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CHAPTER 1

Activation of the Osteoblast-like Phenotype in C3H10T1/2 X
Primary Fibroblast Cell Hybrids



Abstract

During early development, multipotential stem cells become committed to specific
paths. Osteoblasts, the precursor cells for bone formation, are thought to derive from
undifferentiated mesenchymal cells in the limb bud. According to morphological and
biochemical changes during the cell differentiation, the developmental sequence of bone
formation has been divided into three consecutive phases: proliferation, extracellular matrix
maturation, and mineralization. Each phase involves the expression of a characteristic set of
genes. Production of type I collagen takes place during proliferation of osteoblast precursor
cells. The expression of alkaline phosphatase characteristically starts immediately after
cession of cell proliferation, reaches a maximum during the phase of matrix maturation and
declines as matrix mineralization commences. The genes expressed during matrix
mineralization are those for the calcium-binding proteins, such as osteocalcin, osteonectin
and osteopontin. Among these, only osteocalcin is a specific marker for osteoblast
differentiation.

The mouse embryonic fibroblast C3H10T1/2 (10T1/2) is an established
mesenchymal stem cell line which can differentiate into muscle, fat and cartilage cells upon
the treatment with the demethylating agent 5-azadeoxycytidine (5-azaC). Our experiments
showed that transferring human fibroblast chromosomes from primary cells into 10T1/2
cells by microcell mediated chromosome transfer, 10T1/2 cells are converted to osteoblast-
like cells. These hybrids express the marker genes typical for osteogenesis.

Previous studies indicate that basic helix-loop-helix (bHLH) proteins may be
involved in the regulation of osteogenesis. First, expression of Id, an antagonist of bHLH
protein binding to the promoter, is down-regulated during osteoblast differentiation and
overexpression of Id inhibits osteoblast differentiation; second, the promoter regions of
several genes expressed in osteoblasts contain E boxes, which can act as DNA-binding
domains for bHLH proteins; third, induction of osteoblastic differentiation is associated

with increased binding of nuclear extracts to E boxes. 1 used a yeast two-hybrid screen to



identify the potential bHLH factors involved in the regulation of osteoblastic differentiation.
From the screening, I pulled out two bHLH proteins dHAND (also called Th2) and Twist.
They are expressed in the rat osteoblastic cell line ROS17/2 at both the proliferation and

differentiation stage.



Introduction

1. Bone and its development

Bone is a specialized connective tissue that makes up together with cartilage, the
skeletal system. These tissues serve three functions: (1) mechanical: support and site of
muscle attachment for locomotion; (2) protective: for vital organs and bone marrow; and (3)
metabolic: reserve of ions for the entire organism, especially calcium and phosphate.

The fundamental constituents of bone, as in all connective tissues, are the cells and
the extracellular matrix. The latter is particularly abundant in this tissue and composed of
collagen fibers and noncollagenous proteins. The matrix of bone has the unique ability to
become calcified.

Anatomically, the skeleton is made up by two types of bones, flat bones (skull
bones, scapula, mandible, and ileum) and long bones (tibia, femur, and humerus), which
derive from two distinct types of histogenesis (intramemberanous and endochondral,
respectively). The development and growth of long bones involves both types.

Descriptive embryology and anatomy distinguish two types of bone development:
intramembranous and endochondral. Intramembranous ossification occurs when
mesenchymal precursor cells differentiate directly into bone-forming osteoblasts, a process
employed in generating the flat bones of the skull as well as in adding new bone to the
outer surfaces of long bones. In contrast, endochondral bone formation entails the
conversion of an initial cartilage template into the bone and is responsible for generating
most bones of the skeleton. Cartilage templates originally form during embryogenesis
when mesenchymal cells condense and differentiate into chondrocytes. These cells
subsequently undergo a program of hypertrophy, calcification, and cell death. Concomitant
neovascularization occurs, and osteoblasts and osteoclasts are recruited to replace the
cartilage scaffold gradually with bone matrix and to excavate the bone marrow cavity.

Longitudinal bone growth takes place through a similar pattern of endochondral ossification



in the growth plates located at the epiphyses (ends) of long bones. In these epiphyseal
plates, the calcified, hypertrophic cartilage provides a scaffold for the formation of new
trabecular bone. Ultimately, all remaining cartilage is replaced by bone except at the
articular surfaces of the joints(reviewed in Eriebacher et al., 1995).

Three distinct embryonic lineages contribute to the early skeleton. The neural crest
gives rise to the branchial arch derivatives of the craniofacial skeleton, the sclerotome
generates most of the axial skeleton, and the lateral plate mesoderm forms the appendicular
skeleton (reviewed in Eriebacher et al., 1995). The morphogenesis of the skeleton derives
from the regulated differentiation, function, and interactions of its component cell types.
Three major cell types contribute to the skeleton: chondrocytes, which form cartilage;
osteoblasts, which deposit bone matrix; and osteoclasts, which resorb bone. Chondrocytes
and osteoblasts are of mesenchymal origin, whereas osteoclasts derive from the
hematopoietic system. Once embedded in bone matrix, osteoblasts mature into terminally
differentiated osteocytes. The activity and differentiation of osteoblasts and osteoclasts are
closely coordinated during development as bone undergoes continuous remodeling. More
specifically, the formation of internal bone structures and bone remodeling result from
coupling bone resorption by activated osteoclasts with subsequent deposition of new matrix

by osteoblasts (reviewed in Eriebacher et al., 1995)

2. Osteoblast

Osteoblast is the precursor bone forming cells. Three forms of the osteoblast cell
lineage are recognized. They are progenitor osteoblasts (preosteoblasts), mature
osteoblasts, and osteocytes, which is an osteoblast that has become encased in calcified
bone. The osteoblast is the bone lining cell responsible for the production of the matrix
constituents (collagen and ground substance). It originates from a local mesenchymal stem
cell, bone marrow stromal stem cell or connective tissue mesenchymal stem cell. These

precursors, upon the right stimulation, undergo proliferation and differentiate into



preosteoblasts and then mature osteoblasts. A number of sequential steps are involved in
the formation of bone. They are (1) synthesis and intracellular processing of type I
collagen; (2) secretion and extracellular processing of the collagen; (3) the formation of
microfibrils, fibrils, and ultimately fibers from the collagen; and (4) maturation of the
collagen matrix with subsequent nucleation and growth of hydroxyapatite crystals. All of
these functions are under the control of the osteoblast, with the eventual product being a
fully calcified bone consisting by weight of 35% organic matrix and 65% inorganic
crystalline material. Osteoblasts never appear or function individually, but are always found

in clusters of cuboidal cells along the bone surface (~ 100-400 cells per bone forming site).

Osteoblasts are always found lining a layer of bone matrix that they are producing and is
not yet calcified (osteoid tissue). The presence of the osteoid is due to a time lag between
matrix formation and subsequent calcification (Osteoid Maturation Period ~10 days).
Behind the osteoblast are usually found one or two layers of cells, activated mesenchymal
cells and preosteoblasts (reviewed in Baron, 1993).

The osteoblast is a very metabolically active cell and has an extensive rough
endoplasmic reticulum producing collagen for the extracellular matrix. Positioned between
the nucleus and rough endoplasmic reticulum is an intricate Golgi apparatus. In the cells, a
substantial amount of the enzyme, alkaline phosphatase is present in the plasma membrane

(reviewed in Puzas, 1993).

3. Bone matrix proteins and the mineralization process

The basic building block of the bone matrix fiber network is the type I collagen
molecule, which is a triple-helical, coiled coil (supercoil) containing two identical al(I)
chains and a structurally similar but genetically different a2(T) chain. The collagen fibers are
usually oriented in a preferential direction. Bone contains little, if any, of the other form of
collagen found in the body and differs from other connective tissues in this regard. Type 1

collagen is by far the major collagenous component of bone and is believed to be the only



form necessary for true intramembranous bone formation (Eyre et al., 1988; Robins and
Duncan, 1987; Termine, 1993).
Noncollagenous proteins (NCPs) comprise 10-15% of the total bone protein

content. These can be broken down into four general groups of protein products: (1) cell

attachment proteins; (2) proteoglycans; (3) y-carboxylated (gla) proteins; and (4) growth-

related proteins (Table 1) (Termine, 1993).

Table 1. Principal bone cell noncollagen products secreted

to the bone matrix

Name Approximate Potential function
size
‘Thrombospondin 450,000 (trimer) | Cell attachment
Fibronectin 440,000 (dimer) Cell attachment, spreading

Biglycan (proteoglycan I) [ 170,000 (monomer)| Unknown

Decorin ( proteoglycan II) |120,000 (monomer) [ Collagen fibrillogenesis

Bone sialoprotein 75,000 (monomer) | Cell attachment, others unknown
Osteopontin 50,000 (monomer) {Cell attachment, spreading

Osteonectin 35,000 (monomer) Ca2+, mineralbinding; others unknown
Matrix gla protein 9,000 (monomer) |unknown

Osteocalcin 6,000 (monomer) Ca2+ binding, bone turnover

All connective tissues interact with their extracellular environment in response to
chemical stimuli that direct and/or coordinate specific cell functions, such as proliferation,
migration, and differentiation. These particular interactions involve cell attachment and
spreading via transient, focal adhesions to extracellular macromolecules. This is done via

the intergrin family of cell surface receptors that transduce signals to the cytoskeleton



(Ruoslahti and Pierschbacher, 1987). Bone cells synthesize four proteins that affect cell
attachment: fibronectin (FN), thrombospondin (TSP), osteopontin (OP), and bone
sialoprotein (BSP) (Gehron Robey et al., 1988; Somerman et al., 1988). TSP, OP, and
BSP are strong binders of ionic calcium and are found in the mineralized bone

extracellular space (Fisher et al., 1987; Gehron Robey et al., 1988) OP is a reasonably

well-phosphorylated phosphoprotein that, like FN and TSP, is found in bone and nonbone
tissue systems (Mark et al., 1988).

Proteoglycans are macromolecules that contain acidic polysaccharide side chains
(glycosaminoglycans) attached to a central core protein. In bone, two types of
glycosaminoglycan are found: chondroitin sulfate, a polymer of sulfated N-
acetylglucosamine and glucutonic acid, and heparin sulfate, a polymer of sulfated N-
acetylglucosamine and glucuronic acid. The bone cell heparin sulfate proteoglycan product
is membrane-associated and, as for all connective tissues, probably facilitates interaction of
the osteoblast with extracellular macromolecules and heparin-binding growth factors (Hook
etal., 1986; Beresord, 1987). |

Chondroitin sulfate in bone is attached to three separate core proteins (Beresford et
al., 1987). One of these is presumed to be pericellular in location and resembles a
proteoglycan product synthesized by fibroblasts called versican (Krusius et al., 1987). Its
role is not understood yet. The vast bulk of the glycosaminoglycans of bone are attached to
two proteoglycan proteins that are similar but separate gene products (Fisher et al., 1987).
These are called PG-I (which has two attached 50 KD chondroitin sulfate chains) and PG-
I (having one attached chain). The functions of these proteins are generally assumed to be
important for the integrity of most connective tissue matrices. They may also influence cell

proliferation and differentiation in a variety of connective tissues including bone by their

ability to bind and inactivate the transforming growth factor- (TGF-B) family in the

extracellular space (Okuda et al., 1990).



Vitamin K-dependent y-carboxylation occurs on two bone NCPs, osteocalcin (bone

gla-protein) and matrix-gla-protein (MGP). Osteocalcin represents one of the most
abundant noncollagenous bone proteins and so far the only one that is exclusively
expressed in bone (Carlson et al., 1993), whereas MGP is also found in cartilage. The
synthesis of osteocalcin in bone is greatly stimulated by 1, 25(OH)72 vitamin D3, and its
protein is now thought to be involved as a signal in the bone turnover cascade (Glowacki
and Lian, 1985).

Other bone cell products may be associated with the growth and/or differentiation of
the osteoblast in an indirect or as yet undefined fashion. One of the hallmarks of the
osteoblast phenotype is the synthesis of high levels of alkaline phosphatase (Jukkola et al.,
1993). This enzyme is associated with the plasma membrane of the osteoblast, which can
bud out to form the matrix vesicles seen in developing bone. The function of this enzyme is
not known with certainty. It may be involved in extracellular breakdown of pyrophosphate,
a potent inhibitor of calcium phosphate deposition (Risteli and Risteli, 1993). The most
abundant NCP produced by bone is osteonectin, a phosphorylated glycoprotein accounting
for ~2% of the total protein of developing bone in most animal species. The protein has
high affinity for binding ionic calcium and physiological hydroxyapatite (Termine et al.,
1981). It also binds to collagen (Termine et al., 1981) and thrombospondin (Clezardin et
al., 1988). Osteonectin is found in platelets (Stenner et al., 1986) and in nonbone tissues
that are rapidly proliferating, remodeling, or undergoing profound changes in tissue
architecture (Holland et al., 1987; Wewer et al., 1988). Thus the protein is associated with
growing tissue, and in nonbone systems. Its transcription and synthesis appear to be shut
down or absent under steady-state conditions.

A number of proteins in bone appear to be associated with the life cycle and

function of the osteoblast. These proteins consist of growth factors, such as TGF-B1-5 and

insulin-like growth factors, osteoblast secretion products that can stimulate osteoblast cell



growth in an autocrine and/or paracrine fashion (Robey et al., 1987) (Canalis et al., 1988).
Thus, the growth potential of a bone may result from its own genetic framework and
involve transcription of both known growth factors and their receptors in the same cell

population.

4. Gene expression during osteoblast differentiation

During development, multipotential stem cells progressively become committed to
specific paths. This process, called determination or commitment, irreversibly alters the
cells so that the progeny will inherit a new and now more limited potential. Once committed
or determined, the precursor cell may exist in this state until it differentiates. The study of
bone and cartilage cell differentiation in vitro provides an important counterpart to the
study of these cell populations in vivo. In vitro approaches have also made valuable
contributions to our understanding of the differentiation of chondrocytes and osteoblasts.
By analogy with other cell types, chondrocyte and osteoblast differentiation involve at least
two distinct processes. First, precursor cells commit to the cartilage or bone lineages.
Second, consecutive maturation events lead to a fully differentiated phenotype, a process
required in vivo for the constant replenishment of cartilage and bone cells from their
respective committed precursor cell populations (Eriebacher et al., 1995). The synthesis,
deposition and mineralization of the organic matrix of bone involves the ordered expression
of a number of genes by the osteoblasts. The developmental sequence of an osteoblastic
cell phenotype has been divided into three consecutive phases: proliferation, extracellular
matrix maturation, and mineralization (Jukkola et al., 1993). Each phase involves the
expression of a characteristic set of genes and is a prerequisite for the next. Production of
type 1 collagen is an early event, taking place during proliferation of osteoblast precursor
cells. If deposition of a collagenous matrix by proliferating osteoblastic cells in vitro is
disrupted, the cells do not enter the next developmental phase of the osteoblast phenotype

(Jukkola et al., 1993). It is clear that a cell committed to the osteoblast lineage no longer
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expresses type III collagen, which is otherwise always co-expressed with type I in
mesenchymal cells; the regulatory events leading to this suppression are not known in
detail. The expression of alkaline phosphatase characteristically starts immediately after
cession of cell proliferation, reaches a maximum during the phase of matrix maturation and
declines as matrix mineralization commences (Jukkola et al., 1993). Among the genes
expressed during matrix mineralization are those for the calcium-binding proteins

osteocalcin, osteopontin and osteonectin.

5. Transcriptional regulation of osteoblast differentiation

The process by which eukaryotic cells control the expression of their genes
constitutes one of the key unanswered questions in biology. While it is clear that post-
transcriptional and post-translational controls are involved in the fine tuning of gene
expression, it seems that the primary level of control is exhibited at the transcriptional level.
Condensed chromatin structures and DNA methylations act as repressors of structural
genes in embryonic cells and in adult cell types (Groudine and Weintraub, 1992). One of
the transcriptional controls involves the methylation of specific cytosine residues within and
around genes (Razin and Riggs, 1980). Vertebrate DNAs contain 5-methylcytosine (5™C)
as a minor base, and modification of this site in the sequence CpG is consistent with the
activities of expression of some genes. The methylation sites exist in three states: (1) sites
which are never methylated, (2) those which are always methylated irrespective of the
differentiated state of the cell, and (3) those which demonstrate tissue-specific variability in
the degree of methylation (Mandel and Chambon, 1979). The relationship between DNA
modification and gene expression is not an all-or-none situation.

Taylor and Jones (1979) first reported the striking observation that brief exposure
of mouse C3H10T1/2 (10T1/2) fibroblasts to 5-azaC converts descendants into myocyte,
chondrocyte, or adipocyte clones (Taylor and Jones, 1979). Conversion of 10T1/2 cells

into these three mesenchymal cell lineages requires incorporation of 5-azaC into DNA
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(Taylor and Jones, 1982). Incorporation of 5-azaC inhibits cellular methyliransferases
(Jones and Taylor, 1980) and this results in the demethylation of CpG residues and the
subsequent activation of specific genes. It is also likely that phenotypic conversion is a
heritable trait. Analysis of colonies arising from individual cells treated with 5-azaC
indicates that the probability of phenotypic conversion is quite high: 25-50% of the colonies
contain myocytes, 7-28% contain adipocytes, and 1-7% contain chondrocytes (Konieczny
and Emerson, 1984; Taylor and Jones, 1982). A small percentage (1-16%) of colonies
contain multiple cell lineages.

Genomic DNA transfection experiments indicate that myoblast DNA, but not
10T1/2 DNA, converts 10T1/2 cells into stably determined myoblasts (Lassar et al., 1986).
The frequency of myogenic conversion is consistent with the transfer of a single genetic
locus, and supports the hypothesis that a myogenic determination gene that is inactive in
10T1/2 cells becomes structurally modified during conversion of 10T1/2 cells to the
myoblast lineage following treatment with 5-azaC. The genomic transfection experiments
also suggest that 10T1/2 cells do not express dominant frans-acting factors that can repress
the transferred myogenic determination gene. Introduction of human fibroblast
chromosome 11, containing the human muscle determination gene MyoD, into 10T1/2 cells
results in activation of this gene and, consequently, activation of the muscle phenotype
(Thayer and Weintraub, 1990). This result indicates that human MyoD is not repressed by
a cis (methylation) mechanism in primary fibroblasts. In contrast to monochromosomal
hybrids, whole-cell hybrids formed by fusing primary fibroblasts with 10T1/2 cells fail to
activate MyoD expression. Furthermore, transfer of human chromosome 11 into 10T1/2
cells activates expression of MyoD, while transfer of chromosome 11 and an additional
human chromosome, chromosome 4, did not result in activation of MyoD (Woloshin et al.,
1995). This inhibition is mediated by a homobox gene, MSX1, expressed from human
fibroblast chromosome 4, which interacts with an enhancer located upstream of the MyoD

gene. If a similar phenomenon is occurring on the loci that control activation of the other
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phenotype in 10T1/2 cells, it is likely that transfer of other human primary fibroblast
chromosomes would result in activation of these phenotypes.

The mouse embryonic fibroblast cell line 10T1/2 is a mesenchymal progenitor cell
line (Reznikoff et al., 1973). It can be converted to muscle, fat, and cartilage upon the
treatment with 5-azaC. Transfection of 10T1/2 cells with BMP-2 and BMP-4 expression
vectors induces differentiation into osteoblasts (Ahrens et al., 1993; Wang et al., 1993), so
these cells have the potential to differentiate into osteoblasts. Since a previous study
showed that transfer of human chromosome 11 (containing MyoD) into 10T1/2 cells turned
on the muscle differentiation pathway in this cells, I propose that transfer of other human
primary fibroblast chromosomes into 10T1/2 cells may result in activation of the osteoblast

phenotype.
The control of the bone differentiation has been extensively studied. Members of

the transforming growth factor-B (TGF-B) superfamily of secreted growth and

differentiation factors have received considerable attention as potent regulators of

mesenchymal differentiation in vivo and in vitro. Bone morphogenetic proteins (BMP),

which belongs to the TGF-B superfamily, are thought to regulate the early commitment of

mesenchymal cells to the chondrogenic and osteogenic lineages, as suggested by their
ability to induce ectopic cartilage and bone formation at nonskeletal sites such as muscle
(Wozney, 1992; Wozney et al., 1988). The BMPs comprise a growing family of more than

12 proteins, 9 of which have been shown individually to induce ectopic bone in an in vivo
assay system. All but BMP-1 are members of the TGF-§ superfamily (Riley et al., 1996).

Among them, the functions of BMP-2 and BMP-4 have been intensively studied. They are
present during embryonic development in a spatial and temporal pattern consistent with
involvement in skeletogenesis (Riley et al., 1996). They induce bone and cartilage
formation. BMP-2 induces the undifferentiated mesenchymal progenitors to differentiate

into osteoblasts, chondrocytes and adipocytes (Ahrens et al., 1993; Wang et al., 1993).
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They can also stimulate osteoblast differentiation of both uncommitted and committed
mesenchymal cells in vitro (Vukicevic et al., 1989; Wozney, 1992; Yamaguchi et al., 1991)
and can induce cells other than osteoblasts to express osteoblastic markers (Katagiri et al.,

1994; Murry et al., 1993; Yamaguchi, 1995).

6. Involvement of basic helix-loop-helix proteins in osteoblast
differentiation

Development and differentiation of cells are under the control of various classes of
transcription factors which have been identified through genetic and biochemical means.
One group of factors with pivotal roles during development are the basic helix-loop-helix
(bHLH) proteins. bHLH proteins have been implicated in the determination and
differentiation of several cell lineages: the MyoD subfamily in myogenesis, the achaete
scute gene products and their mammalian homologues in neurogenesis, and the E-proteins

in B-cell development (Jan and Jan, 1993; Weintraub, 1994; Zhuang et al., 1994). The

bHILH motif contains a basic region followed by two amphipathic o-helices separated by a

loop structure. The HLH region is important in mediating dimerization with another HLH
sequence which in turn forms a functional bipartite DN A-binding domain from the two
respective basic regions. The basic region binds to the major groove of a core DNA
sequence, CANNTG, which is referred to as an E-box motif (Murre et al., 1989). This
interaction is responsible for transcriptional activation of specific genes.

The bHLH proteins can be divided into several subclasses based on their
expression patterns, DNA-binding ability, dimerization specificities, and transcriptional
activity. The ubiquitously expressed Class A bHLHs, which includes E2A gene products
(Murre et al., 1989), HEB (Hu et al., 1992), and the Drosophila daughterless gene product
(Caudy et al., 1988). Class A bHLH proteins act as partners for at least two of the other
classes. The Class B bHLH proteins are tissue-specific and include the MyoD family of

myogenic regulatory factors (Weintraub, 1994), and the mammalian and Drosophila
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achaete scute neurogenic factors (Jan and Jan, 1993). The Class B bHLH proteins
heterodimerize with the Class A proteins to function as transcriptional activators (Weintraub
et al., 1990). Another class of proteins, termed the dominant negative family of HLH
proteins (dnHLH), lacks the region responsible for DNA binding but still maintains the
HLH region necessary and sufficient for dimerization (Ellis et al., 1990). The dnHLH
proteins, comprised of the Id family and the related Drosophila emc gene product,
negatively regulate the transcriptional activity of bHLH proteins by preferentially binding to
Class A bHLHs, preventing them from heterodimerizing with the tissue specific Class B
bHLHs (Benezraetal., 1990; Sun etal., 1991; Ellis et al., 1990). Down regulation of the
dnHLH proteins allows the Class A and Class B bHLH to efficiently heterodimerize to
form functional transcriptional activators (Benezra et al., 1990). Evidence of this has been
shown in vitro binding studies and has been proposed in the mutual exclusion of
expression of tissue specific bHLH and dnHLH transcripts during mouse embryogenesis
(Benezra et al., 1990) (Goldfard et al., 1996) (Wang et al., 1992) (Ellmeier and Weith,
1995). Hairy and Enhancer-of-split [h/E(Sp1)] bHLH proteins form the fourth class whose
interactions with the other three groups are not well characterized (Ish-Horowicz and
Pinchin, 1987) (Ishibashi et al., 1993) (Knust et al., 1987).

Although no osteoblast-specific bHLH proteins have yet been identified, indirect
evidence suggest that bHLH proteins may be involved in upregulating differentiation and
repressing proliferation in osteoblasts. With regard to differentiation, E-box binding
domains are present in the osteocalcin, osteopontin, and alkaline phosphatase gene
promoters, which are sequential markers of osteoblast differentiation (Siddhanti and
Quarles, 1994) (Tamura and Noda, 1994). In addition, there is functional data linking
bHLH proteins to the expression of the osteoblastic phenotype through E-box binding
motifs in the osteocalcin promoter. By deletion and site-directed mutagenesis analysis of
the rat osteocalcin promoter region, Tamura et al (Tamura and Noda, 1994) found that the

E-box is involved in bHLH mediated expression of the gene in osteoblasts. Furthermore,
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clectrophoresis mobility shift assay (EMSA) experiments indicated the formation of
osteoblast-specific protein/DNA complexes with an E-box sequence, and this binding
activity was induced in 10T1/2 cells by BMP-2 treatment. Also, Id mRNA, which inhibits
bHLH actions, is abundantly expressed in proliferating and undifferentiated MC3T3EI
preosteoblasts and decreases prior to osteoblast-specific gene expression (Ogata and Noda,
1991). This inverse relationship between Id expression and osteoblastic differentiation is
consistent with Id involvement in osteoblastic differentiation. Moreover, overexpression of
Id prevents expression of alkaline phosphatase in developing osteoblasts (Murray et al.,
1992). In addition, various other non-tissue-specific regulatory bHLH proteins, including
twist and E-proteins, have been identified in osteoblasts (Murray et al., 1992). Recent
studies in ROS 17/2.8 osteosarcoma cells also support a role of HLH proteins in the
control of osteoblastic-related gene expression. In ROS17/2.8 cells, vitamin D-mediated
upregulation of osteocalcin is associated with a decrease in Id and increased binding of
nuclear extracts to E-box motifs (Kawaguchi et al., 1992). bHLH proteins may also
repress proliferation by inhibiting the transcription of early response genes. E-box cis-
acting domains overlap the serum response element in the c-fos promoter. In non-
osteoblastic systems, members of the bHLH family of proteins have been shown to act as
negative regulators of c-fos transcription (and cellular proliferation) by blocking the
transactivating function of the SRE (Trouche et al., 1992). This suggests that tissue-

specific transcription factors in osteoblasts can repress proliferation.

7. Objectives

The primary goal of this study was trying to identify the factors that regulate
osteoblast differentiation. It has been shown that the mouse mesenchymal cell line 10T1/2
can be converted to muscle, fat, and cartilage upon the treatment with 5-azaC (Taylor and
Jones, 1979). Transfection of 10T1/2 cell with BMP-2 and BMP-4 expression vector

induces it to differentiate into osteoblasts (Ahrens et al., 1993; Wang et al., 1993), so it has
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the potential to differentiate into osteoblast upon the addition of the right set of
trancriptional factors. Previous studies showed that transfer of human chromosome 11
(containing MyoD) into 10T1/2 cells turned on the muscle differentiation pathway in these
cells (Thayer and Weintraub, 1990). I tested whether transfer of other human primary
fibroblast chromosomes into 10T1/2 cells result in activation of the osteoblast phenotype.
bHLH proteins have been shown to regulate the differentiation of several tissues.
The presence of bHLH proteins in osteoblasts and their apparent regulation by factors
modulating differentiation suggest that osteoblast-specific bHLH family members may
control the osteoblastic developmental program, I used a yeast two-hybrid screen to

identify the potential bHLH factors involved in the regulation of osteoblastic differentiation.
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Materials and Methods

1. Plasmids: LexA-fusion plasmid pBTM116, pVP16 and pLex-lamin were provided by
Dr. Stan Hollenberg. pBTM116, the LexA DNA-binding domain fusion vector, contains
the follbwing components: (1) the TRP1 gene, a selectable marker for yeast, (2) the
complete LexA coding sequence, with a downstream polylinker for cloning genes of

interest to generate in-frame protein fusions to LexA, expressed from the yeast ADHI

promoter, (3) a yeast 2|1 origin of replication, and (4) a bacterial origin of replication and

(B-lactamase gene, a selectable marker for E.Coli) (Bartel et al., 1993). pLex-Lamin is a

derivative of pBTM-116 with the insertion of Lamin gene. pVP16, the VP16 activation
domain fusion vector, contains the following components: (1) the LEU2 gene, a selectable
marker for yeast and E.Coli, (2) the simianvirus 40 (SV40) large T antigen nuclear
localization sequence (NLS) fused to the VP16 acidic activation domain, with a

downstream polylinker for cloning genes of interest to generate in-frame protein fusions to

VP16, expressed from ADHI promoter, (3) a yeast 2 origin of replication, and (4) a
bacterial origin of replication and B-lactamase gene (Hollenberg et al., 1995). The plasmids

CSTh2, CSasTh2(5’), CSasTh2(3’) were also provided by Dr. Stan Hollenberg. These

plasmids contain the coding sequence of mouse Th2 (dHAND) and the 5’ and 3’ antisense
sequence of Th2 individually. Plasmid pECE.Twi contains the coding sequence of mouse
Twist which was provided by Dr. Barbara Wold. Plasmid pOC-CAT is the osteocalcin

promoter driven CAT construct.

2. Yeast strains: yeast strains AMR70 and L40 were provided by Dr. Stan Hollenberg.

Strain AMR70 is used for mating analysis. The genotype of it is: Matr his3 lys2 trpl leu2
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URA3:(lexAop)g-lacZ GAL4, this genotype is incomplete. The genotype of 140 is: Mata
his3(200 trp1-901 leu2-3, 112 ade2 LYS2:(lexAop)y-HIS3 URA:(lexAop)g-lacZ GALA4,

this genotype is incomplete (Hollenberg et al., 1995).

3. Cell lines: The mouse mesenchymal cell line C3H10T1/2 (10T1/2) (Reznikoff et al.,
1973) (American Type Culture Collection ) was used as recipient for microcell fusion
(Thayer and Weintraub, 1990). ROS17/2 is a rat osteoblast-like osteosarcoma cell line
(Rodan and Majeska). It was provided by Dr. Robin Leach. These lines were grown in
Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL, Maryland) supplemented
with 15% bovine calf serum. The donor cell line, Human skin fibroblast (HSF), was
provided by Dr. R. E. K. Fournier. HSF and the microcell hybrids were maintained in
DMEM supplemented with 15% Bovine calf serum and 250mg/ml Geneticin (G418)
(Gibco BRL). The hybrids were plated out at clonal density grown for two weeks and

allowed to differentiate for additional 10 days.

4, Rat osteoblast cDNA fusion library: Total RNA was prepared from rat osteoblast

cell line ROS17/2 . To select poly(A)*T RNA, the RNA was double purified by using the
polyAT tract mRNA Isolation system II and III (Promega). The double-strand cDNA was
synthesized from 50ng of RNA with 600 ng (~500pmol) of phosphorylated random

hexamer by using the cDNA synthesis kit SuperScriptTM choice system (Gibco BRL). The
ends of the resulting cDNA were filled with T4 DNA polymerase and then Pol T (klenow).
After enzyme inactivation and DNA precipitation, the cDNA was ligated overnight with a
500-fold molar excess of the Not I adaptor (5' -P-ATCCTCTTAGACTG CGGCCGCTCA-
3" [NL-s] and 5'-P TGAGCGGCCGCAGTCTA AGAG-3' [NL-as]) (provided by Dr.
Stan Hollenberg). cDNA (350-700nt) was purified by agarose gel electrophoresis. One-
tenth of the size-fractionated cDNA was then PCR amplified with the NL-s primer; the
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PCR buffer contained 5 mM Mg2+ and the cycle profile was 94°C for 30 sec, 62°C for 30
sec, and 72 °C for 2 min. To convert all of the cDNA to fully paired duplexes, a portion of
the reaction was diluted 10-fold, fresh PCR reagents were then added, and a single cycle of
amplification was performed. The cDNA was then digested overnight with Nor I,
repurified by agarose gel electrophoresis, and ligated into pVP16 (Not I,

dephosphorylated).

S. Microcell-mediated chromosome transfer: The HSF donor cell line Human skin
fibroblast was micronucleated by adding colcemid (Sigma) to a final concentration of
10mg/ml and incubated for 48 hours. The microcells were enucleated by centrifugation in
10mg/ml cytochalasin B (Sigma) (Fournier and Ruddle, 1977; McNeill and Brown, 1980).
The microcells were resuspended in 100mg/ml phytohaemagglutinin-P (Difco) and added
to 10T1/2 monolayer (60-70% confluence) for adhesion. The cells were fused by exposure
to 50% PEG 1540 (w/v) (Baker) solution in DMEM. Followin