast proteins are not anticipated as 

KRAB/C2H2 proteins are exclusive to multicellular organisms and not present in yeast. However, 

it should be noted that although the linker andfor C-terminus regions are the likeiy protein- 

protein interaction regions, the C2H2 zinc finger motifs might aIso be involved in protein 

interactions. 

5A. I .  Interaction with Runx2 

Runx2 is a strong candidate to be identified as a protein interacting with linker region of 

N18. This hypothesis arises in part h m  the observation that there is high sequence similarity 



within the m e r  region of M l 8  to an Ets-related protein calied Elf-1 (61% similarity between 

amino-acids 132-165). A 1 l&amino-acid sequence that encompasses the 34-amino acid region 

conserved in Elf-1 and AJ18 has been implicated in the interaction between Elf-1 and 

RunxltAMLl (Mao et al., 1999). Thus, rather than there being a mutually exclusive binding of 

N I 8  and Runx2 to the OSE2, the mechanism of suppression of Runx2 transcriptional activation 

could altematively involve direct interaction of AJ18 and Runx.2, with the consensus elements in 

polymeric OSE2 aiding the recruitment of various transcription factors. Consistent with R d  

acting as a context-dependent transcription factor, M l 8  could suppress transcription by 

competing with a binding partner of Runx2 that induces transcription. Such potential interactions 

between M l 8  and Runx2 can be studied using immunoadsorption experirnents, which are 

routinely used to provide evidence of specific interaction between proteins. By incubating M l 8  

and radiolabelled Rwx2, translated in vitro under physiological conditions, the putative cornplex 

could be immunoadsorbed to resin-bound, affinty-purïfied, anti-AJ18 antibodies. Should other 

proteins be required for the formation of the AJl8-Runx2 complex, the binding could be 

performed in the presence of nuclear extracts derived fiom bone ce11 lines. 

SA.2. Determination of Zinc Finger Mot* Involved in DNA Interactions 

Aithough the target detection assay was successfully used to ident* a DNA sequence 

recognized by the zinc finger domain of N l 8 ,  as few as one or two zinc fingers could recognize 

this target sequence. With I I  CzH2 zinc finger motifs in AJ18, it is probable that DNA 

recognition sequence is much longer than the 5'-CCACA-3' identified or that multiple 5'- 

CCACA-3' sequences are invoived Notably, 5'-CCACA-3' sequences were present in the 

polymeric OSE2 used to assess transcriptional suppression of Runx2 by AJ18. Nthough a LS 



nucleotide target was determined for the KRABKtH2 protein, ZBRKI, which has 8 zinc fingers 

(Zheng et al., 2000), identification of long sequences by target detection assays is normaiiy 

limited by the exponential increase in the number of variant target DNA sequences needed with 

the addition of each nucleotide. ConsequentIy, further ctiaracterization of the C2H2 zinc finger 

motifs involved in DNA recognition may best be achieved through the use of deletion mutants. 

By deleting single, or combinations of zinc fiagers using various oligonucleotide primers, the 

contribution of specific C2H2 zinc hgers to the binding of the 5'-CCACA-3' can be determined 

and the identification of 0th bhding sequences deterrnined using the target detection assay. 

Notably, a spontaneousIy truncated (35 D a )  form of His-tagged AJ18, which theoretically 

should contain the first three zinc h g e r  motifs, was shown to bind to OSE2 (Fig. 2D). This 

suggests that the interaction of M l  8 to OSE2 is specifically through these three zinc fingers. 

SA.3. Target Genes and Downstreum Effecrs of AJ18 

Although M l 8  can recognize the OSE2 (5'-ACCACA-3'), an immediate target gene 

regulated by M l 8  has yet to be identified. Since the OSE2 sequence is present within the 

promoters of many bone-related as well as many other genes, identifjing potential gene targets 

for M18 will require methodology allowing a general screen for AJ18-regulated genes. 

Furthemore, the potential for mdtiple genes to be regdateci by M l 8  warrants a more detailed 

analysis of the downsûeam effects of Ml8 on osteogenesis. This c m  alsa help dissect out 

regdatory cascades involved in osteogenic differentiation. Although suppression of Runx.2- 

mediated transcription has been shown in a mechanistic mode1 and has been linked to a 

downstream suppression of allcaline phosphatase, the dtimate ef!fects of Ml8 on osteogenesis 

are not known. To extend these studies, therefore, the effects of M l 8  stabIy transfected into an 



osteogenic ce11 lhe, will be determined. These studies will utilize a clonal rat bone marrow ceU 

üne, established in the laboratory h m  a mixed ce11 iine provided by Dr S. Pitani (University of 

Tel Aviv, Israel). These cells undergo spontaneous differentiation and within 14 days form bone- 

like nodules in vitro. Therefore, using sense and antisense expression vectors to increase and 

decrease expression, respectively, the effects of changing AJ 18 expression levels on the temporal 

expression of bone-related mRNAs including Runx2, BSP, OC, ALP, COLI, and OPN can to 

determined. Furthemore, the nurnber, size, and rate of formation of bone-like nodules, 

representing the number of precursor cells capable of differentiating into bone-forming 

osteoblasts, can be readily measured. 

To identify irnmediate target genes, N l 8  will be cloned into a Tet-ON gene expression 

vector (Clontech) in which the expression of N I 8  is regulated by tetracycline. Following 

isolation of both non-osseous (i.e. C3HlOT112 or C2C12) and osseous ceil lines (Le. RBMC) 

stably expressing Tet-AJ18, the effects of AJ18 on gene expression can be analyzed at various 

the  points determined by the addition of tetracycline. Using RNA isolated fiom cells d e r  30 

min or 3 hours of tetracycline treatment, experiments would initially deterrnine the effects of 

AJI8 expression on known genes involved in osteogenic differentiation (mentioned above). 

Then, a broader screen wouId be attempted using differential display andior cDNA rnicroarray 

analyses to identiQ genes up- or down-regulated in response to AJ 18 expression. 

5B. Regulation of AJl8 Expression 

The promoter sequence of Ml8 is the h t  promoter for the large KRAB/C2H2 family of 

genes to be reported. Diffidties in cloning arose due to the unexpected and unusuaily long 5'- 



UTR, which may be a characteristic of KRAB/C2H2 proteins, and the reason behind the lack of a 

reported promoter for this gene family. 

SB. 1 Jdenhpcation of Regdators of Ml8 

Various consensus DNA-binding eternents for transcription factors such as Runx2, 

NFKB, Etsl, Smads, and Spl were identified within the 5'-flanking region of AJl8. Luciferase 

activities may be measured by co-traasfection of îhese transcription factors alone or in 

combination, with the AJI8 promoter-luciferase reporter constnicts. 

SB. 2- I. BMP- 7 Regdation of MI8 

AJI8 was identified as an irnmediate-early target gene for BMP-7 in FRCCs. The BMP-7 

induction of Ml8 was also shown in C2CI2 myogenic cetls and in mesangiai cells (data not 

shown and persona1 communication h m  Dr. Mark DeCasteker, Vanderbilt University, 

respectively). Although the primordial function of BMP-7 and other BMPs appears to be to 

induce bone formation, BMP-7, as well as AJ18, are expressed in many tissues and are clearly 

multifunctionai. AIthough preliminary experiments failed to show effects on AJ18 transcriptional 

activity with BMP-7 treatment, these experiments were performed using luciferase constmcts 

containhg incomplete 5'-UTRs of MIS, Furthemore, the Smad sites identified in the promoter 

are Smad 2 and 3 sites, which have been implicated in TGF-P signahg as opposed to BMP- 

signaling. Sequence analysis of the complete 5'-UTR revealed the presence of a Smadl 

consensus binding element (5'-GCCGnCGC-3'; Kusanagi et al., 2000) at nucIeotide +2094 of 

M 8 .  Thecefore, transcriptionai regdation of AJ18 by BMP-7 may occur thcough elements 

present within the 5'-UTR of tbe AJ18 gene. 



BMP-7, as well as other factors, may regdate AJ18 through post-transcriptionai effects 

including RNA and pmtein stability, and protein modifications. Analysis of the sequenced 3'- 

UTR reveaIed the presence of a key AU-nch sequence motif (5'-UAUUüAU-3') that has been 

impIicated in mRNA degradation (Zubiaga et al., 1995). Furthemore, anaiyses of the amino acid 

sequence of M l 8  showed the presence of a possible PEST protein instability sequence at amino 

acids 153-169, suggesting that the protein may undergo rapid turnover (Rechsteiner and Rogers, 

1996). The presence of 17 putative casein kinase II and 6 putative protein kinase C 

phosphorylabon sites suggests that M l 8  activity rnay be modulated by phosphorylation. 

58.2. Tissue-spec$c Regulation 

The presence of two OSE2 sites at nucleotide positions -30 and -73 may be important for 

the 100-fold higher transcription activity in bone cells relative to fibroblast-like cells. To 

detennine the importance of these sites for tissue specificity, mutations can be introduced at the 

OSE2 sites in p h n i d s  p(-1494/+171) and p(-77/+505) and the transcription activities compared 

with wild-type plasmids in osseous and nonosseous cells. 

5B.3. Regulation of AJI8 Translation 

The 5'-LTTR of M l 8  is unusuaily Iong at 2.3 kb with GC-rich regions, and a putative 

IRES near the authentic ATG start codon. The minimal promoter, p(77/+17 l), tigated upstream 

of the luciferase gene results in hi& transcription activity. However, the progressive decline of 

luciferase activities when additionai sequence is included downstream into the 5'-UTR [p(- 

77/+451), p(-77/+505), p(-77/+657) and p(-77/+955)], suggests that this deciine may be due to 

effects on translation rather than transcription. Thus, with an incomplete 5'-UTR present (minus 



IRES) the chimeric AJ18-luciferase mRNA may be translated via the ribosome scannùig 

mechanism. However, the inclusion of the full 2.3 kb 5'-üTR wouid restore luciferase activity as 

translation initiation occurs through the IRES rather than through the niosome scanning 

mechanism. The foiiowing experiments could test this hypothesis. Firstly, consûuct p(- 

77/+2300) upstream of the luciferase gene would be prepared and its luciferase activity 

measured. Based on the hypothesis, luciferase activity should be restored with the presence of 

the putative IRES. Secondly, to determine that the length of the 5'-UTR affects translation and 

not transcription, total RNA prepared fiom cells transiently transfected with the various 

luciferase reporter constructs would be analyzed on Northem blots using a probe specific to the 

luciferase mRNA. If transcription is not affected, there should not be a significant difference in 

the rnRNA expression levels between the chimeric luciferase constnrcts. Thirdly, to determine 

whether translation is affected, the mRNAs of the above constructs can be synthesized and in 

vitro translation experiments performed to determine the synthesis of luciferase by incorporating 

radiolabel or performing a luciferase assay. 

To determine the importance of the putative IRES, mutations can be introduced at this 

site in the various plasmids and the experiments described above repeated. Additionaily, the 

putative IRES can be inserted into a bicistronic constmct and the ability of IRES to initiate 

translation anaiyzed. This could be achieved by consûucting a bicistronic gene comprising the 

chloramphenicol acetyltransferase (CAT) and luciferase (LUC) genes separated by the putative 

AJ18 IRES. Thus, CAT would be translated via the ribosome-scanning mechanism whiIe LUC 

wouid be translated via the IRES, if it is indeed functionai; the activities of CAT and LUC can be 

readily deterrnined. 



SC. Transgenic Mouse Models 

To determine the fiinctionality of AJ18 in the context of gweraI and specific tissue 

development in vivo, transgenic approaches c m  be used. General effects can be determined by 

gene knockouts, through the use of targeted deletiodreplacement, while tissues specific effects 

can be achieved by creating tissue-specific promoter-driven constnicts that wiU express wild- 

type or mutant Mt8 .  The h t  steps for preparing knockout mice have been compIeted. A mouse 

M 8  genomic clone was isolated from a genomic iibrary screen (Chapter 4), and constnicts 

prepared. Embryonic stem (ES) cells are currently being screened for cells in which homologous 

recombination of MM has been achieved. As AU8 is a potential target gene for BMP-7, and 

BMP-7 and Ml8 have similar expression profites (Chapter 4), it is anticipated that Ml8 

knockout mice will show a similar phenotype as  the BMP-7 knockout mice. This, in conjunction 

with prornoter analyses described above, wodd provide strong evidence that AJZ8 is a target 

gene of BMP-7. In addition to the knockout experiments, tissue-specific effects of Ml8 c m  be 

anaiyzed using the mouse RunxZ prumoter (Accession no. AF155361) to direct the expression to 

osteogenic systems. Over- and under-expression of M l 8  can be achieved using sense and 

antisense cDNAs driven by the R u n .  promoter. AlternativeIy, expressing a dominant-negative 

mutant of AJl8, in which the KRAB domain and or the DNA-binding region is removed, could 

be used to assess the fiinctionality of AJ18. Depending upon whether AJ18 promotes or 

suppresses bone formation, crsteopetrotic or osteoporotic phenotypes, respectively, tvould be 

expected in these studies. Thus, the combination of M 8  ablation and misexpression studies 

shodd greatly assist in deciphering the function of AJf 8 in vivo. 

in summary, these studies have characterized a novel zinc tinger transcription factor that 

is expressed durhg tissue development in a pattern that is consistent with its potentid rote in 



mediating effects of BMP-7 in epitheiial-mesenchymal interactions in general, and specifically 

during osteogenic differentiation. Future studies should further estabiish the relationship between 

BMP-7 and downstrearn target genes involved in osteogenic differentiation, providing further 

insights into molecular mechanisms that control osteogenesis. 
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