
Transcriptional Regulation of the Rat 
Bone Sialoprotein (BSP) Gene. 

Richard Hyung-Jun Kim 

A thesis submitted in conformity with the requirements for the degree of Doaor 

of Philosophy, Graduate Department of Biochemistry, in the University of 

Toronto. 

O Copyright by Richard H. Kim 1998. 



National Library Bibliothèque. nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Services services bibliographiques 

395 Wellingbn Street 395. nie WdIingtm 
OttawaON K 1 A W  OtiawaON K1AON4 
Canada Canada 

The author has granted a non- 
exclusive licence allowing the 
National Lïbfary of Canada to 
reproduce, loaq distribute or sell 
copies of this thesis in microform, 
paper or electronic formats. 

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts fiorn it 
may be printed or othewise 
reproduced without the author's 
permission. 

L'auteur a accordé une licence non 
exclusive permettant à la 
Bibliothèque nationale du Canada de 
reproduire, prêter, distribuer ou 
vendre des copies de cette thèse sous 
la forme de microfiche/nlm, de 
reproduction sur papier ou sur format 
électronique. 

L'auteur conserve la propriété du 
droit d'auteur qui protège cette thèse. 
Ni la thèse ni des extraits substantiels 
de celle-ci ne doivent être imprimés 
ou autrement reproduits sans son 
autorisation. 



Transcri~tional Reeulation of the Rat Bone Sialoprotein (BSP) Gene. 

Richard H. Kim, Ph.D., 1998. 
Graduate Department of Biochemistry in the University of Toronto. 

Abstract 
BSP is a major protein of the mineralized matrix of bone that has been 

implicated in the nucleation of hydroxyapatite cryçtal formation during de n O v O 

osteogenesis. To study mechanisms that regdate BSP gene transcription serial 

deletion constructs of the rat BSP promoter ligated to a luciferase gene were 

prepared for transient hansfection assays. While tissue-spellfic regdation codd  

not be demonstrated for these constructs, a 2.7 kb promoter construct 

incorporated into the genome of transgenic mice was developmentally regulated 

in osteogenic tissues. 

Transient transfections were dso used to demonstrate that a perfectly 

inverted TATA box (5'-TïTATA-3') 19 bp upstrearn of the BSP promoter was 

functional. The inverted TATA box bound recombinant TATA-binding protein 

(TBP) and directed downstream transcription, demonstrating that orientation of 

the TATA box does not necessarily determine the direction of transcription i n  

eukaryotic genes. Notably, TBP binding was retained when the inverted TATA 

sequence was mutated to produce a canonical TATA sequence and 

transcriptional activity was increased -30%. Since a putative vitamin D, 

response element (VDRE) overlapped the inverted TATA box, subsequent 

studies were directed a t  the characterization of this VDRE. Ln transient 

transfection assays, vitamin D, suppressed transcription 30-50% in aIl constnicts, 

including a short construct encompassing the TATA/VDRE and an inverted 



CCAAT box. Moreover, gel mobility shift assays showed strong homodimer 

binding of hVDR to this site. Conversion of the TATA box to the canonical 

sequence did not influence vitamin D, regdation, demowtrating that the 

inverted TATA box was not required to accommodate the VDRE. However, 

while a point mutation abrogated hVDR binding, the effect on transcription was 

not significant, indicating that the complete VDRE may include two additional 

half-sites that flank the central VDRE. 

The ùiverted CCAAT box was shown to be the target of src signalling, 

indicating a possible pathway for BSP induction in transformed cells. 

Transcription of BSP promoter constructs containing the CCAAT box was 

increased 3-5 fold when cells were CO-transfected with a v-src expression vector. 

Using GMS analysis NF-Y and a second protein, B, were identified as the likely 

targets of src regdation. Collectively, these studies have identified several cis- 

acting elements in the proximal prornoter through which transcription of BSP 

may be regulated. 

iii 
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Chapter 1: Introduction 



The formation of bone requires the differentiation of osteogenic cells 

which produce an extracellular collagenous matrix that is mineralized by the 

deposition of hydroxyapatite (HA) crystals. Bone sialopro tein (BSP) is expressed 

almost exclusively by differentiated mineralized-tissue foming cells and has 

been implicated in the initial nudeation of HA crystal formation. BSP is also 

obsewed in several pathological conditions, including breast adenocarcinornas, 

in which microcrystalline deposits of HA are observed. Notably, the expression 

of BSP on the surface of cancerous c& provides a mechanism for targeting 

metastatic cells to bone. Thus, studies on the regulated expression of the BSP 

gene can provide important insights into the molecular events that are 

assouated with the attainment of the osteoblastic phenotype and the 

mineralization of the extracellular matrix in bone formation and in pathological 

processes. 

In this thesis 1 hypothesized that characterization of the promoter region 

of the BSP gene would reveal rnechanisms of transcriptional regulation that can 

explain the tissuespecific and hormonal regulation of the gene in normal bone 

formation and the abnormal expression of BSP in pathological sites. 

1. Characteristics of Bone 

Bone is the principal supporthg structure in higher vertebrates. It is 

characterized by an extensive extracellular matrix that is mineralized by the 

formation of HA crystals. The HA [Calo(PO&(OH)J crystals, formed from 

calcium and phosphate ions, provide the strength and resilience of bone tissues 

that are important for the structural role of bones in the skeleton. In addition 

the skeleton is a major reservoir, not only for calcium and phosphate ions, but 

also for magnesium, sodium, carbonate and other ions that are incorporated into 

the HA crystal lattice. The concentration of calcium in the body is carefdy 

regulated through the action of steroid hormones such as vitamin D, and 

peptide hormones such as parathyroid hormone (reviewed by Glimcher, 1984). 

In addition to its structural role, and its h c t i o n  in maintaining the proper ion 



concentration in the body fluids, bone is also the major site of hematopoiesis 

(reviewed by Rodan, 1992). 

Bone is a dynamic structure that is constantly being resorbed and reformed 

to allow for growth and maturation, and in response to physical stress and 

hormonal signals that regulate calcium ion concentration in the systemic fluids. 

The remodelling of bone allows tissues to adapt to changes invoked by physical 

forces associated with weight bearing and musde contraction (Baron, 1996). Bone 

grows entirely by apposition because osteocytes do not divide and the bone 

matrix calcifies soon after being produced, preventing growth of the tissue from 

within (Baron, 1996). 

Bone formation takes place through either an intramembranous or 

endochondral pathway. Intramembranous ossification occurs within a loose 

layer of mesenchymal tissue. Undifferentiated mesenchymal ce& condense at 

the site of bone formation and differentiate into osteogenic ce& which generate 

an organic matrix that calcifies to form flat bones. A typical example of 

intramembranous ossification is the formation of the plate-like bones of the 

cranium. In cornparison, endochondral ossification starts with the development 

of a cartilagenous model. This cartilage adage mineralizes and is invaded by 

blood vessels, which precede the replacement of the cartilagenous tissue with 

bone. Although the origin of osteoblastic c e h  that fonn the endochondral bone 

is unlaiown, the appearance of fully-differentiated osteoblasts coincides with the 

invasion of capillaries into the cartilage. An example of this type of ossification 

is the formation of bone in the epiphyseal plate of long bones (Baron, 1996). 

The mature bone is structurally divided into two distinct fypes: cortical 

and trabecular bone. In the long bones, for example, the extemal part, enclosing 

the medullary cavity where the hematopoietic bone marrow is found, is a dense 

layer of calcified tissue desaibed as cortical bone. Cortical bone constitutes about 

80% of the total bone in the human skeleton. Towards the ends of the long 

bones the cortical bone becomes thinner and the inner space is filled with a 

network of thin, calcified trabeculae, known as trabecular bone. Trabecular bone 

is mainly situated in the vertebrae, the flat bones, and in the juxtaarticular 



epiphysis of the long bones travershg the marrow cavity (Baron, 1996). Both 

cortical and trabecular bone are made up of the same types of cells and the same 

matrix components, however, there are structural and functional differences. 

The major structural difference is that 80% to 90% of the cortical bone is calcified 

compared to 15% to 20% calcification in trabecular bone. This structural 

difference is the main reason behind their functional difference. The cortical 

bone serves mainly as a mechanical and protective component of the skeleton 

whereas the trabecular bone, in addition to acting as reinforcernent rods to 

support the cortical bone (Tm Cate, 1994), also functions as a metabolic centre of 

the skeleton (Baron, 1996). 

Bone can also be classified as either "woven" or "lamellar" depending on a 

number of morphological criteria. Woven bone is generally the first type to 

develop in prenatal life and is formed rapidly, whereas the lamellar bone appears 

later. Therefore, woven bone is considered immature relative to the more 

mature lamellar bone. A major characteristic of woven bone is the presence of 

irregularly oriented collagen fiber bundles which nui in various directions 

through the matrix creating a basket-weave network. However, in the lamellar 

bone the collagen fibers are arranged in an orderly fashion which is the result of 

the repeated addition of unifonn lamellae to bony surfaces during appositional 

growth. The collagen fibers that make up each of tLese lamellae are CO-linear 

and lie perpendicular to the ones forming the lamellae above and below them. 

Woven bone is also more cellular than lamellar bone and the osteocytes of 

woven bone are larger as weU as being more numerous (Baron, 1996). As the 

skeleton matures, the woven, immature bone is replaced by the lamellar, or 

mature, bone which is laid down following the resorption of the woven bone- 

1.1. Bone Cells 

1.11. Osteoblasts 

Osteoblasts are believed 

which can give rise to cells of 

and adipocytes (Puas, 1996). 

to originate from pluripotent mesenchymal cells, 

different lineages induding fibroblasts, myoblasts 

Osteoblasts are polarized, cuboidal, mononuclear 



c e k  (Doty and Schofield, 1976) with an average diameter of 20 to 30 Pm that are 

arranged as a contiguous layer covering the bone surface. They act coordinately 

to generate the extracellular matrix and to mediate its subsequent 

minerakation. OsteobIasts synthesize and secrete collagen (mainly type 1 with a 

small amount of type V), and non-collagenous proteins including BSP, 

osteopontin (OPN), osteonectin, osteocalcin (OC), and proteoglycans (reviewed in 

Skjod t and Russell, 1992). Actively synthesizing osteoblasts contain a large 

number of mitochondria, have a wide Golgi zone, many free ribosomes, small 

vesides and a well-developed endoplasmic reticulum. These c e k  have a 

polarity such that they secrete collagen and other non-collagenous proteins into 

the matrix space subjacent to the osteoid (VanderWiel, 1983). Osteoblasts can 

also control the mineralkation process by regulating the passage of calcium and 

phosphate ions across the cell and by generating ~0~~ frorn organic phosphates 

through the activity of cell surface-bound alkaline phosphatase (Bourne, 1972). 

The cells present on the surfaces of mature bone surfaces are called lining 

cells. They have a different morphology hom the osteoblasts, and are believed to 

be quiescent osteoblaçts. While they are not engaged in bone formation, they 

could be involved in priming the bone surface for osteodast activation in the 

remodelling and repair processes (Skjodt and Russell, 1992). 

1.12. Osteocytes 

Osteocytes are derived from about 10%-20% of osteoblasts which become 

surrounded by the mineralized matrix (Puas, 1996). Osteocytes were once 

considered dormant and metabolically inactive; however, there is clear evidence 

that this is ïiot the case. In addition to their role in bone resorption through 

"osteocytic osteolysis" (VanderWiel, 1983), these celIs synthesize collagen and 

non-collagenous proteins which may be required for the remodelling of the 

pericellular bone matrix. The osteocyte maintains cellular continuity within the 

bone matrix through extensive cell processes that exist within canniculi. 

Osteocytes are responsive to functional forces and may also have a role in the 

induction of bone resorption (Baylink and Wergedal, 1971). 



1.13. Osteoclasts 

The principal, if not the only, cells capable of resorbing mineralized bone 

are the osteodasts, which were originally descrïbed by KoUiker in 1873. 

Osteodasts origMte from pluripotent haematopoietic stem cells in the bone 

marrow, which alço generate the various blood cell lineages. Osteodasts are 

members of the monocyte/macrophage family of cells (Suda et al., 1992). They 

form by the fusion of monocytic precursors derived from the 

granulocyte/macrophage lineage. Thus, osteodasts are large multinucleate cells 

with an average size of 50 to 100 Pm. The cytoplasm is strongly basophilie, 

granulated and there are generally two to ten centrally located nuclei. A unique 

feature of these ce&, when they are actively resorbing bone, is the presence of an 

apical membrane domain known as the ruffled border which is closely apposed 

to the mineralized matrix. Osteodasts have three main organelles that are 

believed to be involved in bone resorption: the mitochondna, the lysosomes and 

the ruffled border surrounded by a sealing zone (Mundy, 1996). An uicrease in 

the number of electron-dense mitodiondrial granules during active bone 

resorption indicates the importance of mitochondria in the resorption process. 

Lysosomes are membrane-bound vesicles containing a wide spectrum of acid 

hydrolase enzymes capable of fragmenting and digesting materials ingested by 

the cells. The actual resorption of bone is camed out predominantly ai and 

beneath the ruffled border in a narrow space between the cell membrane and the 

mineralized matrix, delimited by the sealing (dear) zone, which forms a tight 

seal around the resorption area. ?rotons are pumped into the space (lacunae) 

beneath the ruffled border of the osteodast and lysosornai enzymes are seueted 

into the acidic environment to degrade the matrix (Baron ef al., 1985). 

Osteodasts can also ingest some of the bone fragments which are then further 

degraded in secondary lysosomes within the cell. 



1.2. Bone Proteins 

1.21. Type I Collagen 

Type I collagen comprises approximately 70% of the organic constituents 

and 90% of the total protein in bone. Collagen molecules are higltly asymmetric, 

rod-shaped molecules (300 n m  X 1.5 nm) consisting of three polypeptide chahs 

(a-diains, M, -100,000), each folded in a left-handed polyprolyl helix, that wind 

together to forrn a right-handed major helix. A characteristic feature of collagen 

is the high proline (and hydroxyproline) and glycine content. These imino and 

amino auds play an important role in the formation of the triple-stranded helix. 

Proline (and hydroxyproline), because of its fixed ring structure, stabilizes the 

left-handed helix in each of the three a chains, whereas the glycine, with its 

small size and presence at every third position in the sequence throughout the 

central region of the a diain, allows the three helical a chahs to pack close 

together to form the collagen heliv (Prockop et al., 1979). In type 1 collagen, two 

of the polypeptides are identical, whereas the third, while highly similar to the 

first two, is derived from a separate gene. Based on their elution from CM- 

cellulose ion-exchange resins the chains have been designated as a l 0  and a2(I), 

respectively. 

Each polypeptide chain in type I collagen is produced from precursor pro-a 

chains which have extended propeptides, 10-15 nm long, at each end of the 

molecule. The proline and lysine residues undergo hydroxylation in the lumen 

of the endoplasmic reticulum to produce hydroxyproline and hydroxylysine, 

respectively. There is evidence that hydroxyproline forms intrachain hydrogen 

bonds that stabilize the triple helix, whereas the hydroxylysine is important in  

the cross-linking of collagen molecules that occurs following secretion into the 

extracellular space. The two pro al(1) and one pro a 2 0  chahs combine together 

to form a triple helical procollagen molecule in the rough endoplasmic 

reticulum (Hu et al., 1995). As the procollagen is secreted, specific peptidases 

cleave the propeptides and produce the collagen molecule (Fessler and Fessler, 

1978). Interestingly, the procollagen C-protehase is the gene product of bone 



morphogenetic protein-l (BMP-1) which has been irnplicated in developmental 

processes (Kessler et al., 1996). 

The collagen molecules self-assemble into collagen fibrils in the 

extracellular space in a characteristic staggered arrangement that is dependent on  

the nature of the amino acids in the second and third position of the (Gly-X-Y), 

sequence. As each collagen molecule is incorporated into a pardel array, it 

extends beyond its neighbour by a quarter of its length (Trus Piez, 1976). 

However, a gap is created between successive molecules that can be detected by 

electron microscopy using negative staining. It is within the gap region that 

mineralization is believed to first occur. If this assembly process is altered by 

mutations in the collagen molecule, abnormal fibrils are formed and 

mineralization is impaired, as occurs in osteogenesis imperfecta. Depending 

upon the type and position of the mutation in the collagen molecule, the effect 

cm Vary producing mildly brittle to extremely brittle bone. Ln the latter case the 

fetuç may not survive the physical stress of parturition. From diseases such as 

osteogenesis imperfecta it is evident that type 1 collagen serves as the 

infrastructure ont0 which mineralization occurs (Christoffersen and Landis, 

1991). While most of the mineral in mature bone resides within the collagen 

fibers in lamellar bone, significant extra-fibibrülar mineralization is obsewed in 

woven bone, which is formed rapidly during de novo bone formation and in 

fracture healing. 

1.22. Non-Collagenous Proteins 

Since bone is a highly vascularized tissue, and because the main 

constituent of the bone is carbonated HA, known as dahllite, which has the 

ability to adsorb and concentrate exogenous material, it is not surprising that as 

much as one-third of the organic components of bone are plasma-derived 

proteins. Two-dimensional mapping of the proteins extracted from bone has 

revealed 160 different polypeptides representing 40 different protein families, 

and of these only 14 could be identified that were not present in plasma (Delmas 

et al., 19û4). Plasma-derived proteins found in bone include IgG (Ashton et al., 

1974), IgE (Mbuyi et al., 1982), al-acid glycoproteins (Delmas et al., 1984), al- 

. 
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antitrypsin, apo A4 lipoprotein, hemoglobin (Delmas et al., 1984), and the major 

plasma cornponents, albumin and a2 hurnan serum-glycoprotein (a2HS Ashton 

et aL, 1974). Although most of the plasma proteins in bone are present in the 

same concentration as in plasma, a2HS, and to some extent albumin, are present 

at higher concentrations in the bone matrix. However, it is not known whether 

all or any of these proteins are involved in normal bone metabolism. 

The study of bone proteins has been technically d i f f id t  because of the 

interactive properties of the constituent proteins and their tight association with 

the minera1 phase of the bone matrix. However, the isolation and 

characterization of bone proteins has been facilitated by the introduction of 

dissociative extraction techniques (Linde et al., 1980). In our laboratory, the 

dissociative extraction procedure has been modified to isolate non-covalently 

associated proteins from various tissue compartments in an intact form 

(Domenicucci et al., 1986). In this method a strong dissociative agent, 4M 

guanidiniurn hydrochloride (GuHU), is used first to extract proteins from the 

soft tissues and osteoid (called G1 extract). The tissue is then treated with 0.5M 

EDTA (tetrasodium ethylene diaminetetraacetic acid) to extract the mineral- 

associated proteiw (El extract). Thereafter, 4M GuHCl is used again (G2 extract) 

to isolate those proteins that are preferentially associated with the demineralized 

collagen matrix. Then, after extensive washing in phosphate-buffered saline 

(PBS), the residual collagenous tissue is digested with highly-puified bacterial 

collagenase to release additional proteins which are tightly bound to the collagen 

fibrils. Analysis of the proteins extracted from fetal porcine calvariae using this 

procedure has shown that approximately 90% of the non-collagenous proteins 

including proteoglycans, sialoproteins, osteonectin and OC, are extracted in the 

demineralizing step (El), the remaining 10% being distributed largely in the G2 

and collagenase extracts (Domenicucci et al., 1986). 

Studies in recent years have helped to characterize the major non- 

collagenous proteins that are present in the bone. However, the precise function 

of any of these proteins has yet to be determuied. The major non-collagenous 

proteins characterized in the p s t  fifteen years include three chondroitin sulfate 



proteoglycans, osteonectin (SPARC), OC, and two sialoproteins. These proteins 

are produced by osteoblasts and are believed to be important in the formation, 

growth, and regulated dissolution of the HA. 

1.22a. Proteoglycaw 

There are at Ieaçt three chondroitin sulfate proteoglycans (CSPGs) 

assoaated with the minera1 phase (Fisher ef al., 1987). CSPG 1 or biglycan has a 

M, of -350 K, with iwo glycosaminoglycan (GAG) chahs, and its content is 

generauy low and variable in different species (Goldberg et al., 1988). CSPG II, or 

decorin, which is more prominent, has a M, of 120K-200K and has only one GAG 

chain (Fisher et al., 1989). Both biglycan and decorin exist as prominent 

dermatan sulfate proteoglycanç in soft connective tissues such as skin. A third 

class of proteoglycan has been characterized and named CSPG III (Goldberg et  al., 

1988). This proteoglycan binds more strongly to HA ion-exchange resins and has 

a M, of -1lOK. Evidence gathered so far indicates that CSPG 1 may be important 

in regulating collagen fibrillogenesis. CSPG II, which binds specifically to 

collagen fibrils (the bas& of the descriptive name "decorin"), could inhibit HA 

crystal formation in osteoid by binding in the gap region of the collagen fibrils, 

while binding large amounts of ca2' to its GAG chahs. The CSPG III appears to 

associate specifically with preformed mineral where it can influence the growth 

and physical properties of the crystals (Sodek et al., 1991). 

1.22b. Bone SPARC Protein 

SPARC was first isolated from subperiosteal bovine bone and called 

"osteonectin" based on a perceived ability to bind to collagen and promote HA 

formation in vitro (Termine et al., 1981). Although originauy thought to be bone 

specific, i t  was subsequently shown that SPARC is also produced by fibroblasts 

(Tung et al., 1985), parietal endodem (Mason et al., 1986), endothelial cells (Sage 

et al., 1984), and epithelial cells (Mann et al., 1987). Therefore, the expression of 

SPARC by a variety of cell types and its variable amounts in bones of different 

speues do not support the original proposa1 (Termine et al., 1981) that this 

protein might be involved in the mineralization of the bone (Sodek et al., 1991). 



More recent studies indicate a more general function for thiç protein in 

developing and rapidly remodehg tissues (Holland et al., 1987). 

1.22~. Osteocalch 

Osteocalcin, also known as bone gamma-carboxyglutamic acid (Gla) 

protein, is the most completely characterized of the non-collagenous bone 

proteins, although its precise function has not been elutidated. OC is a small 5.8 

kDa protein that represents -1% to 2% of totd bone protein in rats, but its 

amount varies cowiderably in bones of different speaes (Hauschka, 1985). It is 

characterized by the presence of 2-3 y-carboxyglutamic aad residues through 

which the protein binds strongly to the HA crystal surface. Its expression, 

relatively late in bone formation, indicates a role in coordinating bone resorption 

and bone formation (Glowadsi and Lian, 1985). Notably, OC is essentially specific 

to mineralized comective tissues, although it does not appear to be crucial for 

the mineralization process (Price et al., 1982). In fact it appears to play a role in 

limiting bone formation since mice deficient in OC have increased bone mass 

without an increase in bone resorption ( D u q  et al., 1996). InterestingIy, a 

knodcout of the gene for matrix GLA protein, which is similar to OC, leads to the 

mpture of the arteries in the homozygous nul1 mice as well as ectopic 

calcification in vanous cartilages indicating that this protein is required to inhibit 

calcification in soft tissues (Luo et al., 1997). 

The OC gene has &O been the most comprehensibly studied non-collagen 

bone protein gene. These studies have shown that OC gene expression is 

regulated at the transcriptional level by steroid hormones such as vitamin D, 

(Demay et al., 1989), and glucocorticoids (Stromstedt et al., 1991). Interestingly, 

the proximal glucocorticoid response element ( G E )  in the OC gene is found 

overlapping the TATA box and serves to dom-regulate OC expression 

(Stromstedt et al., 1991). Moreover, the OC promoter contains a highly 

consewed region that is required for the basal expression of OC in osteoblasts, 

called the "OC Box" (Heinrichs ef al., 1993). Within the OC box, the homeobox 

protein Msx-2 acts to regulate OC transcription in osteoblasts (Towler et al., 1994), 

which is different from two regdatory elements cailed osteoblast specific 



elementl (OSEl) and element2 (OSE2), which together serve to strongly increase 

OC transcription in osteoblasts @ucy and Karsenty, 1995). Recently, Ducy et a l 

(1997) have identified a tissue-specific transcription factor, Osfî/Cbfal, that binds 

to the OSE2 elexnent to induce OC gene transcription (Ducy et al., 1997). 

1.22d. Bone Sialoproteins 

Three major sidoproteins have been isolated fiom rnineralized tissues 

that are synthesized by bone cells. Initially, two of these proteins were named 

Bone SialoProtein 1 (BSP-1) and Bone SialoProtein II (BSP-II) but subsequently 

they were renamed as osteopontin for BSP-1 and bone sialoprotein for BSP-II. A 

third sidoprotein, BAG75, has ako been identified in rat bone. 

1.22d (i). Bone Acidic Glycoprotein-75 @AG-75) 

BAG75 was isolated from extracts of rat calvariae and appeared to have 

similarities with OPN (Gorski and Shimuzu, 1988). However, use of 

monospecific antibodies against OPN revealed that it is a distinct protein (Gorski 

et al., 1990). As the name implies, the M, of the protein was determined to be 75 

kDa. However, biosynthetic studies using isotopic tracers showed that the 

protein c m  also be found as a 50 kDa fragment (Gorski et al., 1990). BAG-75 has a 

large number of acidic amino acid residues and a high amount of phosphate and 

sialic acid (Gorski and Shimuzu, 1988). This protein is highly enriched in  

mineralizing tissues and immun0 histochemical analysis with monoclonai 

antibodies indicate that the protein is localized to the bony shaft and calcified 

long bones and it is absent in the surrounding soft tissues (Gorski et al., 1990). 

Although the exact function of the protein is unknown, based on its affinity to 

HA, it is believed to be involved in the mineralization process (Young et al., 

1992). Although characterized only in rat bone, the amino terminus of BAG-75 is 

almost identical in sequence to dental matrix protein-l (DMP-1) and CSPG III 

(Sodek and Goldberg, unpublished observations). 

1 . î î d  (ii). Osteopontin 

Osteopontin is an acidic glycoprotein which was fkst separated from BSP 

in demineralizing extracts of bovine bone by cation exchange-column 

chromatography (Franzén and Heinegard, 1985). OPN (also known as 44kDa 



bone phosphoprotein, 2ar, SPP-1 and pp69) has subsequently been purified from 

bones from a number of species. The rat OPN migrates with an apparent M, of 

45-75 KDa on SDSPAGE depending on the aaylamide concentration (Prince e t  

al., 1987) and post-translational modification (Shanmugam et al., 1997). 

Chemical analysis of rat bone OPN has identified one N-Linked oligosaccharide, 

5-6 O-linked oligosaccharide chains, 12 phosphoserines and 1 phosphothreonine 

residue, from whîch a M, of -41.2 kDa has been calculated (Prince et al., 1987). 

Oldberg and colleagues (1986) subsequently cloned the cDNA of rat OPN 

and the amino acid sequence was deduced from the nudeotide sequence. The 1.6 

kb mRNA codes for a protein of 317 amino acids, induding a 16 residue signal 

sequence. The notable characteristics of OPN indude a stretch of nine Asp 

residues, which may confer HA-binding properties, and the presence of a Gly- 

Arg-Gly-Asp-Ser (GRGDS) cell attadunent sequence that is recognized by the 

vitronectin cc$3 integrin (Oldberg et al., 1988). The human OPN gene has been 

located on the long arm of chromosome 4 (Young et al., 1990) and the complete 

gene for mouse OPN has been characterized by Miyazaki et al (1990). The 

promoter region for the mouse (Gaig and Denhardt, 1991), pig (Zhang et al., 

1992), human (Hijiya et al., 1994), and chicken (Rafidi et al., 1994) genes have also 

been characterized. 

When Franzén and Heinegard (1985) first discovered that OPN was 

synthesized by bone celis, it was believed that OPN was bone-specific. However, 

since then OPN has been deteded in a variety of c e k  and tissues, including 

kidney (Yoon et aL, 1987), speciaked epithelial c e k  of the inner ear (Mark et al., 

1988), placenta and decidual tissue (Nomura et al., 1988), activated lymphocytes 

(Uchiyarna et al., 1986), macrophages (Franzén and Heinegard, 1985) and 

transformed ceh (Craig and Denhardt, 1991). The presence of OPN in non- 

mineralizing tissues would argue against its involvement in nucleating HA 

crystal formation. However, different fonns of OPN have been identified which 

may have discrete functions in different tissues (Sodek et al., 1995). 



The first studies on the developmental expression of OPN in bone were 

perfonned by Nomura et al. (1988). Experiments in vivo have indicated that 

OPN is expressed by osteoblast precurçor ce& prior to the formation of borie 

(Mark et al., 1988). Subsequently, it was discovered that OPN mRNA levels peak 

in bones of 14 day-old animais (Chen et al., 1991). The protein is localized to 

osteoid at sites of new bone formation and along the bone surfaces beneath the 

lining ce& (Sodek et al., 1992). OPN is also prominent in reversa1 lines and o n  

the surface of mineralizing cartilage (Chen et al., 1993). Immunoreactivity for 

OFN is strongest in active osteoblasts, but staining is also evident in hypertrophie 

chondrocytes and in stromal ce& of the marrow spaces, as well as in osteogenic 

cells and osteocytes, as observed by Mark and colleagues (1987). 

OPN expression by bone-forming cells is stimulated by glucocorticoids 

(Kasugai et al., 1992) that induce bone cell differentiation, and TGF-8 (Noda et al., 

1988), which stimulates extracellular matrix formation. However, OPN 

expression is also markedly increased by the osteotropic hormone 1, 25 

dihydroxyvitamin D3 (Prince and Butler, 1987) and by retinoic acid (Kasugai et al., 

1991). The enridunent of OPN on surfaces of bone and mineralizing cartilage 

indicates that OPN can mediate the attadiment of either bone forming or bone 

resorbing ceus (McKee ef al., 1990), supporting a bifmctional role for this protein. 

l.2îd (iii). Bone Sialoprotein 

BSP is a prominent component of the mineralized bone matrix that has 

been implicated in tissue mineralization (Sodek et aL, 1992). Studies on the 

developmental expression (Chen et al., 1992), tissue localization (Chen et al., 

1991) structural properties (Fisher et al ., 1990), and temporo-spatial deposition of 

HA in newly-forming bone (Kasugai et al., 1992) have shown that the expression 

of this glycoprotein is essentially restricted to differentiated cells in mineralizing 

tissues and that it might initiate HA formation during de n o m  bone formation 

(Chen et al., 1992). Notably, BSP has been shown to nucleate HA cryçtal 

formation under steady-state conditions in u i t ro (Hunter and Goldberg, 1993) 

and recent studies have shown BSP to be associated with the formation of ectopic 

HA miaocrystals in malignant breast tumor tissues (Bellahcène et al., 1994). As 



the focus of this thesis, the characteristics of BSP are discussed in more detail in 

the following section. 

2. Bone Sialoprotein (BSP) 

2.1. Structure and Properties 

BSP was first isolated from bovine cortical bone by Herrïng and Kent 

(reviewed in Herring, 1972) as a 23 kDa glycoprotein with high sialic aad content. 

This protein comprises &12% of the total non-collagenous proteins in bone. 

Although it was the first BSP to be extensively studied, complete characterization 

was compromised by difficulties in isolating the protein in an intact form. 

Therefore, it was not until the development of dissoaative extraction procedures 

(Termine et al., 1981) that a more comprehensive characterization was achieved. 

Newly-deposited BÇP was purified from 1-2 mm of the outer section of fetal calf 

subperiosteal bone; a site of rapid bone growth (Fisher et al., 1983). However, 

subsequent studies indicated that the preparation was likely contaminated with 

OPN (Franzén and Heinegiird, 1985). Subsequently, BSP was purified from 

human (Fisher et al., 1987), steer (Fisher et al., 1983; Franzén and Heinegard, 

1985), rabbit (Kinne and Fisher, 1987), and pig (Zhang et al., 1990) bones. In each 

case the protein migrated with an apparent M, of 60-80KDa on SDS-PAGE, 

refiecting a high carbohydrate content, which has been reported to represent 

-50% of the moledar weight, and indudes 12% sialic acid, 7% glucosamine, and 

6% galactosamine (Fisher et al., 1983). In rabbit, BSP was isolated as a keratan 

sulfate proteoglycan, while in human, cow and rat there is no evidence of 

keratan sulfate chahs (Kinne and Fisher, 1987). 

The primary sequence of BSP was first deduced from a rat cDNA sequence 

(Oldberg et al., 1988). Subsequently, the cDNA sequences for human (Fisher e t 

al., 1990), pig (Shapiro et al., 1993), bovine (Chenu et al., 1993) and mouse (Young 

ef al., 1994) BSP have also been cloned to date. The rat BSP is composed of 345 

amino acids, including a 16 residue signal sequence. The mature protein has a 



M, of 33,600 and contains predominantly glutamic acid and glycine residues, 

which constitute 32% of all the amino acids. The high amounts of glutamic, 

aspartic and çialic acid in this protein predude conventional detection with 

Coomassie Blue or silver stains; the cationic dye "Stains-All" and to a lesser 

degree Alcian Blue are used to stain BSP in aayiamide gels (Fisher et al., 1983; 

Zhang et al., 1990). The high glutamic acid content is reflected in the presence of 

2-3 stretches of polyglutamic acid, located in the N-terminal half of the BSP, 

which are believed to be involved in the binding of HA. Secondary structure 

prediction and hydrophüicity analysis indicate that the nascent BSP has an open, 

flexible structure with the potential to form significant amounts of a-helix and 

some p-sheet (Shapiro et al., 1993) (Fig. LI), confirming the electron micrograph 

structure of BSP determined using shadow casting tedinique that shows BSP to 

have an extended rod-like structure of the core protein with an average length of 

40 n m  (Franzén and Heinegard, 1985). The asymrnetric structure of BSP is 

probably due to the high acidic amino acid content combined with a low number 

of hydrophobic residues, and could be stabilized by the very high substitution 

with oligosacdiaride side-chains (Oldberg et al., 1988). 

BSP also has an arginine-glycine-aspartic acid (RGD) sequence which 

rnediates cell binding (Oldberg et al., 1988). The RGD sequence in BSP is 

recognized by a rat osteosarcoma cell surface receptor, which appears to be 

identical to the a& vitronectin receptor (Oldberg ef al., 1988). This receptor has 

been identified on the surfaces of osteoblasts (Prince et al., 1991), including 

osteosarcoma ce& (Oldberg et al., 1988) and osteoclasts (Miyauchi et al., 1991; 

Ross et al., 1993). Somerman and colleagues (1988) showed that BSP will mediate 

fibroblast attachment and spreading on plastic dishes but the presence of a ce11 

attachment motif was not demonstrated until the rat BSP cDNA was cioned. 

However, it is possible that the binding of BSP to the cells could also be RGD- 

independent because several groups have found a cryptic cell attachment site in a 

fragment of BSP that does not contain the RGD sequence (Mintz et al., 1993; 

Ryden et al., 1989; Stubbs et al., 1995). It is interesting to note that flanking the 

RGD sequence, there are two stretches of Tyr-rich regions that are conserved in 



Y N-Linked Glycosylation Sites 

Fig. 1.1. Schematic Structure of Bone Sialoproteh 

An open-flexible structure of bone sialoprotein is shown. Conserved regions 
at the amino- (N) and carboxy- (C) termini are exuiched in arornatic amino acids. 
Putative sites for phoçphorylation, sulphation and N-linked glycosylation are also 
depicted. Hydroxyapatite (HA) is predicted to bind to the polyglutamic acid 
sequences. The RGD sequence near the C-terminus is a cell-binding motif. 



all the marnmalian species (Fisher et al., 1990; Oldberg et al., 1988; Shapiro et al., 

1993; Young et al., 1994). Approximately seven to eight of the tyrosines are in 

consensus sequences identified for tyrosine sulphation (Huttner and Baeuerle, 

1988). Indeed, tyrosine sulphation has been demonstrated in murine BSPs 

(Ecarot-Charrier et al., 1989; Midura et al., 1990; Nagata et al., 1989). The high 

degree of sequence conservation in this region, which is also evident in chicken 

BSP (Yang et al., 1995), indicates that it has functional importance (Shapiro et al., 

1993). 

BSP is highly phosphorylated, mostly at Ser residues (Franzén and 

Heinegard, 1985). Studies on purified bovine BSP have shown that there are 

about six to nine Ser residues that are phosphorylated with Little or no threonine 

phosphorylation (Heinegard and Oldberg, 1989; Salih et al., 1996). Moreover, this 

phosphorylation is mainly carried out by a factor-independent protein kinase at 

the N-terminal half of the protein (Salih et al., 1996). However, three potential 

sites for Ser phosphorylation by protein kinase C, twelve sites of Ser/Thr 

phosphorylation by casein kinase II and two sites of Tyr phosphorylation by 

tyrosine kinase, are indicated from analysis of consensus sequences in porcine 

BSP (Shapiro et al., 1993). Moreover, recent studies have shown that both BSP 

and OPN can be phosphorylated following seaetion by a cell surface ectokinase 

with properties of casein kinase II (Zhu et al., 1997). 

BSP also contains two putative sites for N-linked glycosylation (Asn-X- 

Ser/Thr) in the C-terminal half of the protein, which are conserved in all of the 

mammalian species studied so far (Fisher et al., 1990; Oldberg et al., 1988; Shapiro 

et al., 1993; Young et al., 1994). In human BSP, however, an additional site has 

been identified near the C-tenninus (Fisher et al., 1990). 

2.2. Tissue Distribution 

BSP is highly specific for mineralizing tissues including mineralizing 

cartilage (Bianco et al., 1991), dentin (Chen et al., 1993), and cementum 

(Somerman et al., 1993). A recent study indicates that it is also expressed by 

ameloblasts (Chen ef al., 1996). The only non-skeletal tissues in which BSP has 



been found are the trophoblastic cells of the human placenta (Bianco et al., 1991) 

and platelets (Chenu and Delmas, 1992). In bone sections, BSP is not readily 

detected in preosteoblasts; however, it is highly detedable in osteoblasts (Bianco 

et al., 1993; Chen et al., 1993) and in osteocytes (Arai et al., 1995). Furthemore, i n  

s i t u  hybridization has shown that BSP mRNA is highly expressed by cuboidal 

cells that are actively forming bone matrix on the exocranial surface of newly- 

forming calvarial bone, whereas ce& on the endocranial surface of 21 day-old 

fetal rat calvariae show little expression of BSP (Chen et al., 1992; Chen et al., 

1991). Therefore, BSP is considered an early marker for the mature osteoblast. In 

the extracellular matrix of bone, BSP is detected in osteoid, mineralized bone and 

in cernent lines (Bianco et al., 1991). lmmunogold Iabelling for BSP in 50 day-old 

porcine fetal calvariae has shown that BSP is concentrated at the mineralizing 

front (Chen et al., 1994) in electron-dense material described as aystal "ghosts" 

since they are believed to be the organic coat formed around mineral cry~talç 

(Bonucci, 1967). BSP is also present in the electron-dense material (gray-patdies) 

between collagen fibrils and in cernent and reversa1 lines (Chen et al., 1994). 

BSP has been found in pathological tissues induding breast cancers 

(Bellahcène et al., 1996; Bellahcène et al., 1996; Bellahcène et al., 1996; Bellahcène 

et al., 1994). Expression of BSP in breast cancer tissues is surprising, since BSP 

expression is highly restncted to mineralized tissues. Consistent with its 

proposed role in nucleating HA (Sodek et al., 1992), discussed later, the 

expression of BSP was first related to the formation of microscopie 

accumulations of HA crystals in the tumours (Bellahcène et al., 1994). The 

expression of BSP at both the protein and rnRNA levels has also been 

demonstrated in three human breast cancer cell lineç (MCF7, T-MD, and MDA- 

MB-231) using immuno-histochemistry, flow cytometric analysis, immunoblot, 

and reverse-transcriptase PCR (Bellahcène et al., 1996). The BSP was shown to be 

localized at the cell surface and in the cytosol of the estrogen receptor-positive 

MCF7 and T-47D ce11 lines, but in the estrogen receptor-negative MDA-MB-231 

cells it was detected only in the cytosol. This study, which was the first to 

demonstrate that human malignant breast epithelial cell lines express BSP at the 



protein and mEWA levels, also identified the M W ,  T-47D, and MDA-MB-231 

ce11 lines as useful modek for the examination of the rnolecular mechanisms 

involved in the ectopic expression of BSP in breast malignant lesions 

(Bellahcène et al., 1996). The association of BSP with mineralization is also 

apparent in other pathological conditions including pseudoxyanthoma elasticum 

(Contri et al., 1996) and heterotopic ossification of pressure sores of paraplegic 

patients (Bosse ef al., 1993). 

2.3. Gene Structure 

The genomic locus of BSP has been Iocalized to chromosome 5 in rnouse 

and in the short a m  of chromosome 4 in human (Fisher et al., 1990; Young et  

al., 1994) where it is localized with the genes for dentin matru< protein-l and 

OPN ( A p h  et al., 1995). The -15 kb human gene (Fig. 1.2) consists of 7 exons, of 

which exon 7 is the largest and encodes for approxirnately one-half of the 

protein, and six introns (Kerr et al., 1993; Kim et al., 1994). Several exons code for 

regions with potential functional significance. Exon 2 encodes the 16 amino acid 

signal sequence and the first two amino aads of the secreted protein. Exon 3, 

which encodes 15 amino acids, and exon 4, encoding 27 amino aads, together 

code for the amino-terminal region of the protein that iç characteristically 

enriched in aromatic amino acids. This region of the protein is highly consewed 

with 83% of the amino acids being identical and a hrther 6% consemative 

replacements in the human, porcine and rat sequences. However, no functional 

significance has been assigned to this part of the molecule. Exon 5 and exon 7 

indude polyglutamic aad segments which are predicted to form an a-helical 

structure that would space the carboxylic side chah groups to correspond to the 

interatomic distances of the Ca* ions in the HA crystal structure (Shapiro et al., 

1993). These regions have been reported previously to be involved in the tight 

binding of BSP to HA (Oldberg et al., 1988) and are analogous to the polyaspartic 

acid segment in OPN, which also binds strongly to HA. Exon 7 also codes for the 

RGD cell attachment motif. 



Fig. 1.2. Genomic Map of the Human Bone Sialoprotein. 

Exons one to seven are denoted by open (untranslated) or filled (translated) boxes. A partial restriction 
endonuclease map is indicated by vertical lines in which: A=ApaI; B=BamHI; E=EcoRI; S=ScaI; X=XbnI 
(modified from Kim et a!., 1994). 



Analysis of the 5'-flanking sequence of the rat (Li and Sodek, 1993) and 

human (Km et al., 1994) BSP gene promoters has revealed a number of potential 

recognition sites for transcription factors and hormone receptors (Fig. 1.3). The 

fkst -370 bp of the promoter sequence is highly consenred between the species 

and has been temed the "BSP Box" (Sodek et al., 1994). Of particular interest is 

the presence of an inverted TATA-like sequence (TTTATA), 23 nudeotides from 

the transcription initiation site, followed further upstream by an inverted 

CCAAT box (ATTGG) (Kim et al., 1994; Li and Sodek, 1993). Chimeric constmcts 

of the promoter region that indude both of these elements were shown to be 

capable of directing transcription of a CAT reporter gene and appear, therefore, to 

be required for basal promoter activity (Kim et al., 1994; Li and Sodek, 1993). In 

addition to these basal elements, the BSP promoter also contains consensus sites 

for AP-1, CRE, NF-KB, and homeobox genes ftz and en binding sites (Kim et al., 

1994; Li and Sodek, 1993). In addition, potential sites of glucocorticoid regulation 

have been identified further upstream, at similar positions in the rat and human 

promoters. However, whereas the putative GRE in the human BSP promoter 

forms a glucocorticoid response unit with a RARE-like element, the rat GRE is 

associated with a putative AP-1 site (Kim et al., 1994; Li and Sodek, 1993). 

2.4. Gene Regdation 

The expression of BSP has been shown to be induced by glucocorticoids 

(Kasugai et al., 1991; Oldberg et al., 1989; Yao et al., 1994) and BMPs (Rickard et al., 

1994; Sodek et al., 1994) which promote the differentiation of pre-osteoblastic cells 

into osteoblasts and subsequent bone formation (Bellows et al., 1990; McCulloch 

and Tenenbaum, 1986; Reddi, 1994; Tenenbaurn and Heersche, 1985). The effects 

of glucocorticoids and BMPs are, however, complex and depend on the 

differentiation state of the target ce&. Thus, BSP expression is not observed for 

several days after treatment of confluent fetal rat periosteal cells, and coincides 

with the appearance of osteoblasts (Kasugai ef al., 1991; Li et al., 1996). In contrast, 

BSP expression by osteoblastic ceils is not affected significantly by BMP-7 (Li et al., 

1996) but is markedly stimdated by dexamethasone, starting after 3 hrs (Ogata et  



Fig. 1.3 Structure of the BSP Gene Promoter. 

Cornparison of the nucleotide sequences of the human and rat promoters showing the highly conserved "BSP box" 
comprising the sequence extending upstream from +60 to nt -370. Within this region are potential regdatory elements for 
vitamin D3 receptor binding (VDRE) ovedapping the inverted TATA box, an inverted CCAAT box and putative binding 
sites for NF kB, CAMP response elernent (CRE), jun/fos (AP1) and the &/en (Hox) homeobox proteins. Approximately 1 
kb upstream from the transcription start site is a glucocorticoid response element (GRE), which in the rat promoter over- 
laps an AP-1 site whereas in the human promoter there is an overlap with a RARE-like sequence. The rat promoter also 
has a unique 18 nt palindrome at nts -436 to -453. 



al., 1995). The increase in BSP mRNA, is however, largely due to a nudear post- 

transcriptional mechanism, with a modest 1.7-fold inaease in transcription 

which is regulated through the GRE located -1 kb upstream in the rat BSP 

promoter (Ogata et al., 1995; Sodek et al., 1995). In contrast, the seco-steroid 1,s 

dihydroxyvitamin D3 (1 ,î5(OH)zD3), which suppresses the differentiation of 

osteoblastic cek  and subsequent bone formation (Ishida et al., 1993), suppresses 

glucocorticoid-ïnduced BSP expression (Oldberg et al., 1989) and type 1 collagen 

synthesiç (Krearn et al., 1986). Similarly, increased levels of the transcription 

factors jun and fos, that are produced during cell division or in response to 

phorbol esters, also suppress BSP expression, acting through the AP-1 element 

that is encompassed by the GRE (Yamaudii et al., 1996). Notably, glucocorticoids 

abrogate the AP-1 mediated suppression, either by forming an inactive complex 

with jun or competing with AP-I binding to its response elernent. 

2.5. Functions of BSP 

Studies on the temporospatial expression (Chen et al., 1992), tissue 

localization in newly-forming bone in vivo (Bianco et al., 1993; Chen et al., 1994; 

Chen et al., 1991; Sodek et al., 1992) and in vif ro (Kasugai ef al., 1992; Yao et al., 

1994), together with its structural properties (Fisher et al., 1990; Franzén and 

Heinegard, 1985; Oldberg et al., 1988; Shapiro et al., 1993; Zhang et al., 1990), 

indicate that BSP rnight initiate HA formation during de nooo bone formation 

(Chen et al., 1992; Kasugai et al., 1992; Sodek et al., 1992; Yao et al., 1994). 

Although a recent study of BSP-nul1 rnice did not display a reduced effed on 

rnineralization, defects in suture areas in the calvanae and narrower marrow 

spaces compared to heteroqgous and wild type mice (Aubin et al., 1996) support 

a role for BSP in bone formation. Moreover, it is conceivable that the initial 

mineralization that nonnally occurs in the presence of BSP may be compensated 

for by another protein or by the more extensive mineralization that occurs 

subsequently within the collagen fibrils. Consistent with a role in HA 

nucleation, BSP, but not OPN, is able to nucleate HA formation in a steady-state 

agarose gel system under conditions of sub-threshold calcium phosphate 



supersaturation (Hunter and Goldberg, 1993). Although phosphate groups have 

been implicated in HA nucleation (Glimcher, 1984), dephosphorylated BSP is still 

able to nucleate mineral formation in the same systern (Hunter and Goldberg, 

1994). Indications that the polyglutamic acids sequences in BSP, which are highly 

conserved and predicted to form a-helical structures, are involved in nucleating 

activity (Shapiro et al., 1993) are supported by studies demowtrating that poly- 

glutamic aad peptides alone can effectively nucleate HA crystals and that this 

activity is abolished by modification of the carboxylate groups (Hunter and 

Goldberg, 1994). 

That BSP is able to nucleate HA formation is also supported by the 

association of BSP expression and pathological mineralization. Thus, production 

of BSP has been reported in breast tumours in which microcrystalline deposits of 

HA are formed (Bellahcène et al., 1994). Sirnilady mineralization and BSP 

expression has been reported in ligaments of patients with pseudoxanthoma 

elasticurn (Contri el al., 1996) and in heterotopic ossification of pressure sores of 

paraplegic patients (Bosse et al., 1993). Notably, high expression of BSP k found 

ai sites of rapid bone formation, as occurs in de n ovo bone formation and 

fracture repair, where woven bone is formed. The BSP localizes with the 

extrafibnllar mineral which is relatively abundant in woven bone. The 

relationship of BSP to mineralization of more mature bone, in which the 

mineral is primarily formed within collagen fibrils, is less convincing. Although 

an affinity of BSP for coIlagen has been reported (Fujisawa et al., 1995), the 

expression of BSP declines rapidly after the first bone is formed (Chen et al., 

1992). Thus, BSP appears to be involved with the formation of the initial HA 

crystals in both physiologicd and pathological situations. 

The conservation of the RGD cell attadunent motif in BSP suggestç 

alternate or additional functions. The RGD motif can mediate both attachment 

and signalling activities. The presence of BSP in cernent and reversa1 lines 

(Chen et al., 1994) indicates a potential role in mediating cell attadunent to 

mineralized surfaces. In this regard BSP and OPN have similar properties, 

although they differ in temporal expression during bone formation (Chen et al., 



1992). Thus the ce11 attadunent properties of BSP, observed for both osteoblastic 

ce& (Somerman et al., 1988) and osteodasts (Helfrich et al., 1992), could be 

combined with the mineral-binding properties mediated by the poly Glu 

sequences. While it is conceivable that BSP could mediate osteoblast, osteocyte 

or lining cell attadunent to the bone mineral, there is no direct evidence for this. 

However, there are reports that implicate BSP in the bone resorption process. 

BSP is the only non-collagenous protein, dong vnth OPN, that is expressed by 

osteodasts during bone turnover in vivo (Arai et al., 1995; Bianco et al., 1991; 

Masi et al., 1995). Moreover, BSP will promote osteoclast attadunent in vitro 

(Flores et al., 1992; HeIfrich et al., 1992) via the vitronectin receptor, which is 

present on the surface of the osteodasts (Ross et al., 1993), in a dose-dependent 

manner. While increased bone resorption is proposed to be due to an increase 

in the number of osteoclasts adhering to the bone surface, BSP does not increase 

the formation of new osteoclasts (Raynal et al., 1996). BSP can also modulate the 

activity of osteoclasts by signalhg through the vitronectin receptor (Miyauchi e t  

al., 1991). Interaction of BSP with the aJ, integrin results in an increase in 

intracellular calcium and increased bone resorptive activity (Sankhar et al., 1993). 

The ability of BSP to act as an adapter molecule between cells and mineral 

is evident in the targeting of a specific strain of Staphylococcus a u  reus to bone in 

osteomyelitis (Yacoub et al., 1994). This strain of S. aureus expresses a cell surface 

receptor that recognizes the BSP that is bound to minera1 crystals in bone. 

Similarly it has been proposed that expression of BSP on the cell surface of 

metastatic mammary carchorna ce& provides a mechanism that selectively 

targets these cells to bone (Bellahcène et al., 1996; Bellahcène et aL, 1996). 

3. Gene Regulation 

In eukaryotes, initiation of transcription on genes encoding mRNA is 

camed out by RNA polymerase II (RNAP II) and a group of general initiation 

factors that interact at specific sites at the promoter (Roeder, 1991). Initiation of 



gene trançcrip tion is further regulated by gene-speafic transcription factors that 

usually bind to distal control elements. Thus, the promoter in eukaryotic genes 

is divided into the core promoter and distal regdatory elements called either 

enhancers or silencers, depending upon their influence on the rate of 

transcription. 

3.1. Nucleosomes 

Genomic DNA in eukaryotic ce& is present in the nucleus and largely 

packaged into chromatin. The chromatin is composed of nucleosomes formed 

by the tight association of DNA with histone proteins. Each cornplex of the 

nudeosomes consistç of eight histone molecules, proteins that range in size from 

11 to 22 kDA that are rich in the basic amino aads arginine and lysine, which 

comprise approximately over a quarter of the amino aads in the protein. Two 

molecules each of histones H2A, W B ,  H3 and H4 form a solenoid structure in 

which about 146 bp of DNA is wrapped around the protein cluster. A fifth 

histone, called Hl, binds to the DNA in the region between two nucIeosomes 

and is therefore cded the "linker histone" (Lehninger et al., 1993). Although 

early reasoning was that the nudeosomes act as scaffolds that are transparent to 

the transcriptional madunery, it is now evident that nucleosome structure is 

important in the silencing at telomeric regionç, repression of basal promoter 

activity, and proper regulation of inducible genes (Svaren and Horz, 1996). 

Nucleosomal repression affects all genes, although differences in nucleosomal 

positioning and the ability of activators md TBP to bind nucleosomal templates 

can Vary among genes. Consequently, the extent to which individual genes are 

affected by nucleosome structure is variable (Felsenfeld, 1992). 

There are a number of biochernical activities that c m  alter the stability of 

the nucleosome. One of the best examples is disruption by Swi/Snf, a highly 

conserved, rather large (-2 MDa) complex consisting of proteins Snf2, Snf5, Snf6, 

Swil, Swi3, and at least six other proteins (Peterson et al., 1994; Peterson and 

Tamkun, 1995; Treich et al., 1995). The Swi/Snf complex is a DNA-stimulated 

ATPase which in vitro can dissoaate nucleosomal arrays in an ATP-dependent 



manner and thereby facilitate the binding of factors, such as Ga14 and TATA- 

binding protein (TBP), to their target sites in the nudeosomal template (Cote e t  

al., 1994; Imbalzano et al., 1994). However, it is unclear how Swi/Snf pertu~bs 

nucleosomes and how relevant its funciion is in vivo (Siruhi, 1996). Recent 

studies show that the Swi/Snf cornplex can be isolated with the pol II holo- 

enzyme (Wilson et  al., 1996). Moreover, this complex is found associated with 

the suppressor of the RNA polymerase B (SRB) regulatory proteiri complex and 

other proteins and is physically and functionally associated with the RNAP II 

carboxy-terminal domain (CTD). These observations can explain how the 

Swi/Snf complex is brought to the promoter region, dthough other mechanisms 

could also be involved (Struhl, 1996). For example, W u  and his associates have 

found a four protein complex in Drosophila, termed nucleosome remodelling 

factor (NURF), that c m  employ ATP to disrupt nucleosomes (Tsukiyama et al., 

1994; Tsukiyama et al., 1995; Tsukiyama and Wu, 1995). This factor works with 

the GAGA binding factor to diçmpt chromatin structure occupying the 

Drosophila hsp 70 gene. Although the mechanisms of nucleosome dismption 

might be similar to that postulated for the Swi/Snf complex, there are a number 

of differences which suggest that the two complexes have dis- roles in the 

modulation of the chromosome structure. Unlike Swi/Snf, the ATPase activity 

of MJRF is not stimulated by DNA, but rather by a properly assembled 

nucleosome. Also, the abundance of NUES complex in Drosophila is much 

greater than that of the Swi/Snf complex in yeast (Tsukiyama et al., 1994; 

Tsukiyama et al., 1995; Tsukiyama and Wu, 1995). Moreover, NURF has a 

distinct size from the Drosophila equivalent of Swi/Snf complex, although one 

of the subunits of NURF, ISWI, is a member of the Swi2/Snf2 complex 

(Tsukiyama et al., 1995). 

Several lines of evidence suggest that the aceylation status of conserved 

lysines in the N-terminal domains of histones H3 and H4 play a role in the 

regulation of transcription. Nucleosomes in the chromatin Vary considerably in 

their acetylation state (Turner et al., 1992) and, in general, hyperacetylation of the 

homatin  domain correlates with transcrip tional activation (Hebbes et al., 1988) 



while hypoacetylated histones accumulate within tramcrip tionally s ilenced 

domaiw of the chromosome (Braunstein ef al., 1993). Therefore, the 

mechanisms of nucleosome disruption could involve variations in the 

acetylation state of nucleosomes. 

3 -2. Methylation 

The regulation of gene transcription c m  also be mediated through gene 

methylation. The importance of this mechanism is indicated by the embryonic 

lethality resulting from ablation of the DNA methyltransferase gene in  

transgenic mice (Li et al., 1992). Both paternal and maternai alleles of various 

genes are required during mammalian development (McGrath and Solter, 1984; 

Surani, 1993). In the case of i m p ~ t e d  genes, the two aueles are differentially 

expressed. Thus, inappropriate methylation caused by targeted mutation in the 

DNA methyltransferase gene in rnice, for example, could also lead to embryonic 

lethality (Li et al., 1993; Li et al., 1992). Currently, three types of gene regulation 

involving DNA rnethylation have been recognized. First, CpG methylation is 

partly responsible for the stable repression of genes subject to dosage 

compensation on the inactive X chromosome in placental mammals (Pfeifer e t  

al., 1990; Riggs and Pfeifer, 1992; Wolf ef al., 1984). Second, rnethylation is a 

marker differentiating the alleles of different parental origin and thus results in 

their differential expression (Hadchouel et al., 1987; Swain et a[., 1987). Third, 

and perhaps the most interesting observation is that the methylation of a gene 

promoter may contribute to the spatial and temporal regulation of tissue-specific 

genes (Cedar, 1988). 

Many studies have suggested an inverse correlation between methylation 

of prornoter regions and transcriptional activity (reviewed in Cedar, 1988). There 

is also direct evidence indicatïng that DNA methylation leads to transcriptional 

repression. Two main mechanisms have been described through which 

methylation can suppress transcription. In one, the binding of hanscriptional 

activators to the promoter is prevented directly, while in the second, 

transcriptional repressors preferentially bind to methylated DNA regions (Kass e t  



al., 1997). In support of the first mechanism, the ability of several well- 

diaracterized transcription factors, such as AP-2 (Comb and Goodman, 1990), c- 

Myc/Myn (Predergast et al., 1991), and NF-KB (Bednark et al., 1991), to interact 

with their consensus sites is abrogated if a methylated C is presmt. However, 

there are other transcription factors, such as CTF (Ben-Hattar et al., 1989), that are 

insensitive to the presence of methyl CpG. Therefore, this is unlikely to be a 

general mechanism of gene repression. Interestingly, both histones (Bal1 et al., 

1983; McArthur and Thomas, 1996) and proteins recognizing methylated CpG 

sequences (Boyes and Bird, 1991; Jost and Hofsteenge, 1992) can bind seleaively to 

methylated DNA and potentially block transcription. Thus, it has been reported 

that chromatin assembly might be critical for DNA methylation to repress gene 

expression (Buschausen et al., 1987; Graessmann and Graessmann, 1988). Kass et  

al (1997) have s h o w  that the process of silencing transcription by DNA 

methylation is involved both in the initiation of transcription as well as in the 

removal of engaged transcriptional machinery from active templates. Moreover, 

the methylation-dependent silencing of transcription directs the time-dependent 

assembly of a repressive structure that includes a higher-order nucleosomal 

DNA structure. However, nucleosomes in combination with methylation are 

more effective in transcriptional repression than the nucIeosome alone (Kass et  

al., 1997). 

3.3. Transcription Factors 

3.31. Basal Factors 

The core promoter is the minimal DNA sequence that is both necessary 

and sufficient for specific initiation by the general transcription factors. The most 

common core element is the TATA Box, found at about -30 bp upstream from 

the transcription initiation site (+1) and a less well defined element called an 

initiator element (Inr) which is a short, weakly consewed DNA sequence that 

encornpasses the transcription start site and is present in TATA-less, as well as in 

TATA-containing, promoters (Goodrich et al., 1996; Roeder, 1991). The ma j O r 



general transcription factors include, T m ,  TFW, TFIID, TFIlE, m, T m ,  

and RNAP II. Most of the components of these factors have been cloned and 

characterized and in some cases their structures have been de termined. 

Approxirnately 50 polypeptides are involved in the formation of a 

transcriptional complex. The large number of different proteins in the complex 

that bind to the immediate promoter region in eukaryotic ce& probably reflects 

the immense number (-100,000) of genes transcribed by a given ceIl at a given 

time. Thus, depending on the cellular signals received, the initiation complex 

has to modulate the rate at which each of the genes are transcribed. 

One of the first factors that was studied in detail was TFIID because of its 

close relationship with the TATA box. TFTID is a protein complex consisting of 

TBP and at least eight tightly bound subunits cded  the TBP-associated factors 

(TAFs) (Dynlacht et al., 1991; Tanese et al., 1991). TBP is involved in the 

transcription of all three of the RNAPs present in the eukaryotic cell which 

acquire their specificity through an association with different sets of TAFs 

(Hemandez, 1993). TFIID is thought to be the only basal transcription factor 

possessing sequence-specific DNA binding ability through the TBP (Hemandez, 

1993). The structure of the TBP from Arabidopsis thaliana (Nikolov et al., 1992) 

has been determined, and more recently, the structure of the yeast TBP bound to 

the TATA box has been resolved (Kim et al., 1993; Kim et al., 1993). The 

distinctive structure of TBP has been described as a molecular saddle in which 

the concave side makes extensive contacts with the DNA facing the TATA box 

region to form an acute bend, believed to aid in the "melting" of the double 

stranded DNA prior to transcription initiation by pol II (Kim et al., 1993; Kim e t  

al., 1993). 

In an early view of transcriptional initiation, the initial binding of TFIID 

to the TATA box, present in the immediate promoter region of the gene, 

together with TFIIA, would provide the starting point for the subsequent 

assembly of the Pre-Initiation Complex (PIC) ont0 the TATA box. Thus, in a 

stepwise manner TFW would first bind followed by the RNAP II (pol II) together 

with TFIIF. Next, TFIIE would be bound followed finally by TFIM (reviewed in  



Conaway and Conaway, 1993; Zawel and Reinberg, 1992). This stepwise 

formation of PIC from individual basal factors was derived from in v i t ro  

assembly reactions using purified factors. However, in the purification of the 

proteins, only those with the strongest interactions were able to survive the 

harsh steps involved. Therefore, complexes that normally exist in the nucleus 

might have been dismpted during the purification. Moreover, it has been 

observed that pol II can be purified alone (Hodo and Blatti, 1977), complexed with 

TFIIF (Sopta et al., 1985), complexed with the activator-specific mediator complex 

(Kim et al., 1994), or complexed with the mediators, TFIIB, T m ,  and TFIM 

(Hengartner et al., 1995; Koleske and Young, 1994). This phenornenon could be 

due to the fact that homologous complexes present in different organisms could 

have varying degrees of stability and subunit heterogeneity (Pugh, 1996). 

A more recent paradigrn for PIC predicts the assembly of a 'holo PIC' prior 

to an association with the promoter (Ossipow et al., 1995). This mechanism is 

supported by the CO-immunopreapitation of general transcription factors and pol 

II with TFW in the crude nudear extracts (Ossipow et al., 1995). Although the 

CO-precipitation codd be due to the factors being bound to the DNA and then 

precipitated. together, distamycin, which inhibits binding of the TBP to the TATA 

box, does not prevent this CO-immunoprecipita tion. However, the pre- 

formation of the TBP-TATA complex is much more resistant to distamycin, and 

this resistance is further enhanced by the presence of the general transcription 

factors (Bellorini et al., 1995; Chimg et al., 1994). Therefore, it is premature to 

conclude that the ho10 PIC can exist as a free-standing entity or in association 

with DNA. Interestingly, recent studies have identified a number of other 

additional proteins in the ho10 PIC that are not considered to be basal factors. 

These proteins include Srb2 to Srbll, Galll, Sin4, Rgrl, which were originally 

characterized by yeast mutations to have various effects on transcription (Struhl, 

1996). Moreover, these proteins were found to be important in the 

transcriptional activation of certain promoters. Therefore, it is possible that for 

the transcription of specific genes to occur, mediators of PIC activity/formation 

may be necessary. 



3.32. Activators and Suppressors 

The promoters of eukaryotic genes are characterized by the inclusion of 

positive and negative regulatory sequences. Although the promoter is 

considered to extend upstream from the transcription start site, regulatory 

sequences are not restricted to this region and cm also be found in the 

intemenhg sequences (introns) that separate exons. The regulatory sequences 

bind speafic transcription factors that can activate or suppress the transcription 

of the gene. Transcription factor-binding sequences can be found several 

thousands of base pairs away from the transcription initiation site and in  

combination these sequences regulate the temporo-spatial transcription of each 

gene (Mitchell and Tjian, 1989). Transcription activators and suppressors are 

categorized according to the structure of their DNA-binding domain. A brief 

description of the main classes of transcription activators and suppressors is 

given below. 

3.32a. Homeodomain Proteins 

The homeodomain, a conserved protein sequence of approximately 60 

amino acids found in many transcriptional regulators, was first identified in  

Drosophiln. The homeodomain primary sequence is distantly related to the 

helix-turn-helix DNA binding structure of prokaryotic repressors. The most 

consemed residues in the homeodomain of this dass of proteins are basic and 

hydrophobie (Mitchell and Tjian, 1989). The homeodomain alone is able to form 

a stable, folded structure that c m  bind DNA (Affoiter et al., 1990). However, the 

precise DNA-binding specificity is modulated by other regions of the protein. 

Notably, many homeodomain proteins contain other sequence motifs that flank 

the homeodomain and are conserved within specific subfamilies (Pabo and 

Sauer, 1992). The abivity of most members of this family is important in the 

regdation of developmental processes. 

3.32b. Zinc-Finger Proteins 

Proteins in this family usually contain tandem repeats of a 30 residue zinc 

finger motif. Cornparison of the family members indicates the presence of at 

least two different subdasses. The C2Hz dass is exemplified by TFmA and 



comprises proteins containing pairs of cysteines and histidines separated by a 

loop of twelve amino acids (Evans and Hollenberg, 1988). The zinc fùiger 

contains an antipardel B-sheet and an a-helix; the cysteines and histidines are 

situated to coordinate a central zinc ion and to stabilize the secondary structure 

in a compact globular domain (Pabo and Sauer, 1992) that binds to the 

recognition sequence. In thiç subclass the fingers are repeated at least two times. 

In contrast, the Cx subdass has a variable number of conserved cysteines 

available for metal chelation. For example, in the yeast transcription factor 

GAL4, each of its zinc fingers contains six cysteines, whereas the steroid receptors 

contain four or five cysteines in each of their zinc hgers  (Evans and Hollenberg, 

1988). The steroid hormone receptors are an important family of regdatory 

proteins that include receptors for glucocorticoids, retinoids, vitamin D, and 

thyroid hormones. Genetic analysis has determined that these proteins have 

separate domains for hormone binding and DNA binding. The DNA-binding 

domains are formed from 70 residues and include eight conserved cysteine 

residues that fonn a zinc finger structure (Pabo and Sauer, 1992). These proteins 

will discussed in greater detail in Chapter 4. 

3.32~. Leucine Zipper Proteiw 

The leucine zipper motif was first discovered as a conserved sequence that 

appears in a wide variety of transcription factor from fun@, plants, and animals 

(Pabo and Sauer, 1992). These transcription factors al1 contain four or five 

leucine residues that are spaced seven residues apart (heptad repeats) and, thus, 

are repeated approximately every two tums of an a-helix. This heptad repeat is 

the fundamental requirement for the formation of coiled-coil structures, as 

originally demonstrated in tropomyosin (Sodek et ai., 1972). Thus, the a-helix 

forms the basis of the dimerization subunit of the leucine zipper domain. The 

DNA-binding domain of these leucine zipper proteins generally contains 60-80 

residues (Hope and Struhl, 1986; Landschutz et al., 1988) and includes two 

distinct subdornains: the leucine zipper region, which spans about 30-40 residues, 

and mediates dimerization, and a basic region, which is rich in lysine, spans 

about 30 residues, and contacts the DNA (Landschutz et al., 1988). Leucine zipper 



transcription factors c m  form homodimer or heterodimers which bind to their 

recognition sequences in the gene to activate or suppress transcription. For 

example, transcription factors GCN4, C/EBP, and jun bind as homodimers to 

their target site, whereas jun can also form heterodimers with fos (Halazonetis e t  

al., 1988; Hope and S m ,  1986; Kouzandes and Ziff, 1988; Landschutz et al., 1988; 

Nakabeppu et al., 1988). 

3.32d. Helix-Loop-Helix Proteins 

The helix-loop-helix proteins have some similarities with the leucine 

zipper family. The heIix-loop-helix proteins have a basic region of about 15 

residues that contacts the DNA and a neighbouring region, at the N-terminus, 

that mediates dimerization (Voronova and Baltimore, 1990). The structure of 

the dimerization region of helix-loop-helix proteins fonns an a-helix, followed 

by a loop, and then a second a-helix (Mme et al., 1989), as indicated by the name 

helix-loop-helix. These proteins influence transcription by binding to their 

recognition sequence as a heterodimer. Examples include the MyoD protein, a 

master control gene in the differentiation of musde cells, which dimerizes with 

a protein known as E2.A (Weintraub et al., 1991). 

In addition to the best characterized transcription factor families discussed 

above, there are a nurnber of additional families of DNA-binding proteins that 

have been identified, as reviewed by various authors including Pabo and Sauer 

(1992). 



Objective of Thesis 
BSP has been shown to be a tissue-spe&c protein present in bone and 

other mineralized tissues. The expression of BSP in bone is localized almost 

exdusively to differentiated osteoblasts and, therefore, can be used as a valuable 

marker for bone cell differentiation whidt iç regulated by osteotropic hormones. 

Moreover, conservation of structural motifs that mediate HA and ce11 binding 

indicate that BSP may function as a nudeator of HA in de novo bone formation 

and as a cell attadunent/signaUing protein. Cowequently, the regulated 

expression of the BSP gene, which is the focus of this dissertation, appears to 

have fundamental importance in the development of osteoblasts and the 

formation of bone. 

The Thesis is based on the general hypothesis that transcriptional 

regulation of BSP by developmental signals involves r e g u l a t o ~  elements in the 

gene promoter. My objectives, therefore, were to study potential targets of 

developmental signals that regulate BSP expression. Prior to these studies, the 

human BSP gene and promoter had been cloned (Kim et al., 1994) and the rat 

BSP promoter characterized (Li and Sodek, 1993). From an analysiç of the 

promoters, an inverted TATA box and sites of osteotropic hormone regulation 

were identified which, tngether with an analysis of tissue-specific expression of 

BSP, were the initial focus of this Thesis. 

Studies of the involvement of the BSP promoter in tissue-specific 

expression were primarily directed at cornparisons of transcriptional activity in a 

series of promoter constructs transfected into osteoblastic and non-osteoblastic 

cek. The rational for these studies was based on the hypothesis that 

transcription factors, expressed only in osteoblasts, are responsible for BSP gene 

expression. These studies are described in Chapter 2. 

Although the correct orientation of TATA boxes was believed to be 

required to direct downstream transcription, based on the presence of an 

inverted TATA box in BSP, Dr. Jack J Li and 1 hypothesized that transcription 

could be independent of TATA box orientation. Thus, we designed experiments, 



described in Chapter 3, to d e t e m e  if the inverted TATA box present in the rat 

BSP promoter was able to initiate transcription in the appropriate direction. 

That the inverted TATA box was overlapped by a putative VDRE 

provided the basis for the hypothesis that the orientation of the TATA box was 

required to accommodate a bctional VDRE and that 1,25 dihydroxyvitamin D,, 

which suppresses bone formation, down-regula tes BSP expression in a 

mechanism involving cornpetition between the VDR and TBP for this binding 

site. Experiments were, therefore, designed to test the functionality of the VDRE 

with the TATA box in the inverted and normal configuration, as described in 

Chapter 4. 

From initial transcriptional analyses, described in Chapter 2, the 

importance of the inverted CCAAT box for attaining high levels of 

transcriptional activity was detennined. Subsequently, the same sequence in the 

OPN gene promoter was shown to mediate up-regdation of OPN expression by 

the proto-oncogene src (Tezuka et al., 1996). Since over-expression of Src and 

expression of BSP have been obsewed in breast carcinomas, in Chapter 5 1 tested 

the hypothesis that BSP expression might be up-regulated by Src through the 

inverted CCAAT box. 

Collectively, the studies described in this Thesis characterize basic 

regulatory mechanisms involved in the normal and pathological expression of 

the BSP gene. 



Chapter 2: Studies on the Tissue- 

Specific expression of the Rat BSP 

Gene. 

1 performed aU experiments presented in this Chapter except for the experiment 

shown in Fig. 2.3. which was carried out by Dr. Jin-Kun Chen frorn University of 

Texas at San Antonio, TX. 



1. Summarv 

BSP is a major protein of the mineralized bone matrix which is implicated 

in the nucleation of the HA formation. Previous studies have demonstrated 

that BSP expression is restricted to differentiated osteoblasts, odontoblasts, and 

cementoblasts, and that it is regulated in both a tissue-specific and 

developmentally-dependent manner. To determine the tissuespecific 

expression of BSP gene, I carried out transient transfection assays in osteoblastic 

and non-osteoblastic ce& using serial deletion constnids of the rat BSP gene 

promoter linked to luciferase reporter gene. Ludesase activity was measured in 

transfeded ROS 17/28 and UMR 106.06 cells, which express BSP constitutively, 

and cornpared to activity in HeLa cek that do not express BSP. When the 

luciferase activity was expressed relative to the pGL-3-Basic vector, a tissue- 

specific element was apparent between -59 to -43 of the rat BSP gene. However, 

when expressed relative to the pGL+Promoter, which has the SV 40 viral 

promoter cloned upstream of the luciferase gene, tissuespecificity was not 

evident. A chimeric construct containing -2.7 kb of the rat BSP promoter region 

linked to luciferase gene was also used to study tissue spediaty in a hansgenic 

mouse system. Results of studies from four independent transgenic mouse 

strains showed tissue speufic and developmentally-regulated expression in bone 

tissues. However, expression was also observed in the brain and skin, which do 

not normally express BSP. Collectively, these results indicate that the tissue- 

specific expression of BSP is, in part, controlled within the 2.7 kb region of the rat 

BSP gene promoter when it is integrated within the genome. 



2. Introduction 

BSP is highly specific for mineralizing tissues including bone, 

mineralizing cartilage (Bianco ef al., 1991), dentin (Chen et al., 1993), and 

cementum (Somerrnan et al., 1993). Studies on the ternporospatial expression of 

BSP in endochondral and membranous bones have shown that BSP mRNA 

appears as early as day 17 in rat embryonic development, and that the mRNA is 

only present in the differentiated osteoblasts, odontoblasts, and cementum at 

sites of de novo formation of the respective mineralized tissues (Chen et al., 

1992; Chen et al., 1991). Thus, it was of interest to investigaie how the BSP gene 

is developmentally regulated in a tissue-specific manner. 

While the precise medianism of the tissue-specific expression of genes iç 

not cleas, it is postulated that the interaction between the cis-regulatory elements 

located on the DNA and tissue-specific transcription factor regulate this event. 

The cis-regdatory elements c m  have a positive or negative effect on the 

transcription of the gene. Such is the case in musde-specific gene regulation 

where a family of basic helix-loop-helix transcription factors are involved in the 

tissue-specific transcription of the genes. 

The gene and the promoter regions of the human and rat BSP genes were 

isolated in earlier studies (Kim et al., 1994; Li and Sodek, 1993). Analysis of the 

5'-flanking sequence of the rat (Li and Sodek, 1993) and human (Kim et al., 1994) 

BSP gene promoters revealed a number of potential recognition sites for 

transcription factors and hormone receptors. The first -370 bp of the promoter 

sequence is highly conserved between the species and has been termed the "BSP 

Box" (Sodek et al., 1994). Of particular interest is the presence of an inverted 

TATA-like sequence (TITATA) 23 nucleo tides from the transcription initiation 

site, followed further upstream by an inverted CCAAT box (ATTGGj (Kim et al., 

1994; Li and Sodek, 1993). Chimeric cowtructs of the promoter region that 

include both of these elements were shown 

transcription of a CAT reporter gene and appear, 

to be capable of directing 

therefore, to be required for 



basal promoter activity (Kim et al., 1994; Li and Sodek, 1993). In addition, 

potential sites of glucocorticoid regulation have been identified further 

upstream, at similar positions in the rat and human promoters. However, 

whereas the putative GRE in the human BSP promoter forms a glucocorticoid 

response unit with a RARE-like elment, the rat GRE is assoaated with a 

putative AP-1 site (Kim et al., 1994; Li and Sodek, 1993). 

In this study, it was hypothesized that the tissuespecific and 

developmental expression of the BSP gene iç regulated through the promoter 

region Transient hansfection shidies were first carried out to investigate 

whether or not a tissue-specific transcription factor binding site was present i n  

the promoter. In addition, gel mobility shift assays were done to detemiine the 

presence of proteins that could bind to the promoter region of the rat BSP gene in 

a tissue-specific manner. Since transiently transfected promoter constnicts are 

removed from the context of the nudear matrix and may not be regulated like 

the endogenous gene, a diimeric constnict containing the promoter of rat BSP 

gene linked to luciferase gene was prepared to study expression in transgenic 

mice. 



3. Materials and Methods 

3.1. Searching of the Consensus Transcriptional Factor Binding Sites 
irr the Promoters. 

The rat BSP gene promoter sequence from nts -500 to +60 was submitted to 

the Transcription Factor database at the world wide web site "http://trmfac.gbc- 

braunschweig.de" to be searched for consensus elements for transcription factors 

(Wingender et al., 1997). 

3.2. Construction of Reporter Plasmids. 

Luciferase constructs pRBSP-43 to pRJ3SP-801 were made by excising the rat 

BSP promoter inserts from pCAT 2 through pCAT 5, used in previous studies (Li 

and Sodek, 1993), with HindIII and Sa11 . The inserts were blunt-ended by 

treatment with Klenow DNA polymerase (New England BioLab) and the inserts 

ligated into the enhancerless /promoterless pGL-3-Basic vector (Promega) at the 

SmaI restriction site. Other luciferase constnicts were made by ligating the rat 

promoter segment -2992 (Xbnl) to +60 (SalI), including the 5' phage a m ,  to the 

pGL-3-Basic vector to obtain pRBSP-2992. This -3 kb insert was then deleted 

unidirectionally with exonuclease III (Pharmacia), and the 5'-ends of each 

deletion determined by nucleotide sequeming. Briefly, the constnict pRBSP-2992 

was first eut wing KpnI (Pharmacia), which yields a 3'-overhanging end which 

exonudease III cannot attack. This construct was then cut with NheI (Boehringer 

Mannheim) which yields a 5'-overhang at the 5-'end of the rat BSP promoter 

insert where exonuclease III cm digest unidirectionally. The double digested 

pRBSP-2992 construct was then incubated at 3PC with exonuclease III and 

aliquots were removed at timed intervals. These aliquots were treated with SI 

nudease (Pharmaaa) and later with Klenow to ob tain blunt-ended fragments 

which were ligated. The ligated plasmids were transfonned in XL-1-Blue E. Coli 

ce& (Stratagene). Plasmid DNAs were isolated and sequenced to determine the 

end points of exonuclease III deletion. 



3.3. Cell Culture. 

Rat osteosarcorna cells (ROS 17/28, kindly provided by Dr. G. A. Rodan, 

Merck, Sharpe and Dohme, PA) were cultured in a-minimal essential medium, 

supplemented with 10% FCS and penicillin-G, gentamich, and fungizone at 100 

pg/ml, 50 pg/ml, and 25 p g / d  of final concentrations, respectively. HeLa cells 

were cultured in minimal essential medium, supplemented with 10% FCS, 20 

mM Hepes and antibiotics as described for ROS 17/2.8 cells. UMR 106.6 cells were 

grown under conditions used for ROS 17/2.8 cells except that Dulbecco's minimal 

essential medium (high glucose) was used instead of a-minimal essential 

medium. The day before transfection, exponentially growing ce& were seeded at 

a density of 4.0 x 105 cells per 60 mm tissue culture dish. The seeded cells were 

grown for 24 hrs before transfection. 

3.4. DEAE-Dextran Transfection. 

All transfection assays were performed on exponentially growing celk. 

Cells at 30%-50% confluence were transfeded using the DEAE-Dextran me thod 

(Ausubel et al., 1989), 24 hrs after plating. Transfection induded 1 pg of a 

luciferase construct and 1 pg of pSV-p-Gd (Pharmacia), as an intemal control. 

Following the direct addition of 60 JJ of the DNA-DEAE-Dextran cornplex to the 

culture media, the cells were incubated for a further 3 hrs. The ce& were then 

'shocked' by exposure to 10% DMSO in PBS for 2 min at room temperature (RT). 

The dishes were then washed, fresh culture medium was added and incubation 

resumed at 37OC for 45 hrs prior to harvesting. 

3.5. Luciferase Assa ys. 

The luciferase assay was camed out using the Luciferase Assay System 

(Promega). Briefly, cek were washed 2 times in icecold PBS and thoroughly 

drained before 400 p1 of 1X Reporter Lysis Buffer (Promega) was added to lyse the 

ce&. The cells were incubated for 15 min at RT before being scraped into a clean 

1.5 ml microfuge tube and kept on ice until ail of the samples were harvested. 



The samples were vortexed for 20 sec before subjecting them to a 2 min 

centrifugation step at 12,000X g in a Microfuge to peuet ce11 debris. The Iuciferase 

asçay was camed out with 20 f l  of the supernatant (cell extract) and 100 pl of 

Luciferase Assay Reagent (Promega). The light emitted waç measured for 20 sec 

using a Berthold Lumat LB-9501 photometer. 

3.6. Cherniluminescent PGal Assay. 

To normalize for the transfections, a &Gd assay was routinely camed out 

using the Galacto-Light Plus cherniluminescent reporter assay kit from Tropix 

(Boston, MA). To inactivate endogenous &Ga1 activity of cek, 20 of the ce11 

extract was heated at 48'C for 50 min. After equilibrating the ceU extract to RT, 

200 ml of Reaction Buffer was added to the sample and incubated for 1 hr. The 

light emitted was measured for 10 sec using a Berthold Lumat LB-9501 after the 

addition of Ligh t Emission Accelerator. 

3.7. Construction of Transgmic Construct. 

A chimeric construct containing 2992 bp of the promoter region and 60 bp 

of 5'-untranslated region of the rat BSP gene was doned into the 

enhancerless / promoterless pLUCB luciferase reporter vector (a generous gift 

from Dr. V. Giguèrre, McGU University, Montreal, Canada) as described 

previously (Ogata et al., 1995). This chimeric construct was cleaved with 

restriction enzyme PouII and the resulting fragments were resolved by 

electrophoresis in a 0.8% TBE agarose gel. The 5566 bp fragment, which 

contained 2731 bp of rat BSP promoter sequence as weU as the entire luciferase 

gene, was then excised from the gel and DNA extracted using a Qiaex 11 Gel 

Extraction Kit (Qiagen, Gennany). Restriction analysis was done to ascertain the 

primary structure of the construct before it was used in the generation of 

transgenic mice. 



4. Results 

4.1. The lmmediate Promoter Region of Rat BSP Promoter Confains a 
Number of Consensus Sites for a Vurïety of Truns&ption Factors. 

The rat and human BSP promoters were doned and upstream DNA 

sequences were shown to be functional in directing expression of the bacterial 

diloramphenicol acetyltransferase (CAT) reporter gene expression in osteoblastic 

cells (Kim et al., 1994; Li and Sodek, 1993). Analysis of the 5'-flanking sequences 

(transcription start site +1 to -500 nts) of the rat BSP gene using a database of 

binding sites for transcription factor revealed a number of sequences resembling 

consensus eukaryotic cis-acting elements (Kim et al., 1994): an inverted CCAAT 

box (ATTGG) at nts -50 to -46, an NF1 binding site (GATTGGCT) at nts -51 to -44, 

a CAMP response element (CRE) (TGACGTCG) at nts -75 to -66, an NF-kB binding 

site (CGGATITTCT) at nts-102 to -93, an AP-1 binding site (TTATTCA) at nts -143 

to -137, a homeobox-binding site (TCAATTAAAT) at nts -194 to -185, an AP2 

binding site (GGCAGCCC) at nts -447 to -440, and a novel 18-nucleotide inverted 

repeat at nts -453 to -436. Notably, an inverted TATA sequence (5'-TTTATA-3') 

in the region anticipated for a TATA box was identified at nts -24 to -19 (Fig 2.1) 

and an identical sequence observed in the human (Kim et al-, 1994) and mouse 

(Gupta and Aubin, unpublished) BSP gene promoters. Moreover, this inverted 

TATA sequence is overlapped by a putative VDRE. Cornparison of the promoter 

and the first exon of the rat BSP gene with the correspondhg region of the 

human BSP gene revealed a high degree of sequence identity, with 71% of the 

nucleotides consemed. The sequence identity is even higher in the region 

proximal to the transcription start site with the inverted CCAAT box, NFkB site, 

CRE, homeobox-binding site, and an API site, as well as the inverted TATA box, 

being conserved in the rat and human BSP gene promoters. 
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CATTGTGAAAGTTTAAATGCTTAAGTCGTTTGCCATT TTTATTTGAAATGC GTATTATTATAGATATTCAGAACTCTAACTACCATCTTCTCCT 

CRWATF CCAAT Box TATA - 
N F-KB VDRE 

+60 
AATGGGTGAGAGGCAGCCGGGAGAACAATCCGTGCCACTCACTCACTTGCTCTCTCCAGC 

Fig. 2.1. Sequence of the Immediate Promoter Region of the Rat BSP Gene. 

The sequence of the immediate promoter region of the rat BSP gene is shown. A number of putative 
transcription factor binding sites are marked. 



4.2. A Transient Transfecfion Analysk dues not Rmeal a Tissue- 
Specifrc Elmmtm 

To search for tissuespecific elements in the rat BSP promoter, 2992 bp of 

the 5'-upstream region of the gene was cloned upstream of the 

enhancerless/promoter1ess luciferase reporter vedor pGL-3-Basic and subjected 

to unidirectional deletion reaction with exonuclease III. These constructs were 

transfected into twc different osteoblastic cell h e s  (ROS 17/28 and UMR 106.06) 

as well as HeLa cells, which is non-osteoblastic. However, conflicting results 

were obtained, When the transfection results were normalized relative to the 

pGL-3-Basic vedor (Kg. 2.24, a tissue-specifïc element in the region between nts 

-59 to -43 was apparent from the high transcriptional activity in osteoblastic cell 

ROS 17/2.8 and relatively low activity in HeLa ce&. Moreover, when this region 

was deleted, the luciferase activity in HeLa ce& was similar to that of ROS 17/28 

ce&. However, only modest activity was observed in this region in results 

obtained from the UMR 106.06 cell line. Moreover, when the results were 

normalized to the pGL-3-Promoter vector activity, which has the SV 40 viral 

promoter cloned upstream from the luciferase gene, the luciferase activity in 

HeLa ceU was the highest among the three cell lines tested (Fig. 2.2B). 

4.3. Preparation of Constructs and Transgenic Mice Studies of a 2.7 kb 
fragment of the Rat BSP Promoter. 

A chimeric constmct was prepared to study tissue-specific expression in a 

transgenic mouse model. The construct, containhg -2.7 kb of the promoter 

region of the rat BSP gene and 60 bp of the 5'-untranslated region, was excised 

from the reporter construct pRBSP-2992 (Kim et al., 1996). Restriction enzyme 

PouII was used since this enzyme deaved at -2731 of the rat BSP gene at the 5'- 

end and at 3'snd of the SV 40 polyadenylation site of the reporter gene and spanç 

the entire coding region of the luciferase gene as well as the polyadenylation 

signal. The 

Antonio, TX) 

construct was given to Dr. J. Chen wniversity of Texas at San 

to generate transgenic mice. In two independent transgenic mouse 
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Fig. 2.2A. In Vivo Transcription Assays for Cell-Specificity Normalized to pGL-3-Basic Vector. 

Chimeric constructs encompassing various lengths of 5'-flanking sequences of the rat BSP gene were produced by 
unidirectional deletions. These constructs were transfected into exponentially growing HeLa, ROS 17/2.8, and UMR 
106.06 cells as described in the Materials and Metl-tods. The histogram represents results from 4-5 independent experi- 
ments done in triplicate dishes. The relative light units (RLU) obtained from the luciferase assays were normalized with 
values from the P-Ga1 assays and expressed relative to pGL-3-Basic k SD. 
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Fig. 2.28. In Vivo Transcription Assays for Cell-Specificity Normalized to pGL-3-Promoter Vector. 

Chimeric constructs encompassing various lengths of 5'-flanking sequences of the rat BSP gene were produced by 
unidirectional deletions. These constructs were transfected into exponentially growing HeLa, ROS 17/2.8, and UMR 
106.06 cells as described in the Materials and Methods. The histogram represents results from 4-5 independent experi- 
ments done in triplicate dishes. The relative light units (RLU) obtained from the luciferase assays were normalized with 
values from the P-Ga1 assays and expressed relative to pGL-3-Promoter f SD. 



lines the 2.7 kb rat BSP promoter dkected the expression of the luciferase reporter 

gene in a highly tissue-speafic manner (Fig. 2.3). Although some variable 

expression was observed in brain and skin, the activity in non-mineralizing 

tissues generally was ai background levels. In addition, luciferase expression was 

obsemed to be developmentaily regulated (Chen et al., 1996). 





5. Discussion 

Elucidating mechanisrns that control osteoblastic-~ecific expression is of 

fundamental importance in detennining how g e n s  that are speafic to bone are 

expressed in a temporo-spatial manner and for understanding the basis of 

inherited or acquired bone diseases that affect osteoblaçt functiorts. Because BSP 

has been shown to be expressed specifically in bone and mineralizing connective 

tissues it is a good candidate for control by a "master gene" that initiates bone 

formation by specifically activating genes of the osteoblast lineage. Thus, to study 

transcriptional regdation of BSP our laboratory has doned and characterized 

both the rat and human BSP gene and its promoter sequence (Li and Sodek, 

1993). The rat gene promoter has been used to characterize a number of elements 

that regulate the expression of the BSP gene using transient transfection analysis 

(Kim et al., 1996; Li et aL, 1995; Ogata et al., 1995; Yamauchi et al., 1996). However, 

none of these address the basis of the tissue-specific expression of BSP. 

There are a number of rnechanisms that c m  determine tissue-specific 

expression. First, the arrangement of chromath structure has been açsociated 

with the regulated expression of eukaryotic genes. The unique structural 

arrangement of chromatin can be investigated by determining the accessibility of 

a regulatory region of a gene by the enzymatic activity of DNase 1. The theory is 

based on the concept that if a gene is active in a particular ce11 then the 

chromatin structure is more loosely arranged around the active gene than in a 

non-transcribed gene, allowing the DNase 1 to attack the regulatory region at 

points that can be identified as DNase 1 hypersensitivity sites. This tedinique has 

been used by Montecino et al (1994) to study the bone-specific expression of the 

osteocalcin gene and two regions in the osteocalch promoter were found to be 

hypersençitive in the osteoblastic ROS 17/2.8 ceIl h e .  However, when the same 

approach was used for BSP @rs. Ogata and Yamauchi, unpublished results) no 

DNase 1 hypersensitivity sites could be identified within a 3 kb region of the BSP 

promoter. 



Analysis of promoter constructs in transient transfection assays performed 

on osteoblastic ce11 lines and on non-bone ce& can ako be used to determine 

whether a gene is controlled by a tissue-specific transcription factor. Deletion of 

the region of the promoter that confers tissue-speàficity would abolish any 

differences observed between the ceU types. Such tissue-specific regdation has 

also been shown for osteocalcin. When a 147 bp fragment of the mouse OC gene 

promoter was doned into a luciferase reporter vector and tested in transient 

transfection assays, luciferase acüvity was cell-speufic, the promoter being 90 - 
100 times more active in the osteoblastic cell ROS 17/23 c e k  than in non- 

osteoblastic cells (Ducy and Karsenty, 1995). 

In my studies a series of reporter construds containing various lengths of 

the rat BSP gene promoter were transfeded into ROS 17/28 and UMR 106.06 

cells, which are osteoblastic in origin, and compared to transfection results 

obtained in HeLa cek,  which are non-osteoblastic. Although some indications 

of tissue-specificity were apparent when the luciferase activities were expressed 

relative to pGL-3-Basic, no tissue-specificity was evident when the same activities 

were expressed relative to the pGL-3-Promoter Vector control. One possible 

reason for this discrepancy could be that the pGL-3-Promoter Vector, which has 

the SV40 viral promoter cloned upstream of the luciferase, has a strong activity 

in ROS 17/2.8 cells compared to the other two cell lines, whereas the activity of 

pGL-3-Basic is similar among the three c d  lines tested. The increased activity of 

the pGL-3-Promoter Vector gives a negative effect on the relative transcription 

activity when the values are norrnalized. While ROS 25/1 cells, a non- 

osteogenic, cell line derived from the same osteosarcoma as the ROS 17/23 cells, 

might be considered a more appropnate control in these experiments the results 

of transient transfection assays on HeLa and other non-osteoblastic cells, 

including NRK-49F c e h  and primary cultures of fetal rat calvarial cells (Sodek e t  

al., 1995) did not reveal a tissue-speafic element vresent in the -3 kb promoter 

region of the rat BSP gene. 

The Iack of a dear 

transcription factor CBFA1, 

tissue-specifïc expression is surprishg since the 

which confers tissue-specific expression on the 



osteocalcin gene @ucy et al., 1996), is also known to induce BSP expression in 

fibroblastic cells and consensus sequences for the CBFA-1 enhancer are present in 

the avian BSP gene promoter (Ducy et al., 1997). However, a search of the first 2 

kb of promoter sequences for the human and rat BSP genes could not identify a 

definite binding site for CBFA1. However, sirnilar difficulties have been 

encountered in a number of studies using transient trawfection to determine 

tissue-specific elements. For example the a10 collagen gene promoter, while 

expressed at high levels in bone, tendon, and skin is, nevertheless, also active in 

a wide range of cell types in vitro, including endothelial cells (Canfield et al., 

1986), hepatocytes (Brenner et al., 1990), vascular smooth musde cells (Stepp e t  

al., 1986), and skeletal myoblasts (Hegert et al., 1989) when the promoter 

constructs are tested with transient transfection asay. Thus, transient 

transfection studies do not reliably demonstrate regulatory elements that are 

responsible for tissue-specific expression in vivo, possibly because the transfected 

gene is not in a normal chromatin configuration. Additionally, differences in 

the behaviour of cells in culture, taken out of the context of the tissues in vivo,  

may also play a role in this behaviour. However, recent studies by Kerr et al. 

(1997) have indicated that a putative W1 binduig motif in the intron 1 of the 

human BSP gene could have a role in the tissue-specific transcription. 

Therefore, the absence of tissue-specific activity in my constructs could be the 

lack of this element in my rat BSP promoter constructs. 

Due to the ambiguous nature of the resulû obtained for the transient 

transfection analysis, it was decided to generate stable transfections of the 

promoter linked to the luciferase reporter gene in a transgenic mouse system. 

This approach has been used to localize tissue-specific elements in the human 

OC promoter region (Kesterson et al., 1993). For osteocalcin, 3900 bp of the 

human OC promoter was linked to the chloramphenicol acetyltrançferase (CAT) 

gene. Expression of the transgene was restricted to bone-associated tissues, 

although some CAT activity was detected in the brain where the endogenous OC 

is expressed only in the embryo (J. Chen, persona1 communication). Similar to 

the osteocalcïn study, the -2.7 kb BSP promoter fragment was found to regdate 



the expression of the luciferase reporter gene generauy in a tissuespecific 

manner (Chen et al, 1996). However, the tissue-specificity was not absolute, since 

some luciferase adivity was detected in brain and skin in each of the four strains 

of transgenic mice that were generated. Nevertheless, the activity of luciferase 

levels in bone tissues were 22 to 37-fold higher than in non-bone tissues and 

were developmentally regulated in accordance with the expression of the 

endogenous gene. The inappropriate expression of the reporter genes used for 

BSP, and also for a2(I) collagen (Goldberg et al., 1992), elastin (Hsu-Wong et al., 

1994), and OC (Kesterson et al., 1993) in transgenic mice, could be due to a 

positional effect, in which the expression of the transgene is influenced by local 

regulatory regions or to the absence of some of the required regulatory regions i n  

the promoter (Kollias and Grosveld, 1992). Thus, transcription is almost always 

influenced by the activation status of the duomatin neighbouring the hansgene, 

and the activation status reflects the phenotype of part idar cells within a tissue. 

While specificity is not affected in the tissue expressing the endogenous gene, 

expression can occur in other tissues. That variable expression was observed in 

the non-osteogenic tissues in the different mouse strains expressing the BSP-Luc 

gene is consistent with this concept. 

In summary, this study has revealed that, in contrast to the transient 

transfection studies, the 2.7 kb fragment of rat BSP gene promoter can selectively 

drive the expression of luciferase in bones of transgenic mice in a 

developmentally-regulated manner. 



Chapter 3: An Inverted TATA Box 

Directs Downstream Transcription of 

the Bone Sialoprotein (BSP) Gene. 

This chapter is presented essentially as published in "An inverted 

TATA box directs downs&eam transcription of the bone 

sialoprotein gene." by Jack J. Li, Richard H. Kim, and Jaro Sodek in 

Biochem. J. 310: 33-40, 1995. 

1 performed all experiments except the site-directed mutagenesis of the luciferase 

cowtnict and the DNase 1 footprinting in Fig. 3.3. which was carried out by Dr. J.J. 

Li. 



1. Surnmarv 

The orientation of the TATA box is thought to direct downstream 

transcription of eukaryotic genes by RNAP II. However, the putative TATA box 

in the promoter of the BSP gene, which codes for a tissue-speufic and 

developmentally reguiated bone matrix protein, is inverted (5'-TTTATA-3') 

relative to the consensus TATA box sequence (5'-TATAAA-3') and is overlapped 

by a vitamin Dg response element (VDRE). Analysis of the proximal promoter 

demonstrated that the inverted TATA sequence in the rat BSP gene buids to 

recombinant TATA-box Binding Protein (TBP) with an affinity similar to that 

observed with the consensus TATA box, while site-directed point mutations in 

the inverted TATA sequence (mutating TITATA into TÇTÇTA) abrogate both 

TBP binding and BSP promoter activity (Li et al., 1995). However, when the 

inverted TATA sequence was changed to a canonical TATA-A, the TBP binding 

properties were retained. Using constnicts of the rat BSP promoter sequence (- 

116 - +60) that induded the inverted TATA box or mutated TATA boxes ligated 

to a luciferase (LUC) reporter vector in transient transfection assay, 

transcriptional activity was abrogated when two point mutations were used to 

change the TITAXA sequence into a T D U A .  However, when two point 

mutations were introduced to convert the inverted TATA box into a canonical 

TATA box, the promoter activity was increased -30%. Furthemore, it was 

found that the TBP is required to reconstitute in vitro transcription driven by 

the BSP promoter. These studies, which have identified a naturally occurring 

inverted TATA box that c m  bind TBP and direct downçtream transcription, 

dernonstrate that the orientation of the TATA box does not necessarily 

determine the direction of transcription in higher eukaryotic genes. 

Consequently, the inverted TATA box that is conçerved in the human, rat and 

mouse BSP gene promoters provides an excellent in vivo mode1 to uivestigate 

the polarity of the TFiID/DNA complex and its relation to downstream 

transcription. 



2.  Introduction 

The transcription of eukaryotic genes is highly regulated by interactions 

between a variety of trans-acting factors and their cognate cis-acting elements . 
The binding of the TFIID complex to the TATA box is cruad for the initiation of 

transcription and for controlling gene expression (reviewed in Greenblatt, 1991; 

Sawadogo and Sentenacf 1990). Even in genes lacking a recognizable TATA box, 

binding of TFIID to a region approximately -30 bp upstream from the 

transcription start site is required to initiate transcription by RNAP II (Pugh and 

Tjian, 1992 and references therein; Wiley et al., 1992). Induded in the TFIID 

complex is the universal transcription factor TBP, which specifically recognizes 

the TATA box, and the TBP-Associated Factors (TAFs) (Dydadit et al., 1991; Pugh 

and Tjian, 1992; Takada et al., 1992). Thus, the TATA box provides a specific site 

that directs TFIID, RNAP II, and other a u x d i q  factors to assemble the pre- 

initiation complex (PIC) which promotes the synthesis of mRNA at the cap site 

and mediates the activity of upstream activator elements (Breathnach and 

Chambon, 1981; Brou et al., 1993; Buratowski et al., 1989; Maniatis et al., 1987; 

Mitchell and Tjian, 1989; Ptashne and Gann, 1990; Sawadogo and Sentenac, 1990; 

Stringer et al., 1990). 

Since rnost TATA sequences found so far are asymmetrical (5'-TATAAA- 

3' as a canonical form) (Breathnach and Chambon, 1981; Hahn et al., 1989; Reddy 

and Hahn, 1991), the TATA box was thought to be capable of orientating TBP and 

other PIC factors thereby defining the direction of transcription (Greenblatt, 1992; 

Greenblatt, 1991; Phillips, 1993; Reddy and Hahn, 1991). In support of this 

contention, it has been shown that conversion of a consensus TATA box into an  

inverted sequence (5'-TATA-3') is associated with a loss of down-stream gene 

transcription activity (Nagawa and Fink, 1985; Ruden et al., 1988). However, 

some experiments in which the TATA sequence was inverted artificially, 

indicated that the orientation of a TATA box might not determine the direction 

of transcription (O'Shea-Greenfield and Smale, 1992; Xu et al ., 1992). 



Consequently, the importance of the TATA box orientation in the determination 

of the TBP/TATA polarity and the direction of transcription was ambiguous 

(Klug, 1993; O'Shea-Greenfield and Smale, 1992; Xu et al., 1992 ). 

BSP has been characterized as a major non-collagenous protein mainly 

found in the extracellular matrices of bone, cernentum and dentine whose 

expression is developmentally regulated (Sodek et al., 1992; Sodek et al., 1992 and 

references therein). In addition to its speafic expression by fully differentiated 

osteoblasû at sites of de nouo bone formation, BSP is able to nucleate HA crystal 

formation from steady-state, physiological concentrations of calcium and 

inorganic phosphate (Hunter and Goldberg, 1993). Therefore, BSP is believed to 

function in the initial formation of muieralized bone tissue (Sodek et al., 1992). 

To study the transcriptional regdation of BSP gene expression, the rat BSP gene 

promoter has been doned in thiç laboratory (Li and Sodek, 1993). Intriguingly, a 

perfect inverted TATA sequence (5'-TTTATA-3') was located at -24 to -19 bp 

upstream of the transcription initiation site in the rat BSP gene promoter. 

Subsequent studies have shown that this inverted TATA sequence is conserved 

in the human (Kim et al., 1994) and mouse (Gupta and Aubin, unpublished 

results) BSP gene promoters, implying that the organization of the TATA box is 

important for controlling BSP gene expression. Here, it is shown that the 

inverted TATA element in the rat BSP promoter is a functional "TATA" box 

that is required for driving downstrearn expression of this eukaryotic gene both 

in vitro and in aivo. This study, provides the first characterization of a naturally 

occurring inverted TATA box in eukaryotic genes and demonstrates that the 

specific orientation of the TATA box does not determine the direction of 

transcription. 



3. Materials and Methods 

3 .1. Site-Directed Mutagenesis. 

Site-directed point mutations were generated by Dr. Jack J. Li using 

polymerase diain reactiow (PCR) according to Landt ef al. (Landt et al., 1990) 

with modifications. Briefly, two separate reactions were performed in the first 

round amplification. One reaction contained 1.0 ng of plasmid pCAT3 mixed 

with a 5' flanking primer, antisense mutant primer, plus the necessary PCR 

components. Another reaction contained identical components except for a 3 ' 

fianking primer and the sense mutant primer. After 20 cycles of amplification, 

one mutant fragment with the mutation at the 3' end and another mutant 

fragment with the mutation at the homologous 5' end were generated. Those 

two PCR products were then separated on a low melting point agarose gel, sliced, 

combined, and melted. A small volume (10 pl of -200 pl) was taken to perform 

the second round PCR with the 5' flanking primer and the 3' flanking primer 

used in the first round PCR The final PCR fragment containing the desired 

point mutation was subcloned into pCAT-Basic vector. The designated 

mutations and fidelity of PCR were confimied by dideoxy sequencing. 

3.2. Luciferase (LUC) Reporter Plasmid Construction 

A pLUC B vector containing the firefly luciferase (LUC) gene was provided 

by Dr. V. Giguèrre (McGill U., Montreal). Luciferase constructs pLUC Wt and 

pLUC N were made by excising the rat BSP promoter inserts from pCAT 3 and 

p3NT-CAT, used in previous studies (Li and Sodek, 1993), with HindIII and Sa11 

and re-ligating the inserts into a pLUC B vector (Sadowski et al., 1988) at the same 

restriction sites. 

3.3. Cell Culture. 

Rat osteosarcorna ce& (ROS 17/2.8, kindly provided by Dr. G. A. Rodan, 

Merck, Sharpe and Dohme, PA)) were d t u r e d  in a-minimal essential medium, 



supplemented with 10% fetal bovine serum and penicillin-G, gentamicin, and 

fungizone at 100 pg/ml, 50 pg/ml, and 25 pg/ml final concentrations, 

respectively. The day before transfection, exponentidy growing cells were seeded 

at a density of 4.0 x 105 ce& per 100 mm dish The seeded cells were grown for 24 

hrs before transfection. 

3.4. DEAE-Dextrun Transfection. 

All transfection assays were performed on exponentially growing cells. 

Cells at 30%50% confluence were transfected usuig the DEAE-Dextran method 

(Ausubel et al., 1989), 24 hrs after plating. Transfection uicluded 1 pg of a 

luderase construct and, 1 pg of pCAT C (Pharmacia Biotech) as an interna1 

control. Following the direct addition of the DNA-DEAE-Dextran complex to the 

culture media, the cells were incubated for a further 3 hrs. The cells were then 

'shocked' by exposure to 10% DMSO in PBS for 2 min at RT. The dishes were 

then washed, fresh media was added, and incubation resumed for 45 hrs prior to 

harves ting. 

3.5. Luciferase Assays. 

The luderase assay was carried out using the Luciferase Assay System 

(Promega). Briefiy, cells were washed 2 times in ice-cold PBS and thoroughly 

drained before 400 4 of 1X Reporter Lysis Buffer (Promega) was added to lyse the 

cells. The cells were incubated for 15 min at RT before being scraped into a clean 

microfuge tube and kept on ice until al l  of the samples were hanrested. The 

samples were vortexed for 20 sec before subjeding them to a 2 min centrifugation 

step at 12,000X g to pellet ceil debris. The luciferase assay was camed out with 20 

pl of the supernatant (ceU extract) and 100 fl of Luciferase Assay Reagent 

(Promega). The light emitted was measured for 20 sec using a Berthold Lumat 

LB-9501 (Fisher Scieniific, Toronto, Canada). 



3.6. CAT ELISA Assays. 

The trawfections were normalized uçing a Chloramphenicol Acetyl 

Tramferase (CAT) assay with a CAT ELEA Assay kit (Boehringer-Mannheim, 

Mannheim, Germany). Bnefly, 200 pl of cell extracts from the transfection assays 

were aliquoted into the wells of an ELISA plate that were coated with anti-CAT 

antibody and incubated for 1-18 hrs at 37°C. The solution was removed and the 

wells were washed 5 times with 250 pl of washing buffer. 200 fl of anti-CAT- 

digoxigenin antibody was added to the wells and incubated for 1 hr at 37'C. 

Washing was done as before and 200 fl of mti-digoxigenin-peroxidase antibody 

was added to the wells and again incubated for 1 hr at 37°C. After washing (5 

times), the colour reaction was initiated by adding 200 fl of peroxidase substrate 

with enhancer and incubating at RT for 10 to 40 min until color development 

occurred. The intensity of the green colour was measured with a Titertek 

Multiskan (Flow Laboratories, Helsinki, Finland). 

3.7. In Vitro Transcription 

The templates for the in vitro transcription reaction were prepared by PCR 

based on wild-type or mutated BSP/CAT fusion plasmids described above. One 

5'-primer was derived from rat BSP promoter (nts -116 to -107) and two 3'- 

primers were derived from sequences within the CAT reporter gene to produce 

templates which could generate hanscripts of 171 bases or 311 bases in size. The 

in vitro transcription reaction was carried out according to the protocol described 

previously (Farnham and Schunke, 1986; Innis et aL, 1991) with slight 

modifications. Briefly, each reaction was performed in 25 pl of 8.8 rnM Hepes, pH 

7.9 at &c, containing 8.8% glycerol, 44 rnM KC1,0.088 mM EDTA, 0.22 mM DTT, 

10 mM MgCI,, and 200 ng (8 pg/ml) of DNA template. The reaction was started 

by mixing the HeLa cell nuclear extract (Promega) and DNA and incubating for 

15 min at 30'~ .  Transcription was initiated by adding 200 each of ATP, CTP, 

and UTP, and 16 

England Nuclear, 

pM of GTP and 10 pCi of [a-%] GTP (3000 Ci/mmol) (New 

Boston, MA) and incubated at 30°C for a further 45 min. The 



reaction was terminated by adding 175 @ of 0.3 M Tris-HC1, pH 7.5 at 2 5 ' ~ ~  0.3 M 

sodium acetate, 0.5% SDS, 2 mM EDTA, and 3 mg/ml tRNA. RNA was extracted 

with phenol/chlorofom and precipitated with ethanol. The pellet was washed 

once with 70% ethanol and dissolved in 10 fl of loading dye and each reaction 

andyzed on a 5% urea-polyacrylamide denahiring gel. In the reconstitution 

assay, the HeLa ceU nudear extract was heated ai 4 5 ' ~  for 15 min to inactivate the 

endogenous TBP (Nakajima et al., 1988). To this heat-treated nuclear extract 

either BSA, or varying amounts of TBP (Promega), were added and the in o itro 

transcription was camed out as desaibed above. 



4. Results 

4.1. BSP Promoter Confains a Uniquely Inverted TATA Box. 

The presence of an inverted TATA box is a unique feature of the BSP 

promoters. Analysis of the frequency of nucleotide occupancy of TATA boxes 

that have been characterized in eukaryotic genome has shown that there is a 

high probability of the sequence having a consensus sequence of TATAAA (Fig. 

3.1). When the sequence of BSP is compared to this consensus sequence, the 

occurrence of a T in the second position occurs in only 2% of TATA boxes, a T in 

the fifth position occurs in 37% and a G in the seventh position in only 8%. 

Moreover, there are no previous reports of a naturally occurring TTTATA 

sequence that has been shown to be functional as a TATA box in an eukaryotic 

organism. 

4.2. TATA-Binding Protein Binds to  the Inverted TATA Box. 

Since the binding of TBP to the TATA box is a preliminary step in the 

formation of the PIC complex that is required for basal transcription of a dass II 

gene promoter, Dr. Jack J. Li used DNase I footprinting to assess the ability of TBP 

to bind to the inverted TATA element (Li ef al., 1995). Recombinant human TBP 

was demonstrated to bind to a -20 base pair region covering the inverted TATA 

element on both DNA strands (Fig. 3.2), similar to its interaction with consensus 

TATA box sequences (Hahn et al., 1989; Hoey et al., 1990; Lee et al., 1991; 

Nakajima et al., 1988; Starr and Hawley, 1991). Moreover, unlike many other 

non-consensus TATA elements that interact with TBP with lower affinity, the 

binding affinity between TBP and the inverted TATA box (kd = 2.0 x  IO-^ MM) was 

comparable to that obsemed with the consensus TATA box (kd = -2 x 10*~ MM) 

(Hahn et al., 1989). 



Nucleotide #: 1 2 3 4 5 6 7  

Consensus TATA Box Sequence 

BSP TATA Box Sequence 

Fig. 3.1. Frequency of Nucleotide Substitution in Functional Eukaryotic TATA Boxes. 

The frequency of nucleotides occuring in each position of the consensus TATA box (upper case) together with the 
flanking nucleotides (lower case) is shown as a percentage obtained from 60 different genes (Dame11 et al., 1986). Below, 
the percentage frequency of the occurence of the nucleotides present in the BSP TATA box is shown for both the upper 
strand "inverted" TATA sequence and the complementary lower strand sequence. 



CCAAT Box 
1 

TATA Box 
1 

Fig. 3.2. Nucleotide Sequence of the Immediate Promoter Region of the BSP Gene Encompassing the lnverted 
CCAAT and TATA Boxes. 

A -20 bp nucleotide sequence encompassing the inverted TATA box that was protected by hTBP in the DNase I 
footprinting experiments, shown by the solid lines, each encornpassing the protected region on the top and bottom 
strands (adapted from Li et al., 1995). 



4 Mutation of the Invetted TATA Elment by Site-Directed 
Mutagenesis Disrupts Binding of lï3P. 

The inverted TATA elements in the rat and human BSP gene promoters 

were located at the position corresponding to a TATA box in polymerase II- 

transcribed genes (approx. -30 na). To investigate if this inverted TATA element 

was critical for TBP binding, Dr. Li created point mutations in the inverted 

TATA element, either dianging 5'-TT-TATA-3' into 5'-TmçTA-3' (p3AT-CAT, 

mutant) to inactivate potential TBP binding, or changing 5'-m-TAIA-3' into 5'- 

TAT-A-3' (P~NT-CAT, "normal" TATA box) to produce a canonical TATA 

box. Two site-directed point mutations in the inverted TATA sequence 

(mutating 5'-=TATA-3' into 5'-TmmA-3') abrogated TBP binding (Fig. 3.3), 

demonstrating that the inverted TATA element is crucial for the TBP-DNA 

interaction in the BSP gene. However, conversion of the inverted TATA 

sequence into a canonical TATA box (5'-TATA-A-3') did not affect TBP binding 

(kd = 2.2 x IO-' M) to the template significantly (Fig. 3.3). 

4.4. The Inverted TATA Box is Required in Directing Downsfream 
Expression of the BSP Gene. 

In a previous study it was demonstrated that basal prornoter activity in the 

rat BSP gene, measured by bacterial chloramphenicol acetyltransferase (CAT) 

reporter gene expression, was present within a sequence -116 to +60, which 

encompasses the inverted TATA element and an inverted CCAAT box (Li and 

Sodek 1993). To determine the importance of the inverted TATA sequence in  

downstream transcription, the dumeric constructs with the mutated TATA 

element desuibed above were transiently transfected into the osteoblastic ceIl 

line ROS17/2.8 and promoter activity measured by luciferase assays. In 

accordance with the TBP-DNA binding data, mutating 5'-TTTATA-3' into 5'- 

TÇTOA-3' resulted in a marked reduction (by 60-70%) of promoter activity (Fig. 

3.4). However, converting the inverted TATA sequence into a canonical TATA 

box appeared to reduce promoter activity slightly (Li and Sodek, 1993). In a 



Wild Type p3AT- "Normal" 
TATA CAT TATA 

Fig. 3.3. Effect of Point Mutations on the Binding of Human TBP to the Inverted 
TATA Box. 

Recombinant human TBP is shown to bind to the wild type TATA box 
m A I A ) ,  as well as to the "normal" TATA box ( T w )  with simiIar binding 
affiniv. Two point mutations in the wild type TATA box (pBATCAT=TcTGTA) 
abrogated the TBP-DNA interaction. The nucleotide positions were deduced from 
G+A sequencing reaction (lane M). Labelled DNA probes were incubated with BSA 
(No TBP) or increasing amounts of human TBP @Nase1 Footprint analysis was per- 
formed by Dr. J. J. Li). 



-116 LUC 

Lucilif a m a  AcOiwiQy 
(Relative to pLUC B) 

Fig. 3.4. Effect of Point Mutations on the Transcriptional Activity of the Rat BSP Promoter. 

The luciferase activity of a chimeric construct comprising the proximal promoter (-116 - 760) of the rat BSP gene 
ligated to a luciferase reporter gene is compared to activity generated by a construct in which the "inverted" TATA box 
(pLUC-3-Wt) has been converted to a consensus (pLUC-3-C) sequence by two point mutations as shown in the box. From 
cornparisons at three different concentrations of the constructs, the pLUC-3-Wt revealed transcriptional activity that aver- 
aged 81.5% of the pLUC-3-C construct. Also shown are transcriptional activities for the luciferase vector without @LUC 
B) and with the thymidine kinase promoter (pLUC -Tk) as negative and positive controls, respectively, Transfections 
were normalized by CO-transfections with a CAT plasmid analyzed by a CAT-ELISA assay. Significant differences com- 
pared (pc0.05) to pLUC-3-W t are indicated (*) 



subsequent study, using the same constructs doned in a luciferase reporter vector 

which provides a much more sensitive assay, it was found that the inverted 

TATA box conçtnicts showed a consistently lower transcriptional activity (81.5%) 

than the "normal" TATA box (Fig. 3.4). 

The in vivo promoter activity shown in transfection assays was also 

demonstrated by in vitro "run-off" transcriptions (Fig. 3.5A and 3.5B). W h  e n 

two DNA templates containing the rat BSP promoter with different "run-O ff" 

transcnpt sites were incubated with a HeLa cell nudear extract in the presence of 

NTPs and [a-91 GTP , radiolabelleci "run-off' transcripts, corresponding in size 

(171 bases and 311 bases) to the products expected for downstream transcription, 

were identified (Fig. 3.5A and 3-58). As in the luderase asays (Fig. 3.4), pLUC-3- 

C appeared to show higher activity than pLUC-3-Wt whereas no transcription 

adivity was evident with the p3AT- mutant. 

4.5. IBP is Required for Initiation of the BSP Gene Promoter in 
Transcription. 

In vitro transcription experiments were also performed to determine 

whether TBP is an absolute requirement for the initiation of transcription driven 

by the BSP promoter. The TBP was first inactivated by heating the HeLa ce11 

nudear extract at 45'~ for 15 min (Nakajima et al., 1988) to show that the nuclear 

extract containing heat-inactivated TBP was not able to initiate transcription 

when incubated with wild type rat BSP promoter/CAT constnict (Fig. 3.6). 

However, in viho transcription could be rescued by adding recombinant human 

TBP (hIBP) to the heat-treated nuclear extract in a dose-dependent marner (Fig. 

3.6). 



Fig. 3.5. In Vitro Transcription of Two Rat BSP Promoter Templates. 

In vitro transcription of two rat BSP promoter templates generated a 171 base transcript (A) and a 311 base tran- 
script (B), as indicated by arrows. In both A and B, lane 1: molecular weight markers, lane 2: mRNA transcribed from 
wild type rat BSP promoter, lane 3: mRNA transcribed from mutated rat BSP promoter with a canonical TATA box 
(changing 5'-TTTATA-3' in to 5'-TATAAA-3'), lane 4: mRNA transcribed from rat BSP promo ter with point mutations in 
the inverted TATA element (changing 5'-TTTATA-3' into 5'-TÇTÇTA-3'). 



Fig. 3.6. Reconstitution of the in vitro Transcription Directed by Rat BSP Promot- 
er with Recombinant Human TBP. 

Lane 1: molefular weight markers, lane 2: 171 base transcript generated by 
nuclear extract from the HeLa c e k  (indicated by arrow), lane 3: in vitro traflscnp- 
tion of the rat BSP promoter using heat-treated HeLa nudear extract, lane 4: in vitro 
transcription of the rat BSP promoter using heat-treated HeLa nudear extract, plus 
20 ng of bovine serum albuminf lanes 5-7: in vitro transcription of the rat BSP pro- 
moter using heat-treated HeLa nudear extract plus 10,20 and 40 ng of recombinant 
human TBP, respectively. 



5. Discussion 

The concept that the orientation of the TATA box directs the polarity of 

transcription has been based on the observation that most TATA boxes 

discovered so far are asymrnetric in nucleotide sequences (Greenblatt, 1992; 

Greenblatt, 1991; Kim et al., 1993; Klug, 1993; Phillips, 1993; Reddy and Hahn, 

1991). Additionally, inversion of a TATA box artificially results in l o s  of down- 

stream transcription activity (Nagawa and Fink, 1985; Ruden et al., 1988) 

implying that the orientation of the TATA box may be important for directing 

downstream transcription. The nucleotide sequence in the TATA box of the BSP 

gene is inverted relative to the consensus TATA box, yet it is still hctional  and 

crucial in dnving downstream transcription of the BSP gene. By characterizing 

the naturally occurring inverted TATA box in the BSP gene, conclusive evidence 

that the direction of transcription is not dependent upon the orientation of 

TATA box in eukaryotic genes was provided. 

Previously, an apparently inverted TATA-box sequence (5'-TTTGTA-3') 

was identified in the adenovirus IVa2 promoter (Carcamo et al., 1990; Kasai et al., 

1992). However, in the TVa2 gene, the "TATA" box is located 15 nucleotides 

dowwtrearn of the transcription start site. Although synthetic promo ters with 

both canonical and inverted TATA sequences have been shown to drive 

transcription from similar initiation sites and in the same direction when used 

in an in vitro transcription system, transcription activities from the artificially 

inverted TATA sequence are greatly reduced (Carcamo et al., 1991; O'Shea- 

Greenfield and Smale, 1992). In the BSP gene promoter, transcription activities 

were comparable between the wild-type inverted TATA sequences and the 

mutated canonical TATA box both in vivo, using the CAT assay, and in vitro (Li 

et al., 1995). However, in subsequent experiments it was found that mutated 

canonical TATA box had a slightly higher (-130%) promoter activity when a 

much more sensitive luciferase assay, was used. As in all other RNAP II- 

transcribed genes, either with or without a TATA box, the activity of the BSP 



promoter containing a perfect, uiverted TATA box required the participation of 

TBP. Thus, it is apparent that TATA boxes, similar to enhancers and silencers, 

are operational in either orientation. It is of interest to note that the initiator 

element (Inr) has also been suggested to be a determinant for the direction of 

transcription (OIShea-Greenfield and Smale, 1992). However, an Inr consensus 

sequence is not found in either the rat or the human BSP promoters. 

The elucidation of the tertiary structure of TBP from the plant Ara bidopsis 

thdiana (Nikolov et al., 1992) has revealed that TBP resembles a molecular 

saddle which could sit astride the duplex DNA, protecting approximateiy 10 bp of 

DNA sequence. Although the two functional domains of TBP are symmetrical 

topologicdy, the amino auds forming the surfaces that interact with the DNA 

are different (Nikolov et al., 1992), as predicted by previous mutagenesis studies 

of TBP (Reddy and Hahn, 1991; Strubin and Struhl, 1992; Yamamoto et al., 1992)- 

Consequently, it is likely that TBP interacts with the TATA element in a 

directional manner (Greenblatt, 1992; Nikolov et al., 1992; Reddy and Hahn, 

1991). More recently, the three-dimensional structure of plant and yeast TBPs 

complexed with typical TATA boxes were determined by X-ray crystallography 

(Kim et al., 1993). In both cases, the TBPs interacted with the TATA boxes with 

the same polarity, and the TBPs bound to the minor groove of DNA as predicted 

by earlier studies (Lee et al., 1991; Starr and Hawley, 1991). Based on those data, 

Kim et al. (1993) and Klüg (1993) hypothesized that "the preferred orientation of 

TBP/TATA binding may derive from asymmetry in the deformability of the 

TATA element". However, the possibility that the same polarity of TBP/TATA 

binding in both cases of CO-crystallization might be achieved due to a random 

process still can not be excluded. Of note, a recent study has demonstrated that 

TFIIB may also help TBP define its orientation on the DNA (Nikolov et al., 1995), 

implicating the importance of the TATA flanking sequences in positioning the 

PIC complex. These studies indicate that the TBP/TATA binding polarity and its 

relationship to transcription directionality are more complicated than previously 

thought. 



In more recent studies the structure of TBP from Arabidopsis thaliana 

complexed with a 14 bp oligonucleotide bearing the Ad MLP TATA box waç 

further refined at 1.9 A resolution (Kim and Burley, 1994). Mode1 building based 

on the refined cocrystal structures predkted that substitution of a GC base pair 

at position 2 reduces TATA box effiaency to 1% whereas a T-A substitution at 

this position wodd be tolerated. Inversion of the AdMLP TATA box generates 

an inverted TATA box with T-A to A-T substitutions at position 2,4, and 6, and 

inversion of the yeast CYCl TATA box generates A-T to T-A substitutions at 

positions 2 and 7. Mode1 building studies also suggested that these inverted 

TATA boxes do not generate obviously unfavorable interactions with TBP. 

Moreover, the earlier studies of TBP-TATA box interactions revealed that the 

TBP binds to the minor groove of the TATA element with the DNA bent 80" 

towards the major groove (Kim et al., 1993; Kim et al., 1993). Even a modest pre- 

bending of the DNA towards the major groove, which can be induced by 

nudeosome formation, can increase the TBP affinity 100-fold (Panrin et al., 1995), 

demonstrating that the structural configuration of the promoter DNA can have a 

signihcantly greater influence on the formation of the PIC complex than the 

arrangement of nudeotides in the TATA box. These studies may, therefore, 

explain the observations that the inverted TATA box of the BSP gene maintains 

a comparable activity with that of a canonical TATA box. 

The inverted TATA box of the BSP gene differs from the inverted Ad MLP 

TATA box in that the T-A substitutions are located at position 2 and 5. Although 

the binding polarity could be due to asymmetry in the deformability of the two 

domains of TBP and the two halves of the recognition site of the TATA box (Kim 

and Burley, 1994; Kim et al., 1993), how TBP actually binds to the inverted TATA 

box and how the direction of transcription is achieved is yet to be resolved. 

Thus, it would be of interest to CO-crystallize TBP with the functional inverted 

TATA box of the BSP gene. The inverted TATA box in the BSP gene promoter, 

therefore, can provide an excellent mode1 in which studies of the polarity of 

TFLID/DNA complex and its relation to downstream transcription cm be 

facilitated. 



The functional sigruficance of an inverted TATA box in the BSP gene 

promoter still remains to be investigated. Variant TATA boxes have been 

suggested to function as a selective elernent to determine tissue-specific gene 

expression by interaction with distinctive TFIID complexes (Brou et al., 1993; 

Pugh and Tjian, 1992; Wefald et al., 1990). As a variant form of TATA box, it is 

possible that the inverted TATA box may play an important role in controlling 

the spatial and temporal expression of the BSP gene during bone formation and 

bone development. It is conceivable that the variant sequences of the TATA 

boxes might be important for the recognition of certain transcription factors that 

compete with TBP for binding in this region and thereby regulate gene 

expression. Moreover, since the binding of TBP to the TATA box induces the 

DNA to bend (Kim et al., 1993), variant nucleotide(s) in the TATA boxes might 

be able to dictate the degree of DNA bending and, as such, provide a means of 

fine tuning stimulation or repression of transcription via TBP-specific tram- 

factor interactions. Since it is recognized that TBP is able to interact with a 

number of transcription factors (Brou et al., 1993; Greenblatt, 1992), it is also 

conceivable that the specifiaty of such interactions might depend on the specific 

changes of TBP/DNA conformation upon the binding of TBP to various types of 

TATA boxes. 



Chapter 4: Identification of a 

Vitamin D,-Response Element that 

Overlaps a Unique Inverted TATA 

Box in the Rat Bone Sialoprotein 

Gene. 

This chapter is presented essentially as published in "Identification 

of a vitamin D,-response element that overlaps a unique inverted 

TATA box in the rat bone sialoprotein gene." by Ridiard H. Kim, 

Jack J. Li, Yorimasa Ogata, Masato YamaudU, Leonard P. Freedman, 

and Jaro Sodek in Biochem. 1.318: 219-226, 1996. 

1 performed all experiments presented in this Chapter, however, the serial 

deletion of the Rat BSP promoter conshuct was made by Dr. Y. Ogata. 



1. Summary 
BSP, an early marker of osteoblast differentiation, has been implicated in  

the nucleation of HA during de nooo bone formation. In these studies, using 

the osteoblastic cell lïne ROS 17/28, I show that rat BSP gene expression is 

suppressed by 1, 25 dihydroxyvitamin D3 (1,25(OH),D3), which is a powerful 

regdator of bone formation and resorption. The suppressive effects of 

1,25(OH),D3 were evident in nudear "run-off transcription assays and did not 

appear to be blocked by cydoheximide, indicating a direct effect of the vitamin D, 

receptor (VDR) protein on BSP transcription. Therefore, to determine the 

molecular basis of the transcriptional suppression of BSP gene transcription by 

1,î5(OH),D3 transient transfection analyses using chimerïc constructs of the rat 

BSP gene promoter linked to a luciferase reporter gene were performed. 

l,Z(OH),D, suppressed expression in au constructs, including a short construct 

@LUC 3; nts -116/+60) that contained a putative vitamin D3 response element 

(VDRE; AGGGTTTATAGGTCA; nts 28/44) that overlaps a unique inverted 

TATA (T'T'TATA) box. The introduction of two point mutations, which 

converted the inverted TATA into a "Normal" ( T A T U A )  TATA box, did not 

influence the transcriptional suppression by 1,25(OH),D, indicating that the 

inverted TATA sequence was not required for l,Z(OH),D, regdation. This was 

supported by mobility shift assays in which the strong binding of recombinant 

human vitamin D, receptor protein (hVDR) to the wild type VDRE was not 

affected by the conversion of the inverted TATA into a "Normal" TATA box. 

Although, a point mutation (AÇGGTT->A-GGTT') introduced into the 5' half- 

site of the VDRE abrogated hVDR binding, the 1,25(0H),D3-mediated 

suppression of transcription in the diimeric constructs was not altered 

significantly, suggesting that two additional Banking VDRE half-sites present in  

the promoter conçtructs may fom part of the VDRE in the BSP promoter. In 

cornparison with the activating mouse osteopontin VDRE, the rat BSP VDRE 

appeared to bind hVDR-hVDR homodimers more avidly than hVDR-RXRa 

heterodimers. These studies, therefore, have tentatively identified a novel 



1,25(OH),D3 suppressor element that overlaps the inverted TATA box in the rat 

BSP gene, indicating that transcriptional suppression of the rat BSP gene by 

1 ,2S(OH),D3 may involve cornpetition between the hVDR and the TATA binding 

protein (TBP). 



2 .  Introduction 

BSP is a prominent cornponent of the mineralized bone matrix that has 

been irnplicated in tissue mineralization (Sodek et al., 1992). Studies on the 

developmental expression (Chen et al., 1992), tissue localization (Bianco et al., 

1993; Chen et al., 1994; Chen et al., 1991; Sodek et al., 1992) structural properties 

(Fisher et al., 1990; Franzén and Heinegikd, 1985; Oldberg et al., 1988; Shapiro e t  

al., 1993; Zhang et al., 1990), and temporo-spatial deposition of BSP in newly- 

forming bone (Kasugai et al., 1992; Yao et al., 1994) have shown that the 

expression of this glycoprotein is essentially restricted to differentiated cells in  

mineralizing tissues and that it might initiate HA formation during de n O oo 

bone formation (Chen et al., 1992; Kasugai et al., 1992; Sodek et al., 1992; Yao et al., 

1994). Notably, BSP has been shown to nucleate HA crystal formation under 

steady-state conditions in vitro (Hunier and Goldberg, 1993) and recent studies 

have shown BSP to be assocîated with the formation of ectopic HA microcrystah 

in malignant breast tumor tissues (Bellahcène et al., 1994). 

Consistent with a role in mineralized tissue formation, the expression of 

BSP has been shown to be induced by glucocorticoids (Kasugai et al., 1991; 

Oldberg et al., 1989; Yao et al., 1994) and BMPs (Rickard et al., 1994; Sodek et al., 

1994) which promote the differentiation of pre-osteoblastic ceUs into osteoblasts 

and induce bone formation (Bellows et al., 1990; McCuUoch and Tenenbaurn, 

1986; Reddi, 1994; Tenenbaum and Heersche, 1985). In contrast, 1,25 

dihydroxyvitamin D3 (1,25(OH),D3), which suppresses the differentiation of 

osteoblastic cells and subsequent bone formation (Ishida et al., 1993), suppresses 

glucocorticoid-induced BSP expression (Oldberg et al., 1989) and type 1 collagen 

synthesis (Kream et al., 1986). That l,E(OH),D, is involved in the differentiation 

of osteoblasts is supported by recent studies in which the expression of CBFAI, 

shown to be critical for osteogenic differentiation (Otto et al., 1997), is abolished 

when primary osteoblastic ce& are treated with 1,25(OH),D, (Ducy et al., 1997). 

This effect of 1,25(OH),D3 on bone formation is consistent with its osteotropic 



activity in promoting bone resorption and remodehg which are important for 

the growth and maturation of bones and for maintaining calcium homeostasis. 

The modulation of cell growth and differentiation is &O consistent with the 

broader range of 1,25(OH),D3 activities (DeLuca, 1988; Haussler et al., 1988; Pike, 

1991). That the role of 1,25(OH),D3 in calcium homeostask ïs complex is evident 

kom the stimulated expression of some osteoblastic markers such as alkaline 

phosphatase (Majeska and Rodan, 1982; Manolagas et al., 1981; Mulkins et al., 

1983), OC (Kemer et al., 1989) and OPN (Noda et al., 1990; Prince and Butler, 1987) 

by 1,25(OH),D3, some of which are believed to be involved in bone resorption. 

Steroids and seco-steroid hormones are potent regulators of development, 

ce11 differentiation, and organ physiology. They are ideal candidates to serve as 

regulators of these processes because of their ability to permeate and readily 

diffuse into tissues to reach their target sites. In the mid-197Os, steroids were 

shown to be targeted to responsive tissues by the presence of specifïc, high- 

affinity receptor proteins. The fat-soluble steroid hormones, unlike the water- 

soluble peptide hormones and growth factors, do not require cell surface 

receptors since they cm pass through the lipid bilayer of the cell membrane and 

interact with intracellular cognate receptors. Intracellulx steroid receptors were 

first identified for the glucocorticoids (GR) and estrogens (ER) and were shown to 

act as transcriptional factors that regdate RNA polymerase II activity (Green e t  

al., 1986; H o h b e r g  et al., 1985; Miesfeld et aL, 1986). Subsequently, receptors for 

retinoic acid (RAR) were identified (Giguère et al., 1987; Petkovidi et al., 1987) 

supporting the proposed existence of a nuclear receptor superfamily. The 

requirement of an additional protein, as part of the active transcription cornplex 

required to mediate steroid effects on gene transcription, led to the discovery of a 

second retinoic aad receptor, the retinoid X receptor (RXR) (Mangelsdorf et al., 

1990). 

Currently, there are more than 150 different members of the nuclear 

receptor superfarnily which are often divided into the steroid (e.g. GR and ER) 

and non-steroid (e.g. thyroid [TRI, retinoid [RAR] and vitamin D [VDR]) receptor 



families. The nuclear receptor superfamily can also be broadly divided into four 

classes based on the dimerization and DNA-binding properties of the receptor 

proteins (Mangelsdorf et al., 1990). Class 1 receptors include the steroid hormone 

receptors suc .  as the GR and the ER which bind as  ligand-induced homodimers 

to cognate DNA elements organized as inverted repeats. Class II receptors 

heterodirnerize in a ligand-dependent manner with RXR and bind to DNA 

elements organized as direct repeats such as TR, RAR, and VDR. Class III 

receptors such as COUP bind mainly as homodimers to direct repeats and dass IV 

receptors bind mostiy to extended core sites as monomers such as NGFI-B 

(Mangelsdorf et al., 1990). 

Nudear receptors affect the transcription of responsive genes primarily 

through a direct association with speafic DNA sequences known as hormone 

response elements (HRE). The direct effects of l,2S(OH),D3 on gene transcription 

are mediated through a discrete &-acting nucleotide sequence known as the 

vitamin Dg response element, or VDRE (Okazaki et al., 1991). The VDRE belongs 

to the subgroup of steroid-like hormone response elements, including the 

thyroid and retinoic acid response elements, that are characterized as direct 

repeats of two hexanucleotide half-sites separated by 3 (VDRE), 4 (TE) or 5 

(RARE) nucleotides (reviewed in Beato, 1989; Umesono et aL, 1991). Before the 

discovery of RXR, it was assumed that the TR, RAR and VDR functioned as 

homodimers, like the steroid receptors. However, while a TR homodimer can 

be formed (Forman et al., 1989; Wahlstrom et al., 1992), these non-steroid 

receptors often required an accessory factor in the nuclear extract, which tumed 

out to be RXR (Mangelsdorf et al., 1990), for high affinity binding to their cognate 

elements (reviewed in Glass, 1994). Unlike the steroid receptor binding 

elements, which are arranged as inverted repeats, the cognate elements for 

nonçteroid receptors exist as direct repeats of two half-sites. Consequently, the 

heterodimeric complexes bind these elements in an asymrnetric mariner with 

RXR occupying the 5' half-site and TR, RAR or VDR occupyùig the 3' half-site 

(Kurokawa et al., 1993; Perlmann et al., 1993; Zechel et al., 1994). 



Because the primary structure of the nuclear hormone receptors is highly 

conserved, the structure and function of these molecules is often discussed in  

generd t e m .  Each receptor is characterized by a central DNA-binding domah 

(DBD) comprising two zinc finger modules followed by a carboxy-terminal 

extension (CTE) that span about 66 amino aad  residues (Mangelsdorf and Evans, 

1995). Each zinc figer module contains a zinc ion bound by cmrdinate bonds 

formed with four tetrahedrically arranged cysteine residues (Freedman et al., 

1988). An a-helk in module 1 is responçible for directing the DNA sequence 

specificity. The second module is involved in DNA binding co-operativity (Luisi 

et al., 1991). In the VDR the C-terminal region of the second zinc finger module, 

called the T-box, interads with the tip of the firçt zinc finger module to orient 

and stabilize the T-box of one VDR monomer and facilitates intermolecular 

contacts with module 2 of an adjacently bound monomer on the DR3 element 

(Towers et al., 1993). The nuclear magnetic resonance structure of the RXR DBD 

has identified a third helix in the CTE that packs against the helix in module 1 

(Lee et al., 1993). In 1995, the X-ray structure of the RXR/TR bound to a DR4 was 

solved (Rastinejad et al., 1995) and showed that the two proteins occupy adjacent 

major grooves and are bound in a head-to-tail orientation on the same side of 

the DNA. In contrast, steroid receptors bind to their cognate elements in a head- 

to-head orientation (Luiçi et al., 1991; Schwabe et al., 1993). The RXR/TR DBD 

structure also revealed that the RXR DBD acts as a type of gear allowing 

"sprockets" from the downstream subunits to be engaged only in the appropriate 

stereochemical alignrnent. The d o m t r e a m  partner (e.g. TR) need only have a 

single dimerization interface that projects toward the upstrearn partner (eg. 

RXR). This showed that the DNA spacer sequence between half-sites is a critical 

determinant of heterodimer DBD complex formation. Moreover, this 

arrangement of the DBDs also prevents the formation of multimeric complexes 

in a head-to-tail orientation (reviewed in Mangelsdorf and Evans, 1995). 

of the 

The ligand-binding domain (LBD), 

protein, comprising approximately 

which is found in the C-terminal half 

225 amino acids, is capable of binding 



the ligand by itself (Evans, 1988; Green and Chambon, 1988). In addition to 

ligand binding, this domain contains dimerization interfaces and hormone- 

dependent, transcription activation functions. LBD also possesses a C-terminal 

activation domain termed AF-2 which in unliganded RXR projects into the 

solvent but is packed into the body of the receptor in the liganded TR with a 

portion of it forming part of the ligand-binding podcet suggesting that the 

binding of the ligand leads to a change in the structure of the AF-2 domain of the 

receptor (Wagner et al., 1995). Mode1 building using the unliganded RXRa LBD 

and a liganded TRa LBD showed that the structure of LBD of the receptor 

heterodimer is symmetrical whereas the DBD heterodimer structure is an 

asymmetncd head-to-tail assembly. This structure is accommodated by a 180° 

rotation of the TR DBD relative to itç LBD (Mangelçdorf and Evans, 1995). In TR 

the ligand is buried deeply within the hydrophobic core of the protein and, 

comparing this region with the unliganded RXR LBD, it suggests that there is a 

dramatic change in the protein structure upon ligand binding. The role of 

ligands in steroid hormone receptors is to unmask the nuclear localization signal 

and DNA-binding domains from a complex formed with awliary factors such as 

the heat shock proteins in the cytosol. However, the role of ligands is less clear 

among nuclear receptors since they are constitutively localized to the nucleus 

and are presumably bound to the DNA in the absence of ligand. Cheskis and 

Freedman (1994) have shown that the vitamin D3 ligand for VDR modulates the 

conversion of VDR homodimer into a VDR-RXR heterodimer. The VDR is 

monomer in solution and cm bind to DNA as a homodimer in the absence of 

ligand. However, when vitamin D3 is introduced the rate of monomer to 

homodimer conversion is lowered and at the same time vitamin D3 enhances 

the dissociation of the VDR homodimer and favours the formation of the VDR- 

RXR heterodimer. Vitamin D3 also influences the RXR ligand binding domain, 

inhibithg the binding of 9 4 s  RA to RXR at the same time modifying the AF-2 

region of the VDR for coactivator association (Haussler et al., 1997; Masuyama et  

al., 1997). 



Collectively these studies indicate that the receptors have two 

dimerization interfaces that appear to be involved in a sequential two-step 

process in which heterodimers bind to DNA. In the first step, RXR 

heterodimerizes with its partners in solution through the LBD and in the second 

step, the DBDs dimerize by virtue of their proximity, leading to high affinity 

binding to the recognition sequence (Mangelsdorf and Evans, 1995). 

Several lines of evidence indicate that transactivation of nuclear receptors 

requires interactions with additional factors which depend on the AF-2 dom ain 

to mediate both activation and repression of gene expression, including the 

CBP/p300 (Baniahmad et al., 1995; Cavailles et al., 1994; Chen and Evans, 1995; 

Halachmi et al., 1994; Horlein et al., 1995; Kamei et al., 1996; Kurokawa et al., 

1995). A considerable advance in the understanding nudear receptor function in  

transcriptional activation and repression was made with the discovery that 

binding of the ligand to the receptor causes the dissociation of CO-repressors and 

promotes association of CO-activators (Nagy et al., 1997). Recently, the nuclear 

receptor CO-repressors SMRT and N-COR, which function as mediators of RAR- 

and TR-mediated gene silencing have been shown to associate with non- 

liganded receptors to suppress basal transcrip tional activity (Chen and Evans, 

1995; Chen et al., 1996; Horlein et al., 1995). Moreover, Nagy et al  (1997) have 

shown that SMRT associates with mSin3A, which is a homologue of the yeast 

HO gene repressor of Sin3p that acts through Rpd3p (Stillman ef al., 1994), and 

HDACl, a human acetyl deacetylase. Subsequently, the discovery that Rpd3p is 

homologous to HDACl provided a conceptual link between histone 

deacetylation and gene repression (Rudlett et al., 1996; Taunton et a[., 1996). 

SMRT contains distinct domains for binding mSin3A and HDACl which is 

different from the domain interacting with the nuclear receptors. Therefore, this 

complex (nuclear receptor-mSin3A-HDACI) is believed to remodel the 

duomatin in a hormonedependent manner to maintain the gene in a repressed 

state in the absence of hormone. A hormone-dependent 

from nuclear receptor heterodimers will also displace 

complex from the gene thereby relieving gene repression. 

dissociation of SMRT 

the mSin3A-HDACl 

The ligand-activated 



heterodimer can then activate the gene by associating with a CO-activator 

complex which contains ACTR whkh binds directly to the receptor (Chen et al., 

1997) and is able to reauit CBP/p300 and P/CAF, a histone acefyltransferase 

(Yang et al., 1996). It has been shown that CBP/pJOO has histone acetyltrmferase 

activity (Bannister and Kouzarides, 1996; O&o et al., 1996). Surprisingly, 

ACTR is also a potent histone acetylhansferase which in combination with 

CBP/p300 and P/CAF could act cooperatively as an enzyme unit to activate 

transcription (Chen et al., 1997) through the chromatin remodehg  mechanism 

b y histone acetylation. 

A number of VDREs that enhance gene transcription have been identified 

in the promoters of the human (Ozono et al., 1990) and rat OC (Demay et al., 

1989) genes, and in mouse (Noda et al., 1990) and porcine (Zhang et al., 1990) 

OPN. Although the nature of VDREs that enhance transcriptional activity of 

genes has been well established, elements that mediate the suppression of gene 

transcription by 1,25(OH),D3 (Demay ef al., 1990) have yet to be fully 

characterized. 

In the previous chapter a unique inverted TATA box has been shown to 

exist within the highly consenred immediate promoter region (Li et ai., 1995). 

Here, 1 show that a novel VDRE overlaps the inverted TATA box in the rat BSP 

gene promoter and that suppression of BSP gene transcription by 1,25(OH),D3 is 

mediated through this VDRE element. These studies also show that the 

inverted TATA sequence is not required for VDRE hc t ion .  



3. Materials and Methods 

3.1. Cell Culture. 

The rat osteosarcorna cell iine ICOS 17/2.8 was used as a source of 

osteoblastic c e k  that synthesize BSP- Heat inactivated FCS was purchased from 

Sigma Chemical Co. (St. Louis, MO) and charcoal stripping was done as desaibed 

(Breen and Loake, 1987). Briefly, a solution of 0.25 M sucrose/lS mM MgClJ10 

mM Hepes pH 7.4, was incubated ovemight at 4OC with 0.25% aaivated charcoal 

and 0.0025% Dextran T-70 (Pharmacia Biotech). One volume of this solution was 

centrifuged ai 500x g at 4°C for 10 min. to pellet the charcoal. The supernatant 

was aspirated and replaced with one volume of FCS and vortexed. This 

FCS/Charcoal rnix was incubated at 4*C overnight. The followuig day, the 

solution was centrifuged as before and the FCS, now charcoal-stripped, was filter 

sterilized and used as before. Cells were grown to confluence in 10% FCS and 

maintained for a further 24 hrs in 10% charcoal-stnpped FCS. These cells were 

then incubated with, or without, lod M 1,25(OH),D3 in the presence or absence of 

104 M cycloheximide, for tirne periods extending from O to 24 hrs to determine 

the direct and indirect effects of 1,25(OH),D3 on BSP rnRNA expression. 

Guanidinium thiocyanate was used to extract the total RNA, as desaibed 

by Chirgwin (1979), from the ROS 17/2.8 cek. Following purification, 20 pg 

aliquots of RNA were fractionated on 1.2% wt/vol agarose gels and transferred 

ont0 a Biotrans membrane (ICN), as desaibed in detail previously (Chen et al., 

1991). Hybridizations were carried out ai 420C with random-labelled rat BSP 

cDNA probe, prepared as described by Chen et al (1991). Following 

hybndization, membranes were washed four times, for 30 min each at 550C in 2X 

SSC (30 mM sodium citrate, 0.3 M NaCl, p H  7.0) containing 0.1% SDS. This was 

followed by four, 30-min washes at 550C in 0.1% SSC and 0.1% SDS. The 



hybridized bands, representing the two isoforms of rat BSP mRNA, were detected 

by autoradiography on Kodak X-Omat film at -70°C and quantitated by 

phosphorimager (Molecular Dynamics). At the same time, the agarose gels were 

quantitated to normalize for the intensity of the hybridized bands in the 

Northem blots. Statistical differences were determined using the Students t-test. 

3.3. Isolation of Cell Nuclei. 

ROS 17/23 ce& were plated at a density of 1 .8~10~ cells/lOOmm dish. and 

grown to confluency. Cells were first incubated for 18 hr with 10" M 

dexamethasone (a synthetic glucocorticoid) alone (control group, 5 dishes) or in  

the additional presence of 10" M 1,25(OH),D3 (experimental group, 5 dishes). 

After 18 hrs, the corresponding treatment was continued in fresh media for a 

further 6 hr and then the ce& were harvested to prepare nuclear extracts. The 

dishes were washed twice in PBS, the cell layers saaped into 5 ml of PBS and the 

cells collected by centrifugation (500x g for 5 min at 40C). All subsequent steps 

were carried out on ice (Ausubel et al., 1989). The supematant was removed and 

the pellet was loosened by gentle vortexing. To the loose pellet, 4 ml of NP-40 

lysis buffer A (10 rnM Triç-Cl, pH 7.4/10 rnM NaC1/3 mM MgCl.JO.5% NP-40) 

was added while vortexing gently. Mer a.U of the buffer was added the solution 

was vortexed hard for 10 sec to lyse the ce&. The lysed cells were incubated in ice 

for 5 min and centrifuged at 500x g for 5 min at 40C and the supernatant 

removed. The pellet was resuspended in 4 ml of NP-40 lysis buffer A and 

centrifuged as before. The supematant was removed and the pellet (nuclei) was 

re-suspended in 200 fl of glycerol storage buffer (50 mM Tris-Cl, pH 8.3/40% 

glycerol/5 rnM MgClJO.1 rnM EDTA). These nudei were then flash-frozen in a 

dry-ice ethanol bath and stored at -70 OC und the nin-off reaction was completed. 

3.4. Nuclear Rua-Off Transcription Assay. 

The frozen nuclei (200 pi) were thawed at RT and transferred to a 15 m 1 

conical polypropylene centrifuge tube and 200 fl of 2X reaction buffer with 



nucleotide (10 mM Tris-Cl, pH 81)/5 mM MgClJ0.3 mM K U 5  m M  DTT'/1 mM 

each of ATP, CïP, and GTP) and 10 p.I of 10 mCi/ml [a-32P]UTP (NEN) were added 

to the tube. The tube was incubated at 33OC for 30 min in a shaking waterbath. 

During this incubation, 40 fl of 1 m g / d  RNase-fkee DNase I was &ed with 1 

mi of HSB buffer (0.5 M NaU/50 rnM MgC4/2 mM CaCLJlO rnM Tris-Cl, pH 

7.4). 600 pl of this solution was added to the tube after the incubation and mixed 

by pipetting 10-15 times with a pasteur pipette. The tube was incubated further 

at 33OC for 5 min in shaking waterbath. 200 @ of SDS/Tris buffer (5% SDS/O5 M 

Tris-Cl, pH 7.4/0.125 M EDTA) and 16 fl of 125 mg/ml proteinase K were added 

to the tube and incubated at 42OC for 30 min in a Hybaid incubator. This 

procedure was done to extend the transcribed RNA in the nucleus. 

To extract the radiolabeued RNA, 1 volume (1.2 ml) of 

phenol/diloroform was added and vortexed for 1 min. The tube was cenhifuged 

at 800x g for 5 min at RT and the upper phase hansferred to a fresh tube. To the 

supernatant 2 ml of -0, 3 ml of 10Y0 TCA/6O mM sodium pyrophosphate, and 

10 fl of 10 mg/ml yeast tRNA, were added, mixed and incubated on ice for 30 

min. This solution was filtered using a 0.45 Millipore-HA filter. The filter 

was then washed 3 times with 10 ml of 5% TCA/30 mM sodium pyrophosphate 

solution. The filter was then put into a g las  scintilIation via1 and 1.5 ml of 

DNase 1 buffer (20 mM Hepes, pH 7.5/5 mM M a / l  mM CaClJ and 37.5 ~1 of 1 

mg/& RNase-free DNase 1 was added and incubated at 370C for 30 min. The 

reaction was stopped by adding 45 of 0.5 M EDTA and 68 fl of 20% SDS. The 

RNA was eluted from the filter by heating the vial at 65OC for 10 min and the 

liquid was removed and saved. Elution buffer (1.5 ml) was added to the Cilter 

and incubated at 65'C for 10 min to further elute RNA which was then combined 

with the first sample. To 3 ml of eluted RNA, 7.2 fi of 12.5 mg/ml proteinase K 

was added and the mixture incubated at 37C for 30 min. This solution was 

extracted once with phenol/chloroforrn and the upper phase was trançferred to a 

siliconized Corex tube. To this tube 750 p1 of 1 N NaOH was added and incubated 

for 10 min in ice. The reaction was stopped with 1.5 ml of 1 M Hepes and the 

RNA was precipitated by ethanol precipitation. The RNA pellet was dissolved in 



1 ml of 0.5% SDS by shaking at RT for 30 min. An aliquot was taken and counted 

for radioactivity. Typicdy 5x106 dpm of radiolabelled RNA was obtained from 

5x107 ce&. For hybridization to specific cDNA probes, equai amounts of 

radioactivity (5x106 dpm) in 5 ml hybndization buffer were incubated for 36 hrs 

at 420C with the cDNAs (200 ng) immobilized on nylon filters (çdileicher and 

Schuell, Keene, NH, USA). Hybridization conditions, together with 

phosphoimaging and autoradiography were camed out as described for 

Northern hybridization analysis. 

3.5. Construction of Reporter Plasmids. 

Luciferase cowtructs pLUC 1 to pLUC 5 were made by excising the rat BSP 

promoter iwerts from pCAT 1 through pCAT 5, used in previous studies (Li and 

Sodek, 1993), with Hindm and San and re-ligating the inserts h to  a pLUC B 

vector (Sadowski et al., 1988) at the same restriction sites. Luciferase constructs 

pLUC 6 to pLUC 13 were made by ligating the rat promoter segment -2992 (XbaI) 

to -801 (Hindm),  including the 5' Phage ami, to the 5'-end of pLUC 5 (Ogata et al., 

1995). This -3 kb insert was then deleted unidirectionally with Exo III 

(Pharmacia Biotech), and the 5'-ends of each deletion determined by nucleotide 

sequencing. 

3.6. Site-Directed Mutagenesis. 

Site-directed point mutations were generated by PCR (Landt et al., 1990), as 

described in detail in Chapter 3. 

3.7. DEAE-Dextran Transfection. 

Al1 transfection assays were perfonned as described in detail in Chapter 2. 

Modifications were as foUows: transfections were done wing ROS 17/2.8 cells 

and induded 1 pg of a luciferase constmct, 2 pg of pCAT C (Pharmacia Biotech), 

as an intemal control, and in some transfections, 0.5 pg of a human vitamin D, 

receptor (hVDR) expression vector (Liu and Freedman, 1994). Following the 



DMSO shock, the dishes were washed and fresh media containhg lod M of 

1,25(OH),D, were added and incubation resumed for 48 hrs prior to harvesting. 

3.8. Luciferase Assays. 

The luciferase assay was carried out as desaibed in Chapter 2. 

3.9. CAT ELISA Assays. 

The tram fections were normalized using Chlo ramp henicol Acetyl 

Tramferase (CAT) assay using a CAT ELISA Assay kit (Boehrïnger Mannheim, 

Mannheim, Germany) as desaibed in detail in Chapter 3. 

3.8. Gel Mobility S h i !  Assays. 

The ability of the putative VDRE sequence to recognize the VDR protein 

was determined by Gel Mobility Shift assays (GMS) without the presence of 

ligands. Recombinant human vitamin D, receptor (hVDR; kind gi€t of Dr. L.P. 

Freedman, Memonal Sloan Kettering Cancer Center, New York, NY) and RXRa- 

GST fusion protein (a kind gift from Dr. V. Giguère, Royal Victoria Hospital, 

Quebec) were uicubated with the complementary strands of 25-mer (or 21-mer) 

oligonucleotides, annealed by mixing the two strands in 1:l ratio, heating to 650C 

for 2 min and cooling at 21oC for 30 min. The respective double-stranded 

oligonucleotides (3.5 pmol) were end-Iabeled with [PPIATP (NEN), using T4 

P M  (Pharmacia Biotech). Purified hVDR was incubated with 0.035 pmol of the 

labeled probe at 21W for 45 min uçing the binding conditions described by 

Cheskis and Freedman (Cheskis and Freedman, 1994). The components in the 

reaction mixture were resolved by electrophoresis on a 6% non-denaturing 

aaylamide gel (38:2 auy1amide:bis acrylamide) run at 150 V at RT. Following 

electrophoresis, the gel was dried and exposed to Kodak X-OMAT AR film for 

3-24 hrs at -70C 



4. Results 

4.1. Vitamin D, Suppress BSP Transcription. 

Previous studies have shown that 1,2S(OH),D3 suppresses BSP m R N  A 

levels in embryonic rat calvariae (Oldberg et RL., 1989) and in preliminary 

experiments a similar suppression was found to occur in ROS 17/23 cells. To 

determine if the o b s e ~ e d  down-regdation of the BSP mRNA results from 

altered transcription, Northem hybridization analysis of total RNA extracted 

from osteoblastic ROS 17/28 cells treated with 104 M 1,25(0H),D3 for various 

time periods was camed out A decrease in BSP mRNA was first detected 6 hrs 

after 1,25(OH),D, treatment, as indicated from data obtained from two senes of 

experiments. The BSP rnRNA continued to dedine to -25% of control levels 

after 24 hrs of culture in the presence of 1,25(OH),D3 (Fig. 4.1). To determine 

whether the suppression of BSP mRNA by l,Z(OH),D, required protein 

synthesis, experiments were repeated in the presence of cycloheximide. 

However, with cycloheximide treatment alone BSP mRNA declined with time 

in culture, as obsewed ako in previous studies (Ogata et al., 1995), compromising 

studies on the effect of protein synthesis on the l,X(OH),D3 effects.. 

Nevertheless, an indication that cydoheximide did not blodc the 1,25(0H),D3- 

induced reduction in BSP mRNA, was indicated at 12 hr, a time point when the 

1,25(OH),D3 response was marked and the adverse effecb of cycloheximide on 

the cells were limited. 

Based on these studies, the reduction in the steady-state levels of BSP 

mRNA was thought to involve a direct effect of the 1,25(0H),Q acting on BSP 

gene transcription through the VDR. That transcription was indeed affected was 

confirmed by nuclear "run-off' analyses (Table 4.1). The nuclear "run-off" 

analyses were carried out in the presence of dexamethasone and fresh media to 

amplify the effect of l,Z(OH),D,. Transcription of BSP and alkaline phosphatase 
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' Fig. 4.1. Northem Hybridization Analysis of Vitamin D3 Effects on BSP mRNA Expression. 

To demonstrate the effects of 1,25(OH)2D3 on BSP expression, confluent cultures of ROS 17/2.8 cells were incubated 
without (Control) and with 10"M 1,25(OH)2D3 (VD3) in the absence or presence of 0.1 mM of cycloheximide (VD3KHX) 
as well as 0.1 mM of cycloheximide alone (CHX). The data are averages from two experiments. For each experiments, total 
RNA was isolated from triplicate cultures harvested after incubation times of 0, 3, 6, 9, 12 and 24 hrs, and prepared for 
Northern hybridization analysis. The total RNA samples were analysed by Northern hybridization using a W-labelled rat 
BSP cDNA probe and the BSP mRNA bands quantitated by phosphorimaging, corrected using ethidium bromide stained 
rRNA as an intemal control, and expressed as a percentage of the Control f SD. Significant differences (peO.05) cornpared 
to the Controls at each time point are indicated (*). 



Table 4.1. 

Nuclear "Run-off" Transcrivtion Analvsis of the Effects of 1.25 
(OH) D on BSP Gene Transcrivtion 

ROS 17/23 ce& were plated at a density of l.8xlo6 cells/lOOniin dish and grown to 
confluency. Cells were first incubated for 18 hr with 1Q8 M dexamethasone (a 
synthetic glucocorticoid) alone (control group, 5 dishes) or in the additional 
presence of los M l,îS(OH),D, (experimental group, 5 dishes). After 18 hrs, the 
corresponding treatment was continued in fresh media for a further 6 hr and then 
the cells were harvested to prepare nudear extracts as described in Material and 
Methods. In triplicate "run-offt assays, cDNAs for rat BSP, OPN, al type 1 collagen 
[al(I)], alkaline phosphatase (ALP) and the plasmid vector pBluescript (pBST), 
imrnobilized on a Bio-Tram membrane were hybndized with radiolabelled RNA 
transcripts. Hybridized membranes (triplicates) were quantitated by 
phosphorimaging analysis. Values are expressed as arbitrary M t s  f SD above the 
pBST controlç (437) and sigdicant differences (p ~0.05) indicated (*). 

Bone Sialoprotein 

Osteopontin 

Collagen Type 1 

Alkaline Phosphatase 

Control 

6,12632,513 

8,246B,449 

16308+3,228 

6,915*1,535 



(ALP) were both reduced to -40% and type 1 collagen to -75% following 

treatment of ROS 17/28 cells with 1,î5(OH),D9 whereas transcripts of the OPN 

gene were increased 2.5 fold by 1,25(OH),D3 (Table 4.1). Although a housekeeping 

gene control was omitted in this experiment, the OPN, type 1 collagen and ALI? 

provided controls for both positive and negative regulation showing that the 

ceils were responding appropriately to the 1,25(OH),D,. Thus, the results were 

consistent with previous studies which indicate that the level of type I collagen is 

down-regulated by l,Z(OH),D, (Kream et al., 1986) in confluent ROS 17/28 ce&, 

whereas the l,Z(OH),D3 increases OPN transcription (Noda et nL, 1990; Prince 

and Butler, 1987). Although the down-regdation of ALP transcription in the 

presence of l,Z!j(OH),D3 has not been reported previously in confluent ROS 

17/28 cells it corresponds with the decreased levels of the protein in those cells 

(Majeska and Rodan, 1982). 

4.2. Vitamin D, Acts through a Region around the TATA box. 

Inspection of the promoter region (nts -2992 to +2282) of the rat BSP gene 

(Li and Sodek, 1993; Ogata et al., 1995) revealed several VDRE half-sites but not a 

complete consensus VDRE as in other genes (Table 4.2). Therefore, to localize 

the site of l,Z(OH),D, regulation, a series of 5'-deletion mutants containing 

various lengths of the rat BSP promoter linked to a luciferase reporter gene 

vector were prepared and the effects of 1,25(OH),D3 on transcriptional activiv 

analyzed by transient tramfection assays (Fig. 4.2). Constnicts pLUC 13 to pLUC 4, 

that included prornoter sequences spanning nts +60 to -2992 deleted to nts +60 to 

-425, al1 showed suppression of transcription by lfî5(0H),D3 when CO-transfected 

with a hVDR expression vector, used to maximize the effect of 1,25(OH),D3 on 

transcription (Fig. 4.2). A human, rather than a rat, VDR expression vector was 

used for these experiments because of its availability. Since suppression occurred 

in the shortest constnrct @LUC 

promoter region was ïndicated. 

not used in the initial screening 

4.2., this control was induded 

4; +60 to -425), a responsive site in the proximal 

Although a hVDR expression vector control was 

of the rat BSP promoter constructs shown in Fig. 

in the subsequent experirnents in which the 



Table 4.2. 

Sequences of enhancer and revressor VDREs found in other eukawotic eenes. 

ENHANCERS 

Hurnan osteocalcin 

Rat osteocalcin 

Mouse osteopontin 

Porcine osteopontin (i) 

(ii) 

Rat calbindin-D9k 

Mouse calbindin-D28k 

Rat 24whydroxylase (i) 

(ii) 

' Avian Integrin p, Subunit 

SEUUENCE 

G G G T G A  acg G G G G C A  

G G G T G A  atg A G G A C A  

G G T T C A  cga G G T T C A  

G G G T C A  t a  G G T T C A  

G G G C T A  att A G C A G C  

G G G T G T  cgg A A G C C C  

G G G G A T  gtg A G G A G A  

A G G T G A  gtg A G G G C G  

G G T T C A  gcg G G T G C G  

G A G G C A  gaa G G G A G A  

POSITION 

-499 - -485 
-460 - -446 
-757 - -743 
-2259 - -2245 
-840 - -826 
-489 - -475 
-198 - 182 

-137 - 151, AS* 
-245 - -259, AS* 
-770 - -756 

REPRESSORS SEOUENCE POSITION 

Human parathyroid hormone G G T T C A  aag C A G A C A -108 - -122, AS* 

* AS: Sequence found in reverse orientation (3' - 5'). 



-239')' LUC 1 

-1480 * LUC 
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pLUC 11 
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Fig. 4.2. Characterization of the VDRE by Transient Transfection Assays. 

Chimeric constructs, pLUC 13 to pLUC 4, encompassing various lengths of 5'-flanking sequences of the rat BSP 
gene were produced by unidirectional deletions. These constructs (1 yg), and 2 yg of pCAT C (Pharmacia) were co- 
transfected with (+hVDR+VD3) or without (Control) 0.5 pg of hVDR expression vector into exponentially growing ROS 
17/2.8 cells and treated without (Control) or with 104M 1,25(OH)2D3 (+hVDR+VD3) as described in the Materials and 
Methods. The graph represents results from 4-5 independent experiments done in triplicate dishes. The relative light 
units (RLU) obtained from the luciferase assays were normalized with values from the CAT assays and expressed rela- 
tive to pLuc B f SD. Significant decreases (pc0.05) in transcription are indicated (*). 



pLUC6 constnict was used (eg. Fig. 4.3.) confirming prelirninary results (data not 

shown) that had indicated that the presence of the vector alone had no 

significant effect on transcriptional activity. From an andysis of shorter 

cowtnicts, encompassing the proximal promoter, transcription of pLUC 3 (nts - 
116 to +60), which indudes the inverted CCAAT and TATA boxes, was found to 

be suppressed by 1,25(0H),D3 (Fig. 4.3). Activities of shorter constructs ladcing 

the inverted CCAAT box were too Iow to provide reliable results; therefore the 

specificity of the 1,25(OH),D3 response was determined using a Tk promoter 

linked to the same reporter vector (Fig. 4.3). Since 1,s(OH)2D3 did no; affect the 

transcription of pLUC Tk it was deduced that the 1,25(OH),D3 was acting through 

the region encompassed by nts -116 to +60. Within this nucleotide sequence 

several hexanudeotides with similarities to the W R E  direct repeat sequence 

were present (Fig. 4.4). Two of these direct repeats, separated by three 

nucleotides, overlapped the inverted TATA box. However, while the 3'-half site 

conformed well to the consensus VDRE direct repeat sequence, the last 

nudeotide in the 5'-half site was a T rather than an A or a G (Fig. 4.4). Notably, 

two additional half-sites were present on the 5' and 3' sides of the central VDRE 

and were separated by three nudeotides. While the 5' side VDRE half-site 

sequence matched the consensus VDRE, the 3' side half-site had a single 

mismatch in the third nudeotide. As experiments were not conducted without 

the hVDR expression vector 1 was unable to determine if the presence of the 

hVDR expression vector is indeed necessary for the transcriptional suppression 

of the rat BSP gene. 

4.3. Recombinant h V D R  Binds to the VDRE Speciflcally. 

To determine whether the putative VDRE spanning the TATA box was 

responsible for VDR regdation, a 25 bp oligonudeotide spanning this region was 

synthesized and used in gel mobility shift (GMS) assays. Purified human 

vitamin D3 receptor (hVDR) protein (Cheskis and Freedman, 1994) was found to 

bind with high affinity, in a concentration-dependent manner, to the 

radiolabelled oligonucleotide (Fig. 4.5, lanes 1-4). The binding of Wt VDRE to 
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Fig. 4.3. Localization of the VDRE to the TATA Box Region of the BSP Gene Promoter. 

Short chimeric constructs pLUC B, and pLUC 1, pLUC 2, pLUC 3, and pLUC 6 that include various lengths of the 
rat BSP promoter sequence (as shown), were used in transient transfection assays to analyze for VDR effects on gene han- 
scription as described in Fig. 2. The relative light n i t s  (RLU) obtained from the luciferase assays were normalized to val- 
ues from the CAT assays and expressed as a value i SD relative to the pLUC B Controls. Resulto from 3-4 independent 
experiments, each done with triplicate dishes are shown and significant decreases (pe0.05) in transcription indicated (*). 



. . . cgtg 

VDRE Consensus Sequence 

Fig. 4.4. Potential Sites of 1,25 (OH), DJ Regulation in the Rat BSP Promoter. 

A putative VDRE (solid box) in the rat BSP promoter is shown overlapping the inverted TATA box (underlined 
and bold). Two hexanucleotide half sites forming the VDRE (DR3) are indicated by arrows. Beneath, a consensus VDRE 
sequence is shown with matching nucleotides shown in bold type. Immediately upstream of the putative VDRE is an 
inverted CCAAT box (A'ITGG). The arrow indicates the transcription start site (+1) and the direction of transcription. 
Note the presence of two additional VDRE half-sites (enclosed in the broken boxes) flanking the VDRE and separated 
from the VDRE by 3 nucleotides. 
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Fig. 4.5. Gel Mobility Shift Assays of hVDR-VDRE Binding. 

Gel mobility shift assays, used to analyze hVDR binding, were performed with 5' end-labeled 25 bp double- 
stranded oligonucleotides corresponding to the VDRE (wild type) and four mutated forms as shown in Tabl3 4.3. The 
assays were carried out with increasing amounts (O - 50 ng) of hVDR protein as described in "Materials and Methods". 
Note the hVDR binds as a dimer. 



hVDR was not significantly affected by the presence of 1,îS(OH),D3 (data not 

shown). Notably, the hVDR was bound predominantly in the dirner form (Fig. 

4.5), as deduced from a comparison of the mobilities of the monomer and dimer 

foms (Li et al., 1998) that have been characterized with the same hVDR protein 

for the mouse osteopontin VDRE (Towers et al., 1993). To dernonstrate that the 

binding of hVDR protein to the rat BSP VDRE was specific, the gel mobility shift 

analyses were repeated and the binding competed with the unlabeled rat BSP 

VDRE oligonudeotide and with consensus sequences of other cis-acting 

elements. Binding was effectively blodced by the unlabeled VDRE (Fig. 4.6, lane 

2) and by a consmus VDRE sequence (not shown), but not by consensus 

oligonucleotides for APl, APZ, CREB, CTF/NFl and OCT-1 (Fig. 4.6, lanes 7 to 11). 

4.4. Transient Transfection and GMS Show that the Inverted TATA 
Box is not Required for the 1,25(OH)P, Effect on Rat BSP 
Transcrip tional Suppression. 

To determine whether the inverted TATA box sequence was required for 

regulation by 1,2!5(OH),D3 regulation, the inverted (wild type) TATA box was 

converted to a "normal" TATA box by two point mutations ( m A I A  -> 

TATUA). This construb showed-50% stronger luciferase activity; however, 

the degree of hanscriptional suppression by l,E(OH),D3 was similar to the wild 

type sequence (Fig. 4.7 and Table 4.3). Another mutated constnict in which the 

TATA box was "knocked out" by a double mutation (=AXA -> T a A u )  had 

insufficient transcriptional activity to analyze the 1,25(OH),D3 effecis. Double- 

stranded oligonucleotides with these mutated sequences were also prepared and 

tested for their ability to bind to the hVDR protein. The binding of the "normal" 

TATA box mutant to the hVDR was similar to the wild type VDRE (Fig. 4.5, 

lanes 5 to B), and to the oligonucleotide with the mutated TATA box sequence 

(Fig. 4.5, lanes 9 to 12) when differences in specific radioactivity of the probes 

were considered. Moreover, in competition GMS analvses both of these mutant 

oligonucleotides were able to compete with the 

type" VDRE with equal intensity although the 

J 

binding of hVDR to the "wild 

degree of competition effecting 
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Fig. 4.6. Competition Gel Mobility Shift Assays. 

Binding of 25 ng of hVDR to the wild type VDRE (no cornpetitor) was corn- 
peted with a 50-fold molar excess of unlabeled wild type VDRE (lane 2) and various 
mutated oligonucleotides (lanes 3-6). Cornpetitive binding was &O performed with 
a number of consensus oligonucleotides (Promega) as indicated in lanes 7-11. 
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Fig. 4.7. Luciferase Assay of VDRE Mutants. 

Point mutations, as shown on the left, were made in the pLUC 3 luciferase construct. These constructs (1 pg), and 
2 pg of pCAT C (Pharmacia) were CO-transfected, with (+hVDR+VD3) or without (control) 0.5 pg of hVDR expression 
vector, into exponentially growing ROS 17/23  cells and treated without (control) or with IO-8M 1,25(OH)2D3 
(+hVDR+VD3) as described in the Materials and Methods. The graph represents results from 4 independent 
experiments, each done with triplicate dishes. The relative light units (RLU) obtained from the luciferase assays were 
normalized with values from the CAT assays and expressed as a value i. SD relative to pLuc B Controls. Significant dif- 
ferences (pcO.05) compared to the Controls are indicated (*). 





the dimer and monomer forms were different for reasons that are not readily 

apparent (Fig. 4.6, lanes 3 and 4). These experirnents indicated that the inverted 

TATA box sequence was not crucial for hVDR binding and, therefore, for 

mediating the 1,25(OH),D3 effects. 

4.5. VDRE i s  Found Overlapping the TATA Box in Rat BSP Promotm. 

To M e r  characterize the VDRE sequence overlapping the TATA box 

two point mutations, one in the 5'-half-site (AsGTT -> AIGGTT) and referred 

to as DA1 mutant, and a second in the 3'-haIf-site (AGGTa -> A G G n A )  and 

calIed DT2 were introduced into pLUC 3. These changes were chosen because G 

at the second position in the first half-site is conswed in the VDREç of OPN, OC 

and calbindin gene promoters and C at the fifth position is conserved in the 

second half-site in all but the mouse calbindin VDRE and avian Integrin P, 
(Table 4.2). In transient transfection assays the suppression of transcriptional 

activity in the DA1 mutant 1,25(OH),D3 was lower than the wild type (40.4% vs. 

49.4%), whereas slightly higher suppression was o b s e ~ e d  with the DT2 mutant 

(54.7% vs. 49.4%) (Fig. 4.7). However, these differences were not statistically 

signhcant. When double-stranded oligonucleotides corresponding to these two 

mutants were analyzed for hVDR protein binding, the DAI mutant showed 

much lower avidity for the hVDR than the "wild type" VDRE, whereas the DT2 

mutant did not reveal a sigruficant change in binding when differences iri the 

specific radioactivity of the probes was considered (Fig. 4.5). However, the 

differences between the DAI and DA2 mutants was not evident in a cornpetition 

GMS assay which showed that hVDR binding to the "wild type" VDRE is 

competed equally well with both DA1 and DT2 mutant oligonucleotides (Fig. 

4.6). 

Since these attempts to abolish the effectç of 1,25(OH),D, as analyzed by 

transcription and GMS assays, were not successfd, further mutations were 

attempted. Four additional mutant oligonucleotides were synthesized and tested 

for hVDR binding using the GMS assay (Kg. 4.8). These mutations were again 

direded at conserved nucleotides in positions that are believed to be important 
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Fig. 4.8. Binding of Rat BSP VDRE Mutants to hVDR. 

To determine the importance of specific oligonucleotides in the binding of the rat BSP VDRE to the hVDR, gel 
mobility shift analyses were performed with 25 bp double-stranded oligonucleotides in which nucleotide replacements 
had been incorporated into one or two positions as described in the "Materials and Methods". The assays were per- 
formed with increasing amounts (O - 50ng) of hVDR. In each case hVDR binds as a dimer. 



for steroid receptor binding. Whereas two mutants, 5'-W1T and 3'-DbIT, had 

slightly lower and equal affinities, respectively, for the hVDR than the wild type 

sequence, the other two mutants, DbLA and 5'/3'-DblT appeared to have slightly 

higher affinities for the h W R  (Fig. 4.8). As none of these mutations reduced 

VDR binding sigmficantly, the effect of the mutations on transcription assays 

were not attempted. 

4.6. Rat BSP VDRE Appears to  Bind Preferentially hVDR Homodimer. 

Since positive regdation through VDREs is mediated by VDR and RXRa 

heterodimer formation (Carlberg et aL, 1993; Cheskiç and Freedman, 1994; 

MacDonald et al., 1993; Sone et al., 1991), GMS studies were performed to 

detennine the relative affinities for homodimer (hVDR-hVDR) or heterodimer 

(hVDR-RXRa) formation in activating (mouse osteopontin; mOPN, porcine 

osteopontin; pOPN) and suppressing (BSP) VDREs. Notably, in the presence of 

increasing amounts of RXRa-GST fusion protein the rat BSP VDRE appeared to 

bind homodimers more avidly than did the mOPN VDRE but not when 

compared to the pOPN WRE (Fig. 4.9). 
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Fig. 4.9. Cornparison of VDR Homodimer and VDR-RXRa Heterodimer Formation on Positive and Negative VDREs. 

To determine the effect of RXRa on the hVDR-VDRE complex formation, GMS assays were carried out using a 
constant amount of hVDR with varying amounts of RXRa-GST fusion protein. The probes used were 25 bp double- 
stranded oligonucleotides with sequences corresponding to rnouse OPN (mOPN) and porcine (pOPN) VDRE's, which are 
positive regulatory elements, and to the rat BSP VDRE, which is a negative regulatory element. 0.2, 0.4, and 0.8 pl of 
RXRa-GST fusion proteins were used. 



5. Discussion 

Based on transient transfection analyses and the hVDR binding assays a 

VDRE in the rat BSP promoter has been tentatively identified which overlaps 

the inverted TATA box. As such, it appears that vitamin D, suppresses BSP gene 

transcription through a rnechanism that involves cornpetition between the VDR 

and TBP for binding to the TATA box region of the promoter. Although 

previous studies have shown that physiological concentrations of 1,25(OH),D3 

suppress BSP mRNA levels, upregulated by glucocorticoid (Oldberg et al., 1989), 1 

have shown, from the effects of cyclohexirnide, nuclear run-off transcription 

assays and from the relatively short time interval (-6 hrs) required to observe a 

deaease in BSP rnRNA, that 1,î5(OH),D3 exerts its effeds on BSP gene 

transcription directly, and does not require the synthesis of an intermediary 

protein. This is M e r  supported by the results of transient transfection assays 

in which 1,25(OH),D3 suppressed transcrip tional activity of promoter constructs 

to a similar extent as observed with the endogenous gene. However, in contrast 

to the effects of l,Z(OH),D, on BSP expression in rat bone, this seco-steroid has 

been reported to be without effect on BSP expression in human marrow stroma1 

ce& (Beresford et al., 1994). While the sequence of the rat and human promoters 

are alrnost identical around the TATA box, the VDRE-like element may not be 

funciional at the same site of the human gene due to an incomplete half-site 

(AGCCAG [human] vs. AGGTCA [rat]) in the VDRE-like sequence (Kim et al., 

1994). 

Although a VDRE consensus sequence was not immediately evident in 

the nucleotide sequence of the -5 kb of promoter and first intron of the rat gene, 

transient transfections implicated the immediate promoter region as the site of 

1,25(OH),D3 regdation. In this region, four possible half-sites were identified 

that were each separated by 3 nts (Fig. 4.4). While the fîrst and third half-sites 

conformed to a VDRE consensus sequence, the second and fourth half-sites had 

single mismatches. The central pair of half-sites overlapped the inverted TATA 



box. Because of the uniqueness of the inverted TATA box and its possible 

sig~ficance in l,Z(OH),D, regdation, my studies focused on this region. 

Notably, complementary oligonudeotides corresponding to this putative VDRE 

were shown to bind strongly to a recombinant form of the human VDR. 

However, despite the strong binding, attempts to map the VDRE binding site and 

to determine the involvement of adjacent sites using DNase I footprinting 

analyses and methylation interference assays were unçuccesshil. While the 

reasons for this are not dear, similar problemç with DNase 1 footprinting have 

been encountered with VDREs that down-regulate gene expression in the 

parathyroid hormone (Demay et al., 1989) and the interleukin 2 (Alroy et al., 

1995) gene promoters. 

Analysis of mutations introduced into the TATA box to convert the 

inverted sequence into a consensus sequence with a normal orientation clearly 

demonstrate that the inverted sequence is not required for hVDR binding, 

indicated from GMS assays, nor for mediating 1,25(0H),D3-directed suppression 

of transcription, as indicated by transient trançfection assays. However, a slight 

increase in transcriptional activity was obsenred with the TATA in the normal 

orientation, as noted previously [Chapter 3; \Li, 1993 #7]. 

To ascertain whether the hVDR binding and transcriptional suppression 

by 1,25(0H),D3 involved the same sequences, mutations were introduced into 

the two half-sites. Since the G in the second nucleotide position of the 5' half- 

site appears to be conserved in OC, OPN and calbindin VDREs, a point mutation 

at UUs site was expected to abrogate the suppressive effect of 1,25(OH),D3. This G 

appears to be consemed in virtually al1 steroid hormone response element (SRE) 

half sites, although in the VDRE found in the avian integrin P, subunit gene this 

site is occupied by an A (Cao et al., 1993), presumably because an arginine, that is 

conserved in the DNA-binding domain of all members of the nuclear receptor 

superfamily, makeç a critical side-chain contact with this nucleotide as indicated 

from structural analysis of both the glucocorticoid and estrogen receptors (Luisi 

et al., 1991; Schwabe et al., 1990). Similarly, replacing the C in the fifth position, 

which is also highly conserved in the 3' half-site, was also expeded to blodc the 



1,25(OH),D3 effect However, while the 5' mutation in DA1 did indeed reduce 

hVDR binding significantly, the 3' mutation in DT2 did not alter the binding of 

hVDR protein sigdicantly, when compared to the wild w e  sequence. 

Additional mutations also gave unpredictable results. In particular, the double 

mutants, DblA, DblT and 5'/3'-DblT, aIl of which had the 5' G replaced, gave 

stronger or weaker hVDR binding depending upon the second point mutation 

(Table 4.3). Moreover, despite the poor binding of the hVDR to the DA1 mutant 

only a small, statistically non-significant, reduction in the suppression of 

transcription by vitamin D, was observed in constmcts containing the same 

mutation. Although incorporation of the sarne mutations into the longer 

pLUC6 constmct, which appeared to show a greater difference in transcriptional 

activity between the control and vitamin D,-treated sarnples may have generated 

significant differences for the mutations it was, nevertheless, considered unlikely 

that a dear correlation between the binding and transcriptional activities would 

have been demonstrated because of the influence of the flanking sequences, as 

discussed below. Thus, I was unable to obtain direct evidence that that VDRE 

was functional. 

The poor correlation between binding and transcription assays pointed to 

the possible involvement of the two additional VDRE half-sites that Bank the 

central VDRE (Fig. 4.4). While these sequences were absent from the 

oligonucleotides used in GMS assays they were present in the constnias used for 

transcription assays, where they codd potentially mediate hVDR binding despite 

mutations in the central VDRE. Thus, the presence of multiple copies of the 

VDRE have been shown to be more efficient than a single VDRE in rnediating 

the effects of l,îS(OH),D, (Kemer et nL, 1989). In view of the additional 

complexiiy invoked by the possible involvement of the flanking half-sites, 

together with the uncertainty of which combination of point mutations would 

be required to abrogate both VDR binding and the effects of vitamin D, on 

transcription, without senously compromising basal transcriptional activity, 

these studies were not pursued further. In this regard consideration was also 

given to the observations that, in contrast to VDREs that enhance transcription, 



the rat BSP VDRE binds the hVDR strongly as a homodimer, which also appears 

to be capable of binding to half-site sequences (Li et al., 1998), possibly 

contributing to the limited success adiieved in completely blodcing hVDR 

binding through point mutations as depicted in Table 4.3. 

The potential involvement of multiple contiguous VDRE half-sites 

associated with the TATA box in the 1,25(0H),D,-mediated suppression of the 

BSP gene appears to mirror the complex of glucocorticoid receptor binding sites 

located at the TATA box and associated with the suppression of the OC gene 

(Heinrichs et al., 1993; Morrison et al., 1989; StMmstedt et al., 1991). Notably OC, 

like BSP, is considered a bonespecific protein that is expressed by differentiated 

osteoblasts. However, whereas BSP is expressed early in bone formation (Chen et 

al., 1992), and has been proposed to nudeate HA crystal formation (Hunter and 

Goldberg, 1993; Sodek et al., 1992), OC is expressed later than BSP and is believed 

to be important in bone resorption. In accordance with these proposed functions, 

BSP expression is induced by glucocorticoids (Yao et al., 1994) and BMPs (Rickard 

et al., 1994), which promote bone formation, and is suppressed by 1,25(0H),D3 

(Oldberg et al., 1989), which suppresses bone formation and promotes bone 

resorption. In contrast, OC expression is stimulated by lfî5(OH),D3 and 

suppressed by glucocorticoids (Momson et al., 1989). Competition between the 

glucocorticoid receptor protein and TBP has been reported recently for the 

GRE/TATA box in the OC promoter in vitro (Meyer et al., 1997). However, due 

to differences in the binding conditionç, 1 was unable to obtain comparable 

evidence of competitive binding between the hVDR and TBP for the 

VDRE/TATA box region in the rat BSP gene. Nevertheless, that a competitive 

mechanism is operative in the 1,25(0H),D3-mediated down-replation of the 

BSP gene is supported by the suppression, but never a complete block, in BSP 

gene transcription. Also, interference with TBP binding is supported by an 

observation that the suppression is not overcome by upstream sequences 

containing enhancer sequences for transcription factors that promote BSP gene 

transcription. 



That interference with the binding of basal transcription factors by steroid 

hormone receptors may be a more general mechanism of transcriptional 

regdation is also indicated from a number of earlier studies. Thus, an ERE that 

confers estrogen induability in the ovalbumin gene promoter lies dose to the 

TATA box (Kato et al., 1992) and different forms of the thyroid hormone receptor 

have been shown to regulate the growth hormone and the a subunit of the 

thyroid-stimulating hormone through a regdatory element that lies 

immediately 3' to the TATA box (Chatterjee et al., 1989; Crone et al., 1990). In 

Drosophila, the homeobox protein engrailed which is required for temporo- 

spatial gene expression during development cornpetes with TFIID for binding to 

the TATA box in the hsp70 promoter and represses gene transcription (Ohkuma 

et al., 1990; Ohkuma et al., 1990). 

The relatively small effect on suppression of transcription compared to the 

substantial reduction in binding affinity of rnutated constructs of the BSP VDRE 

region could also be due to the stability of the TBP-TATA complex, which is 

believed to bind in a two-step mechanism (Hooper et al., 1992). FoIlowing an 

initial low affinity-binding a slow isomerization step produces an extremely 

stable complex with a half-life of -2hrs under physiological conditions. Thus, it 

is conceivable that the VDR is unable to bind until the TBP has detached, but 

once bound the VDR is able to compete with the low affiniiy binding step 

required for subsequent TBP binding. Such a mechanism, requUVig the initial 

displacement of the TBP, would also be consistent with the delayed effect of the 

1,25(0H),Q on BSP mRNA levels that were observed in the Northern 

hybridization analyses (Fig. 4.1). Moreover, the s m d  effect on the transient 

trançfection assay could also be due to the presence of other VDRE half-sites in 

the reporter constnias which can confer suppression even when mutations are 

introduced to the VDRE overlapping the TATA box (Fig. 4.4). 

Based on cornparisons with the rnouse OPN VDRE, the rat BSP VDRE 

appears to bind preferentially to hVDR homodimers. Although thiç difference 

was not observed with the porcine OPN VDRE, recent studies (Li et al., 1998) 

have identified a second VDRE in the porcine promoter which could be 



involved in l,%(OH),D, regulation and whidi may correspond with the mouse 

VDRE. Nevertheless, the apparent preference for homodimer binding must be 

confirmed by more extensive experirnents whidi 1 was unable to perform due to 

the limited amount of RXRa that was available for these studies. Also, the 

influence of 1,25(OH),D, which has been reported to induce the conversion of 

hVDR-hVDR homodimer to hVDR-RXRa heterodimer (Cheskis and Freedman, 

1994), should also be evaluated before valid conclusions can be drawn. 

In summary, these studies have demowtrated that the expression of BSP 

gene is down-regulated by 1,25(OH),D,which may suppress gene transcription 

through a putative suppressor VDRE that overlaps the inverted 

the rat BSP promoter. It is also possible that other VDRE elements 

downstream of the TATA box are the biologically relevant ones. 

TATA box in 

upstream and 

Although the 

mechanism of suppression through this putative VDRE could not be 

unequivocally demonstrated, its CO-localization with the inverted TATA box 

means that VDR might compete with TBP for occupancy for the TATA/VDRE 

site. The identification of this putative VDRE in the rat BSP promoter might 

provide important insights into mechanisms whereby 1,25(OH),D, regdates 

bone formation. 



Chapter 5: Effect of v-Src on the 

Transcriptional Activation of Rat 

Bone Sialoprotein (BSP) Gene: 

Expression of BSP in Cancer Cells. 

1 performed al1 the experiments presented in this Chapter 



1. Summary 

BSP is an early marker of differentiated osteoblasts that has been 

implicated in the nucleation of HA during de n ooo bone formation. Although 

essentially specific to mineralizing connective tissues, BSP and OPN, another 

bone protein, are also expressed ectopicdy by mammary epithefial and 

squamous carcinoma c&. However, it is not known how BSP is regulated in  

transformed cells. Recently, it has been reported that v-Src, which induces a 

nurnber of genes that are involved in tumor growth and metastasis, up-regulates 

the expression of the moue  OPN gene through the CCAAT box. The v-Src 

oncogene is a 60 kDa tyrosine kinase that is essential for the transforming abivity 

of the Rous Sarcoma Virus (RSV). Since the nucleotide sequences around the 

mouse OPN and rat BSP CCAAT box region are almost identical, 1 decided to test 

if v-Src also regulates hanscription of the rat BSP gene. Transient transfection 

analysis of chimeric constructs in Src-/- cells showed that CO-transfedion of a v- 

Src expression vector increases rat BSP promoter activity approximately five-fold 

in constmcts that indude both the TATA and CCAAT boxes. While mutation of 

the CCAAT box diminished the basal transcription activity of the BSP promoter, 

the v-Src induced stimulation was completely abolished. While Gel Mobility 

Shift (GMS) analysis, in combination with monoclonal antibodies, identified NF- 

Y as a principal nuclear factor that bound to the CCAAT box a second factor (P) 
showed strong binding in short constructs containing the CCAAT sequence. 

However, the relative levels of NF-Y and B were not influenced by Src activity- 

Two additional nudear factors bound dose to the CCAAT box but did not require 

an intact CCAAT sequence. One protein (ti),which binds to a site upstream from 

the CCAAT box, is present at high levels in preosteoblasts, UMR 106-06 and HeLa 

nuclear extracts. The other protein (y) binds down-stream of the CCAAT box. 

These studies show that the oncogene v-Src can up-regulate BSP expression in  

transformed cells through a region in the Rat BSP promoter which includes an  

inverted CCAAT box which binds the NF-Y and an uncharacterized nuclear 

factor, p. 



2. Introduction 

The expression of BSP, together with OPN and SPARC has been observed 

in a number of pathological conditions. Although SPARC/ON and OPN are 

expressed in non-mineralizhg tissues (Denhardt and Guo, 1993), BSP expression 

is nonnally restricted to mineralizing tissues. Consequently, while the presence 

of BSP in diseased tissues is surprising, in several instances the expression of BSP 

can be associated with the presence of HA a y s t a l ç ,  supporting the role of BSP in 

HA nudeation. Thus, the expression of BSP has been obsenred in 

pseudoxanthoma elasticum (Contri et al., 1996), in which minera1 precipitation 

occurs inside elastic fibers, in heterotopic ossification of pressure sores of 

paraplegic patients (Bosse et al., 1993), and in calcification plaques of 

atherosclerotic arteries (McKee et al., 1996). BSP expression has ako been 

reported in human breast cancer tissues which develop microcrystalline deposits 

of HA (Bellahcène et al., 1994). However, more recent studies have correlated 

the expression of BSP in mammary tumeurs with poor prognosis and metastasis 

of tumour cells to bone (Bellahcène et al., 1996; Bellahcene et al., 1996). Since 

expression of BSP has also been reported in lung (Bellahcène et al., 1997) and 

prostate cancers (Bellahcène et al., 1996) and squamous cell carcinoma (Chen e t  

al., 1995), the possibility that the BSP gene may be regulated by oncogenic 

transformation of cells was investigated. In particular, it was hypothesized that 

BSP expression rnight be stimulated by v-Src which is also expressed in 

h-ansformed ce& (Senger et al., 1989) and has been shown to inuease the 

expression of mouse OPN (Tezuka et al., 1996). 

The v-Src gene, which codes for a 60 kDa tyrosine kinase (Erpel and 

Courtneidge, 1995) is responsible for the potent transfonning activity of the Rous 

Sarcoma Virus (RSV). In normal cells, the c-Src gene produd functions in cell- 

surface receptor assembly and signalling. A family of Src-related protein kinases 

currently comprkes nine members: Fyn, Yes, Fgr, Lyn, Hck, Lck, B k ,  and Yrk, as 

well as Src itçelf. One or more of these members are present in al1 ce& of higher 



eukaryotes. Many, such as 

expressed ubiquitously . 
Recently, the three 

inactive fonn of c-Src and 

Lck, are tissue-specific while others, including Src, are 

dimensional X-ray aystallographic structure of the 

its relative Hck have been solved (Xu et al., 1997), as 

well as the structure of the active form of Ldc (Yamaguchi and Hendrickson, 

1996). The Src protein can be divided into five protein domains: a unique N- 

terminal domain, Src homology 3 (Sm) and SH2 domains; a catalytic kinase 

domain, and a C-terminal 'tail' (Pawson, 1995). The N-terminal domain contains 

an SH4 domain, which functions as the myristylation and membrane 

localization signal, as well as a 'unique' domain of 50 - 70 residues that is specific 

for each family member. The SH3 domain consists of two small, pbarrel 

modules that present a non-polar groove which is able to recognize and bind to 

proline-rich peptides that adopt a polyproline-II (PP-II) helical conformation (Yu 

et al., 1992). The SH2 domain, which has a high degree of specifiaty for peptides 

containhg phosphotyrosine, mediates the interaction of Src with other protehs 

(Waksman et al., 1993). The kinase activity of the catalytic domain 

phosphorylates tyrosine residues, while the C-terminal 'tail' is characterized by 

the presence of a tyrosine (Tyr-527 in avian Src) which is involved in the 

regdation of the Src activity. 

Activation occurs when Tyr-527 is dephosphorylated and Src is able to 

dissociate itself from an intrarnolecular association with its SH2 domain (Brown 

and Cooper, 1996). The long-standing belief that the interaction of the 

phosphorylated Tyr-527 with the SH2 domain renders the Src molecule inactive 

has been confirmed from the crystallographic structures of the inactive forms of 

c-Src (Xu et al., 1997) and Hck (Sicheri et al., 1997) and the active from of Lck 

(Yamaguchi and Hendrickson, 1996). However, it was discovered that the SH3 

domain was also involved in th& inactivation (Xu et al., 1997). Although the 

SH3 domain was thought to regulate Src (Kato et al., 1986), based on mutations of 

this region that convert c-Src into an oncogenic form, there was no known PP-II 

motif in this region of Src. However, the linker that connects the S H 2  domain 

with the catalytic domain (which contains only one or two p robe  residues) 



forms a left-handed PP-II h e k  and binds to the ligand binding surface of the SH3 

domain (Xu et al., 1997). Therefore, in the inactivated form of the Src, the ligand 

binding surfaces of both the S H 2  and SH3 domains are engaged in 

intramolecular interaction. This arrangement allows the Src rnolecuie to exist in 

a very stable inactive form that c m  be activated rapidly by dephosphorylation of 

the Tyr-527 in the C-terminal 'tail' domain and phosphorylation of the Tyr-416 in 

the catalytic domain (Yamaguchi and Hendrickson, 1996). 

Src and its farnily members interact with a number of transmembrane 

tyrosine kinase receptors such as PDGF (Kypta et al., 1990), EGF (Luttrell et aL, 

1994), basic FGF (Zhan et aL, 1994), and CSF-1 (Courineidge et al., 1993). 

Association of Src with these receptor tyrosine kinases results in a mutual 

stimulation of catalytic activity. However, Src also interacts with receptors that 

la& intruisic kinase acüvity to transmit signals downstream (Erpel and 

Courtneidge, 1995). In the PDGF syçtem, for example, it was found that when 

PDGF receptor is stimulated by its ligand, Src interam with the receptor via the 

S H 2  domain (Twadey et al., 1992) and is phosphorylated by the receptor 

(Ralston and Bishop, 1985), relieving the Src from its inactive state. In the same 

systern, the adapter protein Shc (Pelicci et al., 1992) is phosphorylated by Src 

which can then interact with Grb 2 and with mSos, the exchange protein that 

activates Ras (Bollag and McCormick, 1991), indicating that the Ras pathway is 

downstrearn of Src. However, this is only one of the signalling pathways that is 

rnediated by Src. Thus, Src is also involved in the increased transcription of 

genes regulated by the transcription factor Stat3 which is activated by direct 

association of Src (Cao et al., 1996). 

Src is involved in the regdation of a number of signal transduction 

pathways, including those that target cell division and /or ce11 activation, 

recovery frorn oxidative stress, and cytoskeletal arrangement. However, the 

viability of transgenic rnice lacking Src (Soriano et al., 1991) points to a functional 

redundancy among the Src family members. Cellular transformation caused by 

expression of the constitutively active Src oncogene induces a number of genes 

such as 9E3/CEF-4, collagenase, TGF-B, c-fos, junB, and matrix metalloproteinase- 



9, which have been irnplicated in tumour growth and metastasis (Blobel and 

Hanafusa, 1991). 

In this chapter 1 desaibe studies to test the hypothesis that transcription of 

the BSP gene is up-regulated by v-Src activity through an inverted CCAAT box in 

the proximal promoter. 



3. Materials and Methods 

3.1. Cell Culture 

Primary cells ( fibroblast-me), derived from the 129 /SV mouse embryo 

homozygous (c-src-/-) for c-Src disruption (Src-/-) (Soriano ef al., 1991) and used 

for transient tramfection assays were provided by Dr. B.B. Mukherjee (McGi11 

University, Montreal). FCS was purchased from Sigma Chernical Co. (St Louis, 

MO). Heat-inactivation was done by heating the FCS at 56'C for 30 min. CeUs 

were grown in Dulbecco's modified Eagle's medium with high glucose (HG 

DME) supplemented with 5% FCS and subcultured before reaching confluence. 

3.2. Construction of Plasmids 

Plasmid pEcoRIB containing the RSV Src region (Czemilofs@ et al., 1983; 

Czernilofsw ef al., 1980) was obtained from ATCC. An EcoRI fragment 

containing the v-Src-coding region was excised from pEcoRIB and cloned into 

the p W 5  vector under the control of the cytomegalovirus promoter. 

Luciferase constructs pRBSP-43, pRBSP-116, pRBSP-424, and pRBSP-801 were 

made by excising the rat BSP promoter inserts from pLUC 2, 3, 4, and 5 

respectively, used in previous studies (Kim et al., 1996), with H i n d m  and Sn11 

and re-ligating the inserts into the pGL-3-Basic vector (Promega) at the SmaI 

restriction site. Other luciferase constructs were made by ligating the rat 

promoter segment -2992 (XbaI) to +60 (SaII), induding the 5' Phage a m ,  into the 

pGL-3-Basic vector (Promega) at the SmnI restriction site. This -3 kb insert was 

then deleted unidirectionally with Exo III (Pharmacia Biotech), and the 5'-ends of 

each deletion determined by nudeotide sequencing. The pHBSP constmcts were 

also made by unidirectional deletion of the human BSP promoter ligated into 

the pGL-3-Basic vector. Double-stranded oligonucleotides were prepared and 

inserted into the SmaI site of the pGL-3-Promoter vector (Promega). 



3.3. Site-Directed Mutagenesis 

Site-directed point mutations were generated by PCR (Ausubel et al., 1989). 

Bnefly, two separate reactions were performed in the first round amplification. 

One reaction contained 1.0 pg of plasrnid pRBSP-116 mixed with a 5'-flanking 

primer, an antisense mutant primer, p l u  the necessary PCR components. A 

second reaaion contained identical components except for a 3'-flanking primer 

and the seme mutant primer. After 25 cycles of amplification, the mutant 

fragment with the mutation at the 3'-end and the second mutant fragment with 

the mutation at the homologous 5'-end were generated. These two PCR 

products were then separated on an agarose gel, sliced, and DNA extracted using 

Qiaex II Kit (Qiagen). A s m d  volume (10 pl of -40 fl) was taken to perform the 

second round PCR with the 5'-flanking primer and the 3'-flanking primer used 

in the first round PCR The final PCR fragment containing the desired point 

mutation was subcloned into the pGL-3-Basic vector (Promega) that lacked 

promoters and enhancers. The designated mutations and fidelity of PCR were 

confirmed by nucleotide sequencing. 

3.4. Calcium Phosphate Transfection. 

AU transfection assays were perfomed on exponentially growing Src-/- 

cek. Cells at 30%-50% confluence were transfected with 0.5 pg of a luciferase 

constnict, 0.5 pg of pBluescript (Stratagene), as a non-specific DNA, with or 

without v-Src expression vector using the calcium phosphate-DNA co- 

precipitation method (Ausubel et al., 1989). Cells were plated onto 12-well 

multiwell dishes 24 hrs before transfedion at a density of 5 x 10' cells/well. The 

calcium phosphate-DNA precipitate was prepared in a sterile 5 ml conical tube. 

Briefly, 50 fl of 2X HeBS (2X HeBS = 16.4 g NaCl; 11.9 g Hepes acid; 0.21 g 

Na2HPOë in 1 L total vol. titrated to pH 7.05 with 5 N NaOH) buffer was 

aliquoted to the tubes and the DNA/CaC12 mix (above mentioned DNA and 250 

mM CaCJ) was added dropwise to 2X HeBS solution and this mixture was 

incubated at RT for 20 min to create a fine calcium phosphate-DNA precipitate. 



The preupitate was then distributed evenly over the c e h  and incubated at 3 7 0 ~ .  

m e r  3 hrs, glycerol shock was done by incubating the ce& for 1 min with 10% 

glycerol in HGDME at RT. Cells were washed with PBS and given fresh 5% FCS 

media. After a further 3 hrs of incubation, the cells were washed 3 times with 

HGDME and given k h  0.5% FCS media, and harvested 48 hrs after the 

transfection. 

3.5. Luciferase Assays. 

The luderase assay was carried out as described on Chapter 2. 

Nudear extracts used for gel mobility shift assays were prepared according 

to a modified Digman's method (Ausubel et al., 1989) except for HeLa celk where 

extrach were purchased from Promega. Ce& were grown to confluence in three 

to ten 100 mm dishes. At harvest, the cells were k t  washed once with 5 ml 

PBS, then scraped into a second 5 ml of PBS and transferred into a centrifuge 

tube. Cells were centrifuged at 3000x g for 10 min at 4OC and the supematant was 

removed by aspiration. The packed cell volume was measured in a graduated 

centrifuge tube and ce& were rapidly re-suspended in 5 volumes of hypotonic 

buffer (10 mM Hepes, pH 7.9/15 mM MgCLJ10 rnM KC1/0.5 mM DTW0.5 m M 

PMSF/10 pg/ml leupeptin/lO pg/ml pepstatin). Cells were centrifuged at 3000x g 

for 5 min at 4*C and the supematant removed by aspiration. Cells were re- 

suspended in 2 volumes of hypotonic buffer and allowed to swell in ice for 10 

min. These ce& were transferred to a Dounce homogenizer and homogenized 

with 15 up and down strokes and transferred to a fresh centrifuge tube. The 

nuclei were collected by centrifugation at 3300x g for 15 min at 4OC and the 

supematant was discarded. The packed nuclear volume was measured and the 

nuclei were resuspended in one-half volume of lowsalt buffer (20 mM Hepes, 

pH 7.9/25% glycerol/l.S mM MgCLJ20 mM KC1/0.2 mM EDTA/05 mM DTT/0.5 

mM PMSF/lO p g / d  leupeptin/lO &ml pepstatin). While vortexing gently, a 

one-half volume of high-salt buffer (10 mM Hepes, pH 7.9/1.5 mM MgCl-Jl.2 M 



KC1/0.5 mM DTT/O.S rnM PMSF/IO p g / d  leupeptin/lO pg/ml pepstatin) was 

added dropwise and nuclei were extracted for 30 min at 4OC with continuous 

mixing on a rotating mixer. The nudear extract was centrifuged at 25000~ g for 30 

min at 4'C and the supernatant dialyzed for 2 - 3 hrs in dialysis buffer (20 m M 

Hepes, pH 7.9/20% glycero1/100 mM KC1/0.2 mM EDTA/O.S mM DTT/O.5 m M  

PMSF/lO &ml leupeptidl0 &ml pepstatin). After dialysis, the extract was 

centrifuged at 25000~ g for 20 min at 4OC and the supernatant transferred to a 

fresh tube before storing at -70°C. Protein concentration was determined using 

the Bio-rad Protein Assay (Bio Rad, Hercules, CA). The concentration of the 

nuclear extracts from the different cells was approximately 3 to 4 mg/ml. 

3.7. Gel Mobility Shift Analysis 

Oligonucleotides used for GMS assays were purchased from Gibco/BRL, 

and the consensus oligonudeotides for CTF/NFl and CREB purchased from 

Promega. Anti-NF-Y antibodies (Mantovani et al., 1992) were kind giftç from Dr. 

Mantovani (Universita degli Studi di Milano, Italy). The complementary strands 

of 24-mer or 21-mer oligonucleotides were annealed by mking the two strands in 

a 1:l ratio, heating to 65O~ for 2 min and cooling at 21°c for 30 min. The 

respective double-stranded oligonucleotides (3.5 pmol) were end-labeled with [y 

%]ATP (NEN), using Tq polynucleotide kinase (Pharmacia Biotech). Nuclear 

extracts (1 pg to 6 pg) were incubated with 0.035 pmol of the labelled probe at 21°c 

for 30 min using the binding conditions described previously (Dom et al., 1987). 

Bnefly, labelled probe, nudear extract and 1 pg of poly dkdC was incubated for 30 

min in a final volume of 20 pl in 10 mM Tris-HCl, pH 7.1/80 rnM NaC1/0.1 m M  

EDTA/5% glycerol/3 mM MgClJ10 rnM P-mercap toethanol /O. 1% Triton X-100. 

For the antibody and cornpetition experiments, antibodies or competing 

oligonucleotides were pre-incubated with the binding reaction mixture for 10 

min at RT before the probes were added. The components in the reaction 

mixture were resolved by electrophoresis on a 5% non-denaturing acrylamide gel 



(80:l acry1amide:bis acrylamide) run at 150 V at RT. Following electrophoresis, 

the gel was dried and exposed to Kodak X-OMAT AR film for 3-24 hrs at -700C. 



4. Results 

4.1. v-Src Actç Through the CCAAT Box to Upregulate BSP 
Expression. 

Transient transfection analysis using various length constructs of the rat 

BSP promoter W e d  to luciferase reporter vector demonstrated that CO- 

transfection of the expression vector containing the v-Src gene is able to 

upregulate luciferase expression by 3-5 fold relative to controls in which the 

empty expression vector was CO-transfected (Fig. 5.1). The upregulated expression 

was observed in the shortest construct that induded nts -116 to +60 of the 

promoter. Sirnilarly, transient trançfection assays using human BSP promoter 

constructs showed a similas v-Src-mediated increase in transcription in the 

immediate promoter region (Fig. 5.2). To delineate further the region through 

which v-Src was acting to increase BSP transcription shorter constructs of the rat 

promoter were prepared. An increase in transcription was still present as the 

promoter was deleted from -116 to -60. However, with deletions beyond -43 the 

inaease in transcription was no longer evident (Fig. 5.3). The only recognizable 

consensus sequence in the region encompassing nucleotides -43 to -60 in the 

promoter was the inverted CCAAT box. 

To determine if the CCAAT box is involved in the upregulation of the rat 

BSP promoter by v- Src, two point mutations were inhoduced (5'-ATTGG-3' to 5'- 

ATm-3 ' )  in the CCAAT box sequence within the construct pRBSP-116. W hile 

these mutations markedly decreased the luciferase activity of the construct the 

upregulation of the rat BSP promoter by v-Src was completely eliminated (Fig- 

5.4). To confirm that v-Src was acting through the CCAAT box, double-stranded 

oligonucleotides containhg the CCAAT box were ligated upstream of a 

thymidine kinase promoter cloned into the pGL-3-Basic luciferase reporter 

vector and analyzed by transient transfection assays. The pTk-S-CCAAT 

constnict, which contained the complete CCAAT box, was upregulated about 

50% by v-Src CO-transfection. However, constructs pTk-5'-CAAT and pTk-CCAA- 
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Fig. 5.1. Localization of the Site of v-Src Action by Transient Transfection Assay. 

Chimeric constructs encompassing various lengths of 5'-flanking sequences of the rat BSP gene were produced as 
described in the Materials and Methods. These constructs (0.5 pg) and 0.5 pg of pBluescript (Stratagene), were CO- 

transfected with 1.0 pg of v-Src expression vector (v-Src) or with 1.0 pg of empty expression vector (Control) into expo- 
nentially growing Src -/- cells. The graph represents results from 4-5 independent experiments done in triplicate dishes. 
The relative light units (RLU) obtained from the luciferase assays are expressed (fSD) relative to pGL-Tk values. 



Fig. 5.2. Localization of the Site of v-Src Action in the Human BSP Promoter by 
Transient Transfection Assay. 

Two chirneric constructs encompassing nts -323 to +79 (pHBSP-323) and nts 
-1038 to +79 (pHi3SP-1038) of the human BSP gene were produced by unidirection- 
al deletions. These constnicts (0.5 pg), and 0.5 pg of pBluescript (Stratagene) were 
CO-transfected with 1.0 pg of v-Src expression vector (v-Src) or with 1.0 pg of empty 
expression vector (Control) into exponentially growing Src -/- cells as described in 
the Materials and Methods. The graph represents results from 3 independent exper- 
iments done in triplicate dishes. The relative light units (RLU) obtained from the 
luciferase assays are expressed (SD)  relative to pGL-Tk values. 
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Fig. 5.3. Localization of the Site of v-Src Action to the CCAAT Box Region of the BSP Gene Promoter. 

Short chimeric constructs that include various lengths of the rat BSP promoter sequence (as shown), were used in 
transient transfection assays to analyze for v-Src effects on gene transcription as described in Fig. 2. The relative light 
units (RLU) obtained from the luciferase assays are expressed (ISD) relative to the pGL-Tk. Results from 3-4 independent 
experiments, each done with triplicate dishes, are shown. 
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Fig. 5.4. Identification of the CCAAT Box of the BSP Gene Promoter as the Site of v-Src Action using Point 
M u  ta tions. 

Two point mutations were introduced in the CCAAT Box and tested in transient transfection assays to analyze for v-Src 
effects on gene transcription as described in Fig. 2. The relative light units (RLU) obtained from the luciferase assays are 
expressed as a value I SD relative to the pGL-Tk. Results from 3-4 independent experiments, each done with triplicate 
dishes, are shown. 



Y, in which the CCAAT box was truncated were not sigdicantly affected by v-Src 

expression. Similarly, the construct that contained the mutated CCAAT box 

oligonucleotide (pTk-M-AAAAT), with the same mutation present in the 

pRBSP-ll6.mut constnict, showed no v-Src effect on transcriptional activity (Fig. 

5.5). Although these results demonstrate that an intact CCAAT box is required 

for regulation of BSP promoter activity by v-Src it is presently undear whether 

the CCAAT box alone is sufficient to mediate v-Src-induced increase in 

transcription. 

4.2. Four Nuclear Proteins Bind t o  the CCAAT Bor 

To iden* nuclear proteins that might mediate v-Src effects on BSP 

transcription, a number of double-stranded oligonucleotide probes were 

constructed for gel mobility shift (GMS) assays. The sequence of these probes as 

well as the regions in the rat BSP promoter that they span are depicted in Fig- 5.6. 

A 45-mer oligonudeotide probe (L-CCAAT) was used initially to idenûfy nuclear 

proteins that bind in the region around the CCAAT box. GMS analysis with 

increasing amounts of nuclear extract showed a dose-dependent increase in the 

formation of three complexes, identified as a, B and y, that appear to bind the L- 

CCAAT probe specifically, since cornpetition GMS assay resulted in the selective 

disappearance of these three bands with the corresponding unlabelled double- 

stranded oligo (Fig. 5.7). To iden* in more detail the regions where the three 

protein complexes interact, GMS assays were carried out with shorter constructs 

encompassed by the L-CCAAT probe. Two of the three bands, a and p, bound to a 

double-stranded oligonucleotide that included the complete CCAAT box (S- 

CCAAT) (Fig. 5.6). Notably, much stronger binding of the $ component was 

observed compared to the L-CCAAT probe. Using a 5'-CAAT probe that extends 

from the S'-end of the L-CCAAT (nt -69) sequence to the 3'snd of the CCAAT 

box, but omitting the last nucleotide (nt -47) to prevent the association of the 

factor(s) that bind to the CCAAT box, a new protein complex distinct from a and 

p which binds 5' to the CCAAT box (Fig. 5.8) was revealed (6). Furthemore, the 

CCAA-3' probe was able to bind in a protein complex corresponding in size to y, 
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Fig. 5.5. Precise Localization of the Site of v-Src Action to the CCAAT Box of the BSP Gene Promoter by Using Het- 
erologous Constructs. 

Heterologous constructs, that include oligonucleotides, described in Fig. 5.6, cloned upstream of the Tk promoter 
sequence (as shown), were used in transient transfection assays to analyze for v-Src effects on gene transcription as 
described in Fig. 5.1. The relative light units (RLU) obtained from the luciferase assays are expressed (ISD) relative to the 
pGL-Tk. Results frorn 3-4 independent experiments, each done with triplicate dishes, are shown. 
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Fig. 5.6. Nucleotide Sequences of Oligonucleotide Probes Used for GMS Assays. 

The sequence of the rat BSP immediate promoter region is shown to identify the location of the oligonucleotide 
probes that were used in GMS assays. The dotted line denotes the outer edge of the prdbes while the solid lines indicates 
the length of the probe. The point mutations used in M-AAAAT for transient transfection and in GMS assays are shown 
by arrows. 
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Fig. 5.7. Gel Mobility Shift Assay of Nuclear Extract Binding to CCAAT Probe. 

Gel mobility shift assays, used to analyze nudear extract binding, were per- 
formed with a 5' end-labeled 45 bp double-stranded L-CCAAT oligonucleotide 
probe. The assays were carried out with inaeasing amounts (1.5 - 6.0 pg) of nudear 
extract from Src-/- cek, as described in Materials and Methods. Arrows indicate 
the position of three independent protein complexes (a, p, y) that formed with the 
probe. 
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Fig. 5.8. Binding of Src -1- Nuclear Extract to Double-Stranded Oligonucleotide Probes. 

To delineate the region of specific binding of the three protein complexes in the CCAAT probe, GMS was per- 
formed with double-stranded oligonucleotides L-CCAAT, s-CCAAT, 5'-CAAT, and CCAA-3'. The assays were per- 
formed with increasing amounts (1.5 - 6.0 pg) of Src -/- nuclear extract. L-CCAAT bound a, P and y; s-CCAAT bound a 
and p; 5'-CAAT bound 6; and CCAA-3' bound y. 



in a dose-dependent manner (Fig. 5.8). Therefore, the proteins that form 

complexes designated S and y bind around the CCAAT box, independently from a 

and 8- 
Since the intact CCAAT box was shown to be necessary for mediating the 

upregulation of the rat BSP transcription by v-Src, a GMS assay was carried out to 

determine whether the formation of the complexes a and $ was specific. 5- 

CAAT and CCAA-3' probes, which flank the CCAAT box but have an incomplete 

CCAAT box sequence, to prevent the association of CCAAT binding factors, were 

unable to compete for the binding of the bands a and P (Fig. 5.9). Moreover, the 

M-AAAAT probe which is identical in sequence and length to the S-CCAAT 

probe but for two point mutations in the CCAAT box (5'-ATTG-3' to s'-AT=- 

3') was also unable to compete for the binding, demonstrating that the intact 

CCAAT box is required for binding of these two proteins (Fig. 5.9). That the 

binding was specific is indicated by the Ioss of bands when the binding is 

competed with unlabelled SCCAAT probe (Fig. 5.9). 

4.3. One of the Proteins Binding to the CCAAT Box i s  NF-Y. 

Although there are a number of CCAAT box binding transcription factors, 

the CCAAT box found in the rat BSP gene has a consensus sequence for the 

transcription factor NF-Y. Two antibodies to the NF-Y transcription factor were, 

therefore, used in the GMS assay to identify the CCAAT box-binding proteins. A 

monoclonal antibody, a-NF-YA, which inhibits the binding of NF-Y to its 

consensus DNA sequence by binding to subunit A of NF-Y (Mantovani et aL, 

1992), decreased the formation of band a (Fig. 5.10A) modestly, whereas a 

polyclonal antibody, a-NF-YB, whidi supershifts the NF-Y-DNA complex by 

binding to subunit B of NF-Y (Mantovani et al., 1992), specifically supershifted 

the a band (Fig. 5.10A). Therefore, the band a was identified as the transcription 

factor NF-Y. NF-Y is present in the cell as a heterotrimeric complex made up of 

three subunits (A, B, and C) (Maity et al., 1992). To determine the identity of the 

band p, competition GMS assay was done using consensus oligonucleotide for 

the other CCAAT box binding factor CTF/NFl. CTF/NF1 oligonucleotide was 



S-CCAAT M-AAAAT 5'-CAAT CCAA-3' 

Fig. 5.9. Cornpetition Gel Mobility Shift Assays. 

Binding of 3.0 yg of Src -/- nuclear extract to S-CCAAT (None) was competed with 167,333, and 667-fold molar 
excess of unlabeled S-CCAAT and other oligonucleotide probes as described in Materials and Methods. 
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Fig. 5.10. Gel Mobility Shift Assays to Determine the Identities of the Complexes a and P. 

(A) Nuclear Extract frorn Src -/- cells (3 pg) was used to bind to S-CCAAT probe with 0.5,1.0,2.0, and 5.0 pg of 
monoclonal Ab a-NF-YA and 0.05,0.1,0.2, and 0.5 pg of polyclonal Ab a-NF-YB that recognize the A and B subunits of 
NF-Y, respectively. Arrows relate the complexes formed in the gel with the anticipated form of NF-Y. (B) Binding of 3.0 
pg of Src -1- nuclear extract to S-CCAAT (None) was competed with 167, 333, and 667-fold molar excess of unlabeled 
CTF/NFl and CREB consensus oligonucleotide probes as described in Materials and Methods. 



able to compete the band albeit only at high molar ewcess (Fig. 5.108). 

Surprisingly, CREB oligonudeotide used as a negative control in the experiment 

was able to compete the band B, presumably due to a CCAAT-like flanking 

sequence in the consensus oligonucleotide, very effectively (Fig 5.10B). Further 

experiments need to be done, therefore, to determine the identity of this band. 

4.4. Total Binding Lmel of NF-Y and P does not Change wifh the 
Level of Src. 

Since the bindhg of the B component is markedly reduced in 

oligonudeotides extended (LCCAAT) from the CCAAT box, NF-Y was 

considered to be the most Iikely mediator of the up-regdation of rat BSP 

transcription by Src. Nevertheless, to determine whether the increased 

expression of BSP reflected the amount of NF-Y or P, nudear extracts were 

obtained from celis that differentially express Src. When equal amounts of 

nuclear extracts from NIH 3T3, NIH v-Src, mouse c-src, Src-/-, and Src-/+ were 

used in GMS assays using the SCCAAT oligonucleotide as probe, there seemed 

to be no apparent correlation between the amount or activity of Src and the total 

binding level of either NF-Y or in the cell. Thus, the total binding of NF-Y and 

$ in Src-/- cell, which does not produce any Src, was similar to the total binding 

level present in Src-/+ cells, which has one copy of the Src gene (Fig. 5.11). 

Moreover, NM 3T3 cefi produce higher levels of NF-Y and P than NIH v-Src 

cells, which express a constitutively active v-Src gene that is integrated into its 

genome (Fig. 5.11). Furthemore, total binding level of NF-Y and in mouse c- 

Src ce&, in which the c-Src gene is over-expressed, is not significantly different 

from the Src-/- ceU line (Fig. 5.11). 
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Fig. 5.11. Total Binding Levels of NF-Y and P in Various Cell Lines Varying with 
Levels of Src Activity. 

Binding of equal amount of nudear extracts from NTH 3T3, NIH v-Src, mouse 
c-Src, Src -/-, and Src -/+ cell lines to SCCAAT oligonudeotide probe. Arrows on 
the rïght indicate the deduced subunit composition of the N E Y  protein. 



5. Discussion 

Initial studies of malignant breast turnor tissues showed that BSP is 

associated with the formation of ectopic hydroxyapatite microaystals (Bellahcène 

ef al., 1994). Subsequently, it was demonstrated that the BSP present in breast 

cancer tissues is synthesized by the malignant mamrnary epithelial ce&, and was 

not denved from plasma, since the mRNA for BSP could be detected in the 

cancerous ceils (Bellahcène et al., 1996). Interestingly, it was found that the 

expression of BSP was higher in cancer cells with a more aggressive phenotype, 

suggesting that the increase of BSP expression could contribute to the invasive 

phenotype of breast malignant ce& (BelIahcène et al., 1996). A retrospective 

analysis of breast cancer patients has revealed that the frequency of bone 

metastases is higher in patients with BSP-positive tumours (22%) than in 

patients with BSP-negative funours (7%) (Bellahcène et al., 1996). Furthermore, 

it was demonstrated that the majority of patients with advanced breast cancer 

have evidence of skeletal metastases by the time of death (Galasko, 1981), 

indicating that bone is the preferred target for metastatic breast cancer cells. 

Osteotropism is not, however, restricted to breast cancer cek. Bone is also a 

target, albeit to a lesser extent, of prostate, multiple myeloma, Iung, thyroid, and 

kidney metastatic cancer ce&, and BSP has been found in human prostate and 

thyroid cancer ce&, but not in ovarian cancer c e k  (BeUahcène et al., 1996). 

Thus, ectopic expression of BSP could be a aitical component in the metastasis of 

cancer cells to bone. In this regard the osteotropic ability of breast 

adenocarcinorna in vivo is closely associated with its estrogen receptor status. In 

fa&, it has been shown that estrogen receptor (ER)-positive malignant tumours 

metastasize to bone with a higher incidence than that of ER-negative breaçt 

cancers (Coleman 

present on the c d  

T47-D) and which 

negative cell line, 

and Rubens, 1987). Notably, it has been observed that BSP is 

surface of breast cancer cell lines that express BSP (MCF-7 and 

are ER-positive (Bellahcène et al., 1996). In contrast, in the ER- 

MDA-MB-231, BSP is synthesized but does not localize to the 



ceU surface (BeIlahcène et al., 1996). Therefore, the cell surface expression of BSP 

could target metastatic breast cancer cek to bone by mediating the attachment of 

metastatic cells to mineralized tissue surface through the RGD sequence that 

recognizes cell surface integrins and the polyglutamic acid repeats which bind 

strongly to HA mineral crystals (Gançs et al., 1997). 

Since BSP expression is induced in various cancer ce&, studies of ce11 

transformation can provide uisights into mechanisrns of BSP gene induction. In 

models of mammary carcinoma development, aberrations in EGF signalling 

have been shown to invoke tumorigenesis. Epidermal growth factors are widely 

expressed in human breast cancers and are thought to play an integral role in the 

development of mammary glands and tumorigenesis. Over-expression of EGF 

family members (Kenney et al., 1996) or the erB-2 (neu) receptor (Muthuswamy 

and Muller, 1995) induce neoplastic growth in manmary glands of transgenic 

mice through a mechanism requiring the physical association of the activated 

neu receptor with the proto-oncogene c-src (Muthuswamy and Muller, 1995). 

Although the src proto-oncogene alone is not sufficient to induce mammary 

tumours (Guy et al., 1996) over-expression of c-src is, nevertheless, a key step in 

oncogenesis (Erpel et al., 1995). The interplay between EGF and csrc in 

tumorigenesis and the potential involvement with bone protein expression is 

apparent frorn studies of the Src knockout mouse (Src-/-) in which the 

expression of OPN, which has ako been related to cellular transformation 

(Denhardt and Guo, 1993), is suppressed (Chackalaparampil et al., 1996). 

However, OPN can be up-regulated by EGF in the absence of Src expression, 

while over-expression of Src stimulates OPN gene transcription (Tezuka et al., 

1996), indicating that pp6F- and EGF influence OPN synthesis independently 

(Chackalaparampil et al., 1996). Notably, recent studies have shown that Src 

stimulates OPN gene transcription through an inverted CCAAT element 

imrnediately upstream from the TATA box in a mechanism that appears to 

involve the CCAAT-binding protein NF-Y (Tezuka et al., 1996). 

v-Src is reported to modulate gene expression through serum responsive 

elements of the Egrl/TEû gene (Qureshi et al., 1991), a dyad symmetry element 



and the Sis-induable factor-responsive element of the c-Fos gene (Fujii et al., 

1989), a Src-responsive site of the 9E3/CEF4 gene (Dehbi et al., 1992), and 

ATF/CRE element of the TISlO/PGS2 gene (Xie et al., 1994). Although it has 

been reported that v-Src regdates the junB gene through the CCAAT or TATA 

elements (Apel ef al., 1992), which of these elements was responsible for this 

regulation was not demonstrated. Thus, to determine the mechanism that 

mediates the upregulation of BSP transcription by the product of the v-Src proto- 

oncogene, I used transient transfection analysis to show that v-Src-mediated 

upregulation of BSP transcription requires the presence of an intact CCAAT box 

as observed in the regulation of OPN transcription by v-Src (Tezuka et al., 1996). 

When this element is present in dùmeric constnicts of the BSP promoter, CO- 

transfection of a v-Src expression vector induces a 3 to S-fold increase in 

transcription of the luciferase reporter gene. 1 deterrnined that the CCAAT box, 

but neither the CRE or the TATA box which are present in the BSP promoter 

surrounding the CCAAT box, is responsible for the upregulation. A two-point 

mutation in the CCAAT box was sufficient to abolish the upregulation by v-Src. 

Moreover, when heterologous reporter constructs were made by linking various 

oligonucleotides upstream to a thymidine kinase minimal promoter, 1 could 

show that only the pTK-SCCAAT constnict, which has an intact CCAAT box, is 

induced by v-Src, although the increase in transcription was not as dramatic 

(50%) as when the Full promoter sequence surrounding the CCAAT box is 

present in the reporter constructct While this could suggest the involvement of 

flanking or upstream sequences, more modest responses from heterologous 

conçtructs are frequently observed and are often compensated by the 

introduction of multiple binding elements as it was the case in mouse OPN 

study (Tezuka et al., 1996). 

These results correlate with observations made in the mouse OPN gene 

where cloning of up to three copies of the CCAAT box only elicited a Zfold 

increase in transcription by v-Src (Tezuka et al., 1996). However, that the 

transcription in pTk-S-CCAAT construct is upregulated by v-Src, whereas pTK- 

M-CCAAT, which has the same sequence as pTK-S-CCAAT except for the two 



point mutations in the CCAAT box, fails to increase transcription by v-Src, 

indicates that the CCAAT box is indeed required for the upregulation of BSP 

gene expression by v-Src. Moreover, two other heterologous constnicts that 

contain the 5' and 3'-flanking regions of the CCAAT box, but with an incomplete 

CCAAT box, were not upregulated by v-Src Thus, while these experiments 

demonstrate that the CCAAT box is crucial in mediating the v-Src effect on the 

transcription of the BSP gene, transfection assays using heterologous luciferase 

constnicts do not mle out the possibïliiy that sequences around the CCAAT box, 

particularly those downstream of the CCAAT box, could be required for 

mediating the v-Src effect 

The GMS studies have identified four proteins that bind to the CCAAT 

box region of the rat BSP gene promoter, with the complexes a and binding to 

the CCAAT box (Fig. 5.12). GMS assays with 5'-CAAT and CCAA-3' 

oligonucleotides, that did not indude either the CRE or the TATA box, have 

shown that proteins 6 and y bind 5' and 3' to the CCAAT box, respectively. Since 

the 6 and y complexes do not require an intact CCAAT box for binding their role 

in mediating Src mediated transcription of the BSP is unlikely. Also, Src 

regdation was evident, albeit reduced, in constructs lacking the binding site for 6 

(Fig. 5.3) while the binding of y would likely be compromised by the formation of 

the PIC complex. Nevertheless, based on experiments perforrned the 

involvement of these factors can not be d e d  out  The complex a appears to 

represent an association of the heterotrimeric complex of the A, B and C sub- 

units of the transcription factor NF-Y (Sinha et al., 1995) with the CCAAT 

element. The identity of the faster rnigrating P complex, on the other hand, 

could not be determined. It appears to represent a novel protein binding in the 

CCAAT box region. Thus, whereas thiç complex is competed weakly by the 

consensus oligonudeotide for CTF/NFl, which is a CCAAT box-binding protein, 

and more effectively by the consensus oligonucleotide for CREB, which is a 

CAMP response element-binding protein, the migration of the P complex does 

not correspond to the mobility of the corresponding CTF/NFl and CREB protein 

complexes (data not shown). Moreover, the binding of the factor to the CREB 
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Fig. 5.12. Proteins Binding to the CCAAT Box Region of the Rat BSP Gene Promoter. 

Schematic representation of the proteins binding to the rat BSP gene promoter. Their possible binding positions 
are based on the results from GMS assays. 



oligonucleotide could be due to a CCAAT-like flanking sequence in the 

consensus oligonucleotide. Clearly, fiuther experiments are needed to ascertain 

the identity of this complex. 

The involvement of the f3 factor in Src-mediated transcription, similar to 

the 6 and y components, also did not appear likely since the formation of the 

complex was markedly compromised in the extended CCAAT oligonudeotide, L- 

CCAAT (Fig. 5.7). Consequently, NF-Y appeared to be the most likely target of 

Src. Notably, these GMS results are similar to the results obtained by Tezuka et al 

(1996), who showed that there are two proteins binding in the region of the 

CCAAT box of mouse OPN promoter, one of which was idenüfied as W. The 

second protein binding 5' of the mouse OPN CCAAT box appears to be 

equivalent to protein 6. Although the identity of protein 6 is unknown, it does 

not seem to be involved in the regulation of BSP or OPN by v-Src as 

demonstrated by transient transfection assays performed using constructs that 

indude the binding element for 6 (Fig. 5.5). 

Although 1 have inferred that NF-Y may mediate the v-Src stimulation of 

BSP transcription, the mechanism of NF-Y transcriptional activation remains 

elusive. Sirnilar to previous studies (Apel et al., 1992), no significant differences 

in the total binding level of NF-Y were apparent in v-Src stimulated cells 

compared to controls. However, further experiments sudi as Westem blot 

analysis for both NF-Y and Src levels in these ce& have to be camed out to 

determine whether the total amount of NF-Y in these cells correlates with Src 

level. Although it is possible that NF-Y may be activated by chemical 

modification, such as phosphorylation, there is no evidence for this in the 

curent literature. Nevertheless, it iç evident that DNA binding per se is not 

associated with the regulatory mechanism and experiments such as 

immunoprecipitation of NF-Y foltowed by Western blot analysis using phospho- 

tyrosine or phospho-serine could help to determine if phosphorylation is 

involved in the regulation of NF-Y activity. 

The signalling pathway that links v-Src activity with NF-Y also needs to be 

resolved. It has been reported that inhibiting Ras activity can block the 



transforming ability of V-Src in the transformation of fibroblasts, indicating that 

part of v-Src action is through the Ras pathway (Smith et al., 1986). Another 

pathway that could be involved in the transcriptional inaease by Src is through 

STAT proteins which are a group of latent cytoplasmic transcription factors 

which function as signal transducers and activators of transcription (Horvath 

and DarneU Jr, 1997). Among the members of this family, Stat3, which is 

activated by various cytokines, is diredly activated by v-Src (Cao et al., 1996). v- 

Src assoaates with Stat3 and phosphorylates in vitro at which time Stat3 is able 

to migrate to the nudeus and activate transcription through the sis-inducible 

element (SIE) (Cao et al., 1996). However, further experimentation will be 

necessary to identify the relevant pathway that links v-src and BSP gene 

transcription. Antibodies against Stat3 could be used in GMS assays to determine 

if  any of the proteins binding in the CCAAT box region belongs to Stat3. 

Moreover, dominant negative Ras expression vectors could be used in 

conjunction with v-Src vector in transient transfection assays to determine if Ras 

is required in the transcriptional increase by Src. 

These studies have shown that v-Src up-regulates BSP transcription 

through an inverted CCAAT box that selectively binds the transcription factor 

NF-Y and an unidentified factor, p. Since Src activity is associated with cellular 

transformation, over-expression or inaeased activity of Src could be responsible 

for inducing BSP expression in tumour tissues. 



Chapter 6: Summary and Future 

Directions 



Elucidating the mechanisms that control the transcription of genes 

involved in osteogenesis is fundamental to an understanding of the temporo- 

spatial expression of proteins involved in the formation of the mineralized bone 

matrix and aberrations associated with ùiherited and acquired borie diçeases. 

Because BSP is selectively expressed in the formation of mineralized tissues 

(Chen et al., 1991) and has been implicated in the nucleation of mineralization 

(Chen et al., 1992), it is an appropriate target for studies of transcriptional 

regulation that influence osteogenic differentiation and bone formation. 

Consequently, preliminary studies in the laboratory were directed at the isolation 

and characterization of the BSP gene and its promoter region (Li and Sodek, 

1993). From cornparisons of the promoters of the rat and human BSP genes, a 

highly conserved region, encompassing nts -370 to -1, was identified and termed 

the BSP box (Sodek et al., 1994). Within the proximal promoter, inverted TATA 

and CCAAT box sequences were identified together with potential site of 

regulation by CAMP, AP-1, homeobox proteins and vitarnin 4. Moreover, the 

highly consemed sequence suggested that the tissue-spellfic and 

developmentally regulated expression of BSP may be regulated by transcription 

factors having cognate binding elements within this region as has been shown 

recently in the OC promoter (Ducy and Karsenty, 1995). 

In this Thesis 1 have studied several putative regdatory element in the 

BSP box and within the proximal promoter that 1 hypothesized might be 

involved in the tissue-specific and differentiation-associated expression of BSP. 

To search for a tissue-specific element in the rat BSP gene promoter a senes of 

luciferase reporter constnicts, containing various lengths of the promoter were 

transfected into osteogenic ROS 17/28 and UMR 106.06 cells and the 

transcriptional activity compared with constructs transfected into non-osteogenic 

HeLa ceh. These studies provided conflicting data with no clear evidence of 

tissue-specific expression in any of the constructs tested. The results contrast data 

obtained for the expression of osteocalcin, in which osteoblast cell-specific 

expression could be demonstrated in the proximal promoter region in transient 

transfection assays (Towler et al., 1994). Subsequent studies have identified a 



transcription factor, CBFA1, that recognizes a sequence through which it is 

believed to regulate the tissue and cell-sp&c expression of OC (Ducy et al., 

1997). 

Notably, silen&g the CBFAl gene in transgenic mice completely blodcs 

bone formation (Mundlos et al., 1997; Otto et al., 1997) indicating that CBFAl may 

function as a "master gene" in osteogenic differentiation (Rodan and Harada, 

1997). Conversely, expression of CBFAl in fibroblastic cells induces the 

expression of genes associated with osteogenesis, including OC and BSP (Ducy et  

al., 1997). h sihi hybridization of mouse embryos at 12.5 days post coitum (dpc) 

showed that CBFAl is only present in the mesenchpal condensations that form 

the anlagen of the future skeieton before the first mineralization occurs at 14.5 

dpc (Ducy et al., 1997). Because these tissues also express type II collagen, they 

have the ability to differentiate into osteoblasts or chondrocytes. However, in 

Meckel's cartilage where the only fully-differentiated chondrocytes reside at 12.5 

dpc, CBFAl was not expressed (Ducy et al., 1997). Since the tirne interval between 

the expression of CBFAl and BSP is far apart, CBFAl likely activates genes that 

allows for the expression of BSP. By analogy to rnyogenesis, in which a family of 

transcription factors including Myo D, myogenin, Myf 5 and MRF 4 regulate the 

differentiation of myocytes, CBFA1 could be linked to other transcription factors 

in regulating the osteogenic pathway. Interestingly, in myogenesis, silencing any 

of the individual Myo D family members does not block muscle formation; only 

when two genes are inactivated is muscle development arrested. Thus, different 

Myo D family members with overlapping functions have been identified which 

are important in different stages of myogenesis differentiation (reviewed in 

Buckingham, 1994). In contrast, inactivation of CBFAl alone blocks bone 

formation. Thus, CBFAl is analogous to the homeobox gene Pax-3 which was 

recently discovered to be the regulator of Myo D (Maroto et al., 1997; Tajbakhsh e t  

al., 1997). 

Transient transfection assays in which a CBFAl expression vector is CO- 

transfected could be used to determuie if CBFAl has a direct or indirect effect on 

BSP expression. In this regard a consensus sequence for CBFAl binding has been 



identified in the avian BSP promoter sequence @ucy et al., 1997) and is also 

present in the rat and hurnan promoters. However, a positive result may not 

necessarily mean that CBFAl is directly affecting transcription, since it is possible 

that an intemediary factor could be generated during the time interval between 

DNA transfection and the assay of reporter gene activity. Moreover, since bone 

protein genes are tempordy regulated during osteogenic differentiation and the 

expression of BSP and OC is not evident until osteoblasts are formed, whereas 

CBFAl expression occurs early in osteogenic differentiation, it is conceivable that 

CBFAl may function primarily to de-repress osteogenic genes which are 

subsequently up-regulated by other factors, which could include CBFAl itself. 

Transient hamfection analysis could only reved the regdation of a de-repressed 

gene. 

Thus, a more appropriate system for analyzing the effectç of CBFAl on 

BSP gene transcription rnight be the use of stable transfectants in which CBFAl 

expression can be controlled. For example, preparing stable transfectants of 

fibroblastic cells, sudi as Rat4 cells, with temperature-sensitive vectors or 

vectors regulated by exogenous factors, such as the ecdysone system (No et al., 

1996), capable of expressing CBFAl under permissive conditions or when 

induced wodd allow a temporal analysis of BSP gene "induction" in relation to 

CBFAl synthesis. In this way the relationship between CBFAl and BSP 

expression c m  be analyzed in a more meaningful manner. 

Since expression of bone-spdc gens may first require a de-repression 

step in which nucleosomes binding to regdatory regions are dislodged, DNase 1 

hypersençitivity assays can be useful to idenûfy changes in nucleosome binding. 

However, preIiminary studies using probes for the upstream promoter extendhg 

about 3 kb failed to dernonstrate hypersensitive sites when cornparisons were 

made between DNaçe I digestions performed on osteogenic c e k  that express BSP 

and on non-osteogenic cells that do not express BSP. Nevertheless, a more 

extensive analysis involving upstream sequences and intron sequences s hould 

be carried out. Similarly, the possibility that BSP gene expression is regulated by 

DNA methylation needs to be addressed. 



A novel technique called the ligation mediated, single-sided PCR 

technique which was used in in v iuo footprinting of several factors binding to 

the mouse muscle creatine kinase gene (Mueller and Wold, 1989), could also be 

used to determine whether a tissue speafic factor is involved in the expression 

of BSP. The gene has a number of binding sites for transcription factors; 

however, the temporal arrangement of these factors in their binding sites is not 

the sarne in all cell types. In ligation mediated, single-sided PCR, in v i a o  

footprints are visualized by comparing samples of DNA that have been treated by 

nuclease or dimethyl sulphate (DMS) in the cell (in viuo) with samples of naked 

DNA (in vitro) treated with these agents. For example, proteins bound to DNA 

hinder the accessibility of DMS to guanines at or near the binduig site. After the 

purification of DNA, cleavage of in v i v o  and in vi tro treated samples with 

piperidine and cornparison reveal the footprint. However, visualization of the 

footprint of a single-copy regulatory region in the genome is marred by high 

signal to noise ratio. Thus, this t a q u e  ligates a common linker to the unique 

cleavage site which provides the downstream priming site, and performs PCR 

with a radio-labelled upstream primer to obtain a sequencing ladder where sites 

of transcription factor binding do not reveal a band compared to control. 

Therefore, carrying out in vivo footprinting using the above mentioned 

technique, which gives information on when and how the buiding sites are 

occupied, could yield valuable information on the factors involved in the 

transcription of the BSP gene during osteogenic differentiation. 

That cell selective expression can be achieved for OC promoter constructs 

containhg the CBFAl consensus sequence but not for BSP promoter consiruch 

indicates fundamental differences in the regulatory mechanism of these genes 

that is supported by the contrasting effects of various hormones and cytokines 

that influence the expression of BSP and OC. However, integration of -2.7 kb of 

the BSP promoter into the mouse genome (Chen et al., 1996) provides evidence 

for tissue-specific regdation of BSP within this segment of the BSP gene. 

Although expression of BSP was also observed in the brain and skin, thiç was 

variable in different hansgenic mouse strains, indicating that expression may, in 



part, be determined by the site of the transgene integration in the mouse 

genome. Notably, OC promoter constmcts also showed expression in brain 

tissue in transgenic mice (Kesterson et al., 1993). This inappropriate expression 

of the reporter construct is due to the position effect, in which the expression of 

the hansgene is affected both positively and negatively by the local regdatory 

elements in the site of integration and to the absence of some of the required 

regdatory regions in the promoter constntct (Koilïas and Grosveld, 1992). It is 

also worth investigating the effect on intron sequences in the tissue-speafic 

expression of BSP since recent study by Kerr et al. (1997) demonstrated that there 

is a putative Wl binding motif which could have a role in the tissue-speafic 

transcription in intron 1 of the human BSP gene. 

The significance of the inverted TATA box remauiç to be determined. 

Variant TATA boxes have been suggested to function as a selective element to 

detennine tissue-specific gene expression by interaction with distinctive TFIID 

complexes (Brou et al., 1993; Pugh and Tjian, 1992; Wefald et al., 1990). As a 

variant form of TATA box, it iç possible that the inverted TATA box may play a n  

important role in controlling the spatial and temporal expression of the BSP 

gene during bone formation and bone development. It is conceivable that the 

variant sequences of the TATA boxes might be important for the recognition of 

certain transcription factors that compete with TBP for binding in thiç region and 

thereby regulate gene expression. Moreover, since the binduig of TBP to the 

TATA box induces the DNA to bend (Kim et al., 1993), variant nucleotide(s) i n  

the TATA boxes might be able to dictate the degree of DNA bending and, as such, 

provide a means of fine tuning stimulation or repression of transcription via 

TBP-specific trans-factor interactions. Since it is recognized that TBP is able to 

interact with a number of transcription factors (Brou et al., 1993; Greenblatt, 

1992), it is also conceivable that the specifïcity of such interactions might depend 

on the specific changes of TBP/DNA conformation upon the binding of TBP to 

various types of TATA boxes. Recently, Hansen et al. (1997) have shown that i n  

Drosophila there is a TBP homologue caIIed TBP-related factor (TRF) that 

specifically recognizes basal promoter elements in nerve tissue genes; it has 



similar characteristics to TBP. Therefore, it is possible that the unique inverted 

TATA box in the BSP gene may interact with a specific TFITD in mineralizing 

tissues. 

The putative VDRE overlapping the TATA box in the rat BSP gene might 

indicate the existence of a regulatory mechanism in which the VDR protein 

competes with TBP for occupancy of this crucial site in the promoter. Notably, 

vitamin D, suppresses osteogenic differentiation (Ishida et al., 1993) in which 

down-regulation of CBFAl expression could be important ( D u q  et al., 1997). 

Since BSP is expressed in differentiated cells, the down-regdation of BSP by 

vitamin D, rnay represent an additional mechanism for suppressing 

osteogenesis. Importantly, by competing with TBP, the VDR binding will 

abrogate the effects of upstrearn regulatory events providing a dominant control 

over BSP transcription, without causing a complete blockade. As such, it is 

conceivable that vitamin D, could also maintain BSP expression in a repressed 

state following the induction of the gene earlier in osteogenesis. 

The expression of BSP and other bone matrix proteins in various 

pathological states has provided insights into the function of these proteins and 

can aiso be valuable in elucidating mechanism of gene regulation. In particular 

for BSP, which is specific to mineralized tissues, its expression at sites of 

pathoiogical mineralization supports its proposed role in the nucleation of 

hydroxyapatite from metastable concentrations of calcium and phosphate that 

are present in tissue fluidç. Additionally, the association between the expression 

of BSP on the cell surface of estrogen-receptor positive breast cancer cells which 

have a propensity for metastasiung to bone indicates a combined role of the 

hydroxyapatite binding and ce11 attachment motifs in the targeting of normal and 

metastasizing cells to mineralized tissues. The mechanism of BSP induction i n 

these pathological conditions is an intriguing question. 

In my studies I have shown that a proto-oncogene such as v-Src can up- 

regulate BSP expression and that the inverted CCAAT box k the site of 

transcriptional regulation. Notably, another bone protein OPN which has been 

implicated in cell transformation and metastasis is also up-regulated by v-Src at 



an inverted CCAAT box and for both genes the transcription factor NF-Y appears 

to be the mediator of the Src effect. However, the mechaniSm of NF-Y activation 

remainç elusive. Similar to previous studies (Apel et al., 1992), no significant 

diHeremes in the level of NF-Y were apparent in v-Src stimulated c e k  

compared to controls. Although it is possible that NF-Y may be activated by 

chemical modification, such as phosphorylation, there is no evidence for this in 

the current fiterature. Nevertheless, it appears that DNA binding per se is not 

sufficient to stimulate transcription of these genes. 

The signalhg pathway that links v-Src activity with NF-Y also needs to be 

resolved. There is evidence ihat Src c m  influence gene transcription through 

the Ras pathway and also through a pathway involving STAT proteins. Thus, it 

has been reported that inhibithg Ras activity c m  blodc the activity of V-Src in the 

transformation of fibroblasts, indicating that part of v-Src action is through the 

Ras pathway (Smith et al., 1986). Therefore, using dominant negative mutants of 

Ras in CO-trançfection assays, in conjunction with the v-Src expression vector, 

codd help determine if the Ras pathway is involved in the up-regdation of BSP 

expression. Since inhibitors of farnesyl transferase has been shown to specificdy 

inhibit the transfomiing capacity of Ras (Kohl et al., 1993), it could also be used in 

transient transfection assays with v-Src expression vector to test whether the 

inductive signal from the activated v-Src could be blocked by these inhibitors. 

However, a Ras-activated enhancer which is respowible in the up-regulation of 

OPN by Ras has been reported in the mouse OPN gene (Guo et al., 1995). This 

element is located far upstream from the CCAAT box and is believed to be a site 

of regulation by ets transcription factor. Thus, Ras and Src could act in a 

coordinated manner to regulate OPN and BSP genes. 

Another pathway that could mediate the transcriptional regulation of BSP 

by Src involves STAT proteins. The STAT proteins are a group of latent 

cytoplasmic transcription factors which h c t i o n  in signal transduction and are 

activators of transcription (Horvath and Darne11 Jr, 1997). Arnong the members 

of this family, Stat3, which is activated by various cytokines, is directly activated 

by v-Src (Cao et al., 1996). v-Src associates with and phosphorylates Stat3, which 



is able to migrate to the nucleus and activate transcription through the sis- 

inducible element (SIE) (Cao et aL, 1996). However, M e r  experimentation will 

be necessary to iden* the relevant pathway that links v-Src and BSP gene 

transcription. For example, antibody against Stat3 could be used in gel mobility 

shZt assay to determine if any of the proteins binding to the CCAAT box region 

of the rat BSP gene belongs to Stat3. 

While m y  studies show that BSP can be up-regulated by Src expression, 

they do not address the induction of the BSP gene. Moreover, since Src 

expression alone is not capable of generating mammary tumours, it would be of 

interest to determine upstream regdatory mechanisms that act in concert with 

Src to induce BSP expression and formation of mammary adenocarcinomas. To 

study these question a transgenic mouse model, in which an activated c-neu 

oncogene, driven by a mouse mammary tumour virus promotes the formation 

of mammary adenocarcinomas, is potentially useful. Ln this model, activation of 

a single gene seems to be sufficient for transformation (Muller et al., 1988). The 

human homologue of c-neu is c-erbB-2, which is the epidermal growth factor 

(EGF) receptor. Since EGF can activate Src, it is possible that the constitutive 

activation of the EGF receptor could be involved in the up-regdation of BSP in 

breast adenocarcinomas. Using this system it might be possible to determine 

whether the BSP gene must be activated for v-Src to up-regulate its expression. 

Moreover, it would be interesting to analyze the status of the BSP gene in cancer 

tissues as well as in normal non-bone and normal bone to determine whether 

there is a difference in chrornosomal configuration using DNase I hypersensitive 

site assay. 

Ln summary, in this Thesis 1 have characterized elements in the proximal 

promoter of the rat BSP gene that appear to be important for transcriptional 

regdation of the gene during bone formation and in pathological conditions 

involving aberrant expression of BSP. 
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