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ABSTRACT

The formation of bone tissue involves multiple activities
of the osteoblast. The combined application of molecular,
biochemical, histochemical and ultrastructural approaches
has defined stages in the development of the osteoblast
phenotype with each subpopulation of cells exhibiting
unique morphologic and functional properties in relation to
the ordered deposition of the mineralized bone extracel-
lular matrix (ECM). Peak levels of expressed genes
reflect a maturational sequence of osteoblast growth and
differentiation characterized by three principal periods:
proliferation, ECM maturation and mineralization. A pleth-
ora of new information in the past several years provides
the basis for insight into molecular mechanisms regulating
the development and activities of differentiating osteo-
blasts. These new concepts will be discussed within the
context of understanding cellular responses of bone tissue.
To be considered are the following: 1) maturational stages
of the osteoblast reflected by the selective expression of
transcription factors (e.g., oncogenes, cyclins, home-
odomain proteins) and phenotypic genes that provide
signals for differentiation through the osteoblast lineage;
2) role of the extracellular matrix in mediating osteoblast

.growth and differentiation; 3) osteoblast stage specific
responses to physiologic mediators (e.g., growth factors
and hormones); 4) the developmentally regulated expres-
sion and selective responses of osteoblast phenotypic
genes are supported by cooperative, synergistic and/or
antagonistic activities at multiple basal and enhancer or
suppressor sequences in gene promoters; and 5) deregu-
lation of these control mechanisms in transformed osteo-
blasts and osteosarcoma cells.

I. INTRODUCTION

Understanding the factors regulating bone growth, the
continued remodelling of bone throughout life and the
regeneration of injured tissue are basic biological questions
and concerns of today’s clinician for the treatment of bone
related disorders. Practical applications in orthopedics
include knowledge of bone formation and resorption
events related to abnormalities in skeletal development,
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fracture repair, metabolic bone diseases and implant sta-
bility. To allow for a rational intervention of these pro-
cesses clinically, one must gain knowledge of the mecha-
nisms that regulate tissue formation, maturation and
stability. One fundamental approach has been to isolate the
bone cells which in culture exhibit tissue-specific metabolic
responses and biosynthesis of structural components of
bone. From these studies, several classes of factors have
been identified that allow us to define regulatory mecha-
nisms operative in control of growth and differentiation of
the cell osteoblasts and/or osteoprogenitors. These in-
clude but are not restricted to bone morphogenic
proteins?’, cell growth factors®, hormones®, cytokine
modulators®” and mechanical physical forces?*3. It is
also recognized that a broad spectrum of physiologic
mediators of bone formation have differential and highly
selective effects on the numerous cells involved in osseous
tissue formation and turnover. A clear understanding of
effects on osteoblasts is somewhat compromised by spe-
cies differences or the experimental system, although
such variations are now being appreciated as related to the
stage of cellular maturation or differentiation which im-
pacts on the responsiveness of the osteoblast to physio-
logic modulators of bone cell functions.

The focus of this review is a description of the sequelae
of events associated with osteoblast growth and the
progression of differentiation as related to formation and
organization of bone tissue by normal diploid cells derived
from fetal bone in wvitro. For each maturational stage,
characteristic activities and responses to physiologic me-
diators of osteoblast growth and differentiation will be
described. The signalling pathways and molecular mecha-
nisms mediating development of the osteoblast phenotype
will be described as these approaches provide a basis for
development of specific modes of therapeutic intervention
in the treatment of skeletal disorders.

II. DEVELOPMENT OF THE OSTEOBLAST
PHENOTYPE

For many years, bone was defined anatomically and
examined largely in a descriptive manner by ultrastructural
analysis and by biochemical and histochemical
methods?"12313° These studies provided the basis for
our understanding of bone tissue organization and orches-
tration of the progressive recruitment, proliferation and
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Fig. 1. Schematic representation of the events associated with progressive expression of monocyte, granulocyte, osteoblast, adipocyte, and
myotube phenotypes. Initially the cells (HL-60 promyelocytic leukemia cells, primary cultures of embryonic calvarial osteoblasts, 3T3-L1
preadipocytes, or myoblasts) actively proliferate, expressing cell cycle and cell growth-regulated genes as well as genes encoding
extracellular matrix proteins. After growth arrest, a developmental sequence involving the sequential and selective expression of genes that
results in the differentiated cell and tissue phenotype occurs. Completion of the proliferation period marks an important transition point
where expression of tissue-specific genes, often functionally coupled to the down-regulation of proliferation, is initiated.
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Fig. 2. The osteoblast differentiation pathway. Progression through the osteoblast lineage from a pluripotent mesenchymal stem cell which
has multiple options is illustrated. Several physiologic mediators including, but not limited to, transforming growth factor b (TGFb), the bone
morphogenic protein 2 (BMP-2) and glucocorticoids, which have been documented to influence progression through the chondrocyte or
osteoblast phenotype, are indicated. A question mark placed between the hypertrophic chondrocyte and osteoblast reflects recent reports
which have indicated the hypertrophic chondrocyte can further differentiate to an osteoblast-like cell expressing genes observed in mature
osteoblasts. The cuboidal osteoblast that synthesizes bone matrix will further differentiate to either an osteocyte when enveloped in
mineralized matrix or to a flattened lining cell on a quiescent surface of mineralized bone. Each of these subpopulations of osteoblasts exhibit
different properties and express osteoblast phenotypic genes to varying extents (see text for details).

differentiation of the various cellular components of bone romolecules that integrate the activities of physiological

tissue. Now, complemented by an increased knowledge of
molecular mechanisms that are associated with and regu-
late expression of genes encoding phenotypic components
of bone and those which may control the progressive
development and maturation of the bone cell phenotype,
our understanding of bone cell and tissue differentiation is
rapidly expanding.

It has been recognized that defining mechanisms oper-
ative in the development and maintenance of the osteo-
blast phenotype necessitates comprehensive knowledge of
cell growth and tissue-specific genes expressed with
regard to: 1) the time course and extent of expression; 2)
temporal vs. functionally coupled relationships; 3) control
of gene expression at both transcriptional and post-
transcriptional levels; and 4) signalling pathways and mac-

regulatory mediators involved in lineage development of
the osteoblast.

A functional relationship between cell growth and the
initiation and progression of events associated with differ-
entiation has been viewed as a fundamental question by
developmental biologists for more than a century. In the
case of bone, as observed with other systems (Figure 1),
the relationship of growth and differentiation must be
maintained and stringently regulated, both during devel-
opment and throughout the life of the organism to support
tissue remodeling. Understanding biological regulatory
mechanisms that support bone cell development within the
context of the proliferation/differentiation relationship pro-
vides a viable basis for addressing skeletal disorders and
particularly bone cell cancer, where aberrations in the
proliferation/differentiation relationship may facilitate both
diagnosis and evaluation of targeted therapy.
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Fig. 3. Morphology and ultrastructure of fetal rat calvaria-derived osteoblast cultures. (a) Scanning electron micrograph showing
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osteoblasts both at monolayer confluency and in multi-layers forming a typical bone nodule having a mineralized extracellular matrix, 100X.
(b) Low power transmission electron micrograph of an undemineralized sectioned bone nodule to illustrate the mineralized extracellular
matrix surrounding osteoblasts. Mineral deposits are hydroxyapatite crystals associated with collagen fibers, 500X. (c) Transmission electron
micrograph of a demineralized nodule in cross-section to reveal the orthogonal layers of collagen interspersed between osteoblasts. Note the
large cuboidal surface osteoblast having a large central nucleus rich in ribosomes and with extensive Golgi, 8000X.

It is now generally accepted that the progenitor stem
cell of the osteoblast is a pluripotent mesenchymal fibro-
blast which prior to commitment can develop as an
osteoblast, chondrocyte or other phenotypes*®. An impor-
tant aspect of bone cell biology is to experimentally
address the regulatory events related to the recruitment
and commitment of pluripotent mesenchymal cells into the
developmental pathway which initially restricts their op-
tions for specialization to either the osteoblast and chon-
drocyte pathways and subsequently to solely the osteo-
blast phenotype (Figure 2). Potential cell culture systems
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to study growth and differentiation of progenitors include
recent use of bone marrow cultures which offer the
possibility of examining events associated with stem cell
differentiation to osteoblasts?3:45:86:135.191 = particylarly
successful has been culture of human derived marrow cells
that can be induced to differentiate to osteoblasts produc-
ing a bone like matrix by the synthetic glucocorticoid,
dexamethasone, or by the bone morphogenic protein,
BMP-2%1'76,
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A. The ordered expression of genes during
development of the osteoblast phenotype

The development of methods for culture of normal
diploid calvarial-derived osteoblasts under conditions
which support development of a tissue-like
organization'®'*! (Figure 3) similar to embryonic bone
provided the basis for experimentally addressing the
proliferation/ differentiation relationship within the context
of physiological regulation’3!. By trypsin-collagenase di-
gestion of fetal rat calvaria, a population of cells from the
third sequential digest will express significant levels of
osteoblast phenotypic markers including alkaline phospha-
tase, osteopontin and osteocalcin mRNA*!3l, When
placed into culture these bone cell genes are downregu-
lated and nearly every plated cell initiates proliferation as
indicated from 3H thymidine autoradiography and in situ
hybridization studies using the H4 histone gene as a probe
which is coupled to DNA synthesis (Figure 4A). Only a
few osteocytes released, having a distinct morphology,
will not reinitiate proliferation!’®. The osteoblasts prolif-
erate forming multilayers of cells as sheets*®"%® or focal
nodules*®. When proliferation ceases, alkaline phospha-
tase levels increase sufficiently for histochemical detec-
tion. An ordered deposition of mineral is initiated within
the extracellular matrix of these nodules resulting in the
development of a bone tissue-like organization, with an
orthogonal arrangement of collagen layers between osteo-
blasts and a mineralized extracellular matrix (Figure 3).

The sequential expression of cell growth and tissue-
specific genes has been mapped by immunocytochemical
methods*!%, Northern blot analysis®!3! and in situ
hybridization'°**4! during progressive development of the
bone cell phenotype from a proliferating cell to a mature
osteocytic cell in a mineralized Type I collagen extracel-
lular matrix. This temporal sequence of gene expression
has defined three distinct periods: growth (proliferation)
and extracellular matrix biosynthesis; extracellular matrix
development, maturation and organization; and extracel-
lular matrix mineralization (Figure 4B).

During the first 10 to 12 days of culture following
isolation of fetal rat calvarial-derived osteoblasts, a period
of active proliferation is reflected by mitotic activity with
expression of cell cycle (e.g. histone) and cell growth (e.g.
c-myc, c-fos, and c-jun) regulated genes. These genes
encode proteins that support proliferation by functioning
as transactivation factors in the case of c-myc and c-fos
and as proteins that play a primary role in packaging newly
replicated DNA into chromatin in the case of histones.
Modifications in expression of proliferation related genes,
e.g. cfos or c-src expression i wvivo (in transgenic
animals), results in altered bone formation®®75:147:158 jn.
dicating the importance of their regulated expression
during the proliferative period for control of cell growth as

well as for control of genes later during osteoblast devel-
opment that directly involve bone cell differentiation. This
concept is further supported by evidence for the selective
expression of fos and jun related family members through
the course of osteoblast differentiation'!4.

During this proliferation period, and fundamental to
development of the bone cell phenotype, several genes
associated with formation of the extracellular matrix (Type
I collagen, fibronectin, and TGFB) are actively expressed
and then gradually decline with collagen mRNA being
maintained at a low basal level during subsequent stages of
osteoblast differentiation. The accumulation of collagen
contributes, in part, to the cessation of cell growth.
Immediately following the down-regulation of proliferation,
proteins associated with bone cell phenotype are detected.
For example, alkaline phosphatase enzyme activity and
mRNA are increased greater than 10-fold. At this time, a
differentiation-specific histone gene is expressed3®1%.
During the immediate post-proliferative period (from 12 to
18 days), the extracellular matrix undergoes a series of
modifications in composition and organization that renders
it competent for mineralization. As the cultures progress
into the mineralization stage, all cells become alkaline
phosphatase positive histochemically (Figure 3). Histo-
chemical detection of APase is considered one of the
earliest phenotypic markers of the osteoblast lineage. In
heavily mineralized cultures, cellular levels of alkaline
phosphatase mRNA decline (Figure 4B). At this time
maximal levels of collagenase gene expression are ob-
served and may relate to a remodelling of the matrix to
support tissue organization and mineral deposition!®.
Apoptotic cells are also detected suggesting programmed
cell death may provide a mechanism for regulating the
number of surface osteoblasts that further differentiate to
osteocytes!%?,

With the onset of mineralization, several other bone-
expressed genes are induced to maximal levels, paralleling
the accumulation of mineral. These are bone-synthesized
proteins known to associate with the mineralized matrix i»
vivo*04361.189 including bone sialoprotein!!®, osteopontin
and osteocalcin?®3!. Osteopontin is expressed both dur-
ing the period of active proliferation (at 25% of maximal
levels), decreases post-proliferatively and exhibits induc-
tion at the onset of mineralization, achieving peak levels of
expression during mineralization (days 16 to 20). This
pattern of osteopontin expression has been observed in
other osteoblastic developmental systems*®!6® and may
reflect multiple functional properties. Increased osteopon-
tin expression can occur following serum stimulation of
quiescent fibroblasts, oncogene transformation or phorbol
ester treatment of fibroblasts®'. Here one can speculate
that proliferation or tumorigenic related functions of os-
teopontin may be related to control of relationships be-
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Fig. 4 The osteoblast development sequence. (A) Histochemical staining of fetal rat calvaria derived osteoblast cultures during the
development of in vitro formed bone-like tissue. Left panel, tritiated thymidine autoradiography illustrating the proliferation period; middle
panel represents alkaline phosphatase staining demonstrating nearly every cell is positive; and the right panel represents a typical von Kossa
silver stain plate revealing mineralized bone nodules throughout the culture dish, 10X. (B) Temporal expression of cell growth and osteoblast
phenotype related genes during 35 days of culture. Cells were harvested on the indicated days and total cellular RNA prepared for assay of
various transcripts by Northern blot analysis. The resulting blots were quantitated by scanning densitometry and the results plotted relative
to the maximal expression of each transcript. Conditions and origin of the probes are detailed in Owen et al., 1990 and Shalhoub et al., 1992.
In the growth period, histone H4 collagen (COLL), and osteopontin (OP) are shown. The peak levels of alkaline phosphatase mRNA (AP)
represent the matrix maturation period. In the mineralization period, osteopontin (OP) and osteocalcin (OC) reach their peak levels. The
increase in mRNA transcripts of OC and OP during the culture period reflect calcium (Ca+ +) deposition. The increase and peak levels of
collagenase (C’ASE) are related to remodeling or editing of the extracellular matrix. Apoptotic cells are observed during the mineralization
period (see text for details).
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tween cells and extracellular matrices, particularly in light
of the arg-gly-asp containing sequence that mediates cell
attachment?3°. Consistent with high levels of osteopontin
expression during the mineralization period are the cal-
cium binding properties of this acidic glycoprotein contain-
ing O-phosphoserine®®. Several studies indicate osteopon-
tin interact with osteoclasts implicating this
phosphoprotein in the resorption process!!*116:144,

The vitamin K-dependent protein, osteocalcin (bone Gla
protein), in contrast to osteopontin, is expressed only
post-proliferatively with the onset of nodule formation.
This 5.7kD calcium-binding protein, characterized by 3-
gammacarboxy-glutamic acid residues (Gla), binds tightly
to hydroxyapatite and is maximally expressed with miner-
alization of the extracellular matrix # viv0®* and in vitro'!.
Osteocalcin mRNA and synthesis correlates (0.92) to
calcium deposition i vitro in rat osteoblast cultures?,
similar to expression and protein accumulation in the bone
extracellular matrix i vivo®87, Several modifications of
culture conditions of fetal rat calvarial derived
osteoblasts!3! demonstrate that induction of high osteo-
calcin and osteopontin mRNA levels are dependent upon
formation of a mineralized extracellular matrix. However,
post-natal derived cells or osteoblasts from more mature
bone exhibit osteocalcin expression in non-mineralizing
cultures. Several studies suggest osteocalcin may contrib-
ute to either regulation of mineral deposition or turnover
of the mineral phase in bone. In wvitro osteocalcin is an
inhibitor of mineral nucleation'®*¢. In vivo increased
synthesis by pharmacologic doses of 1,25(0OH),D; results
in undermineralization®, while absence of osteocalcin
accumulation in bone (induced by warfarin anticoagulants)
leads to punctate calcifications3®®® Other studies demon-
strate osteocalcin serves as a bone matrix signal that
promotes osteoblast differentiation and acivation demon-
strated in several biological assays in vivo 33:55:56.89.93,185
and #n vitro*®?°%%% Thus, expression late in the osteo-
blast development sequence®** reflects osteocalcin as a
marker of the mature osteoblast, consistent with a possi-
ble role for the synthesis and binding of osteocalcin to
mineral for participation in bone resorption related events.
Clinically, serum osteocalcin levels reflect bone
turnover®?, and the gene is regulated by hormones (e.g.
1,25(0H),D3) and growth factors (e.g. TGFp) involved in
bone turnover (see next section).

Analysis of these osteoblasts at the single cell resolution
by in situ hybridization for expressed genes indicates that
the temporal pattern of gene expression does not occur
synchronously in all cells***#! but is related to tissue
organization. For example, osteocalcin expressing cells
are found only within mineralizing nodules; in contrast,
alkaline phosphatase positive cells occur between nodules.
The biological relevance of the osteoblast culture system

as a model for bone cell differentiation is supported by a
sequence of gene expression (cell growth and osteoblast
related genes) that is similar to the pattern of gene
expression and tissue distribution determined during fetal
calvarial development #n viv0'® and in neonatal
bones!04126:148.187 * The significance of the osteoblast
developmental sequence is that it provides a framework
for evaluating aberrations in osteoblast growth or differ-
entiation responses in bone disorders and allows for
development of targeted therapeutic approaches.

Several striking examples illustrate therapeutic ap-
proaches that can be extrapolated from an understanding
of the osteoblast development sequence. The effects of
substances including caffeine®, warfarin®%® and
dioxanes!, which have caused abnormalities in skeletal
development were examined in cultured
osteoblasts'*°217°, Each inhibited the osteoblast develop-
mental sequence i vitro, but by impinging on different
regulatory mechanisms. In other studies, it has been
shown that potential defects in bone formation iz vivo can
be reiterated through the osteoblast in vitro. For example,
osteoblast cultures established from calvaria of two rat
osteopetrotic mutants, the tl/tl and op/op, show alterations
in expression of genes and nodule formation. For the tl
mutant derived osteoblasts, the developmental sequence
is abbreviated compared to cells from normal
littermates”™. Mineralization occurs prematurely in the
osteoblasts derived from osteopetrotic calvaria, and some
of the abnormalities in the developmental pattern of
osteoblast genes expressed # vivo'>? that contribute to
the sclerotic features of the disease are retained in vitro™.

B. Two transition-restriction points during
development of the osteoblast phenotype
characterize the proliferation/differentiation
relationship.

The sequential and stringently regulated expression of
genes that define three principal periods of osteoblast phe-
notype development (proliferation, extracellular matrix de-
velopment and maturation, and mineralization) is schemati-
cally illustrated in Figure 5 as a reciprocal and functionally
coupled relationship between proliferation and differentiation.
Two transition points are key elements of this temporal
expression of genes that support cell growth and differenti-
ation: the first transition point, at the completion of the
proliferation period when genes for cell cycle and cell growth
control are down-regulated and expression of genes encod-
ing proteins for extracellular matrix maturation is initiated;
and the second, at the onset of extracellular matrix mineral-
ization. These transitions have been experimentally
established™! and functionally defined as restriction points
during osteoblast differentiation to which developmental
expression of genes can proceed but cannot pass without
additional cellular signalling®Viewed in 163,164 Thyg establish-
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Fig. 5. Reciprocal and functionally coupled relationship between cell growth and differentiation-related gene expression. (A) These
relationships are schematically illustrated as arrows representing changes in expression of cell cycle- and cell growth-regulated genes
(proliferation arrow) and genes associated with the maturation (differentiation arrow) of the osteoblast phenotype as the extracellular matrix
develops and mineralizes in normal diploid cell cultures. Here, the three principal periods of the osteoblast developmental sequence are
designated within broken vertical lines (proliferation, matrix development and maturation, and mineralization). These broken lines indicate
the two experimentally established principal transition points in the developmental sequence exhibited by normal diploid osteoblasts during
the progressive acquisition of the bone cell phenotype. The first is at the completion of proliferation when genes associated with matrix
development and maturation are up-regulated, and the second occurs at the onset of extracellular matrix mineralization. (B) A series of
signalling mechanisms are illustrated whereby the proliferation period supports the synthesis of a Type I collagen-fibronectin ECM, which
continues to mature and mineralize. The formation of this matrix down-regulates proliferation, and matrix mineralization down-regulates the
expression of genes associated with the ECM maturation period. The occupancy of AP-1 sites in the osteocalcin and the alkaline phosphatase
gene promoters by Fos-Jun and/or related proteins are proposed to suppress both basal and vitamin D-induced expression before upregulation

post-proliferatively (phenotype suppression).
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ing the basis of cellular competency for progression toward
development of the mature osteoblast phenotype neces-
sitates identification of the signalling pathways operative at
the developmental transition points by which genes are
selectively activated and/or suppressed. The absence
during the proliferation period of expression of genes
observed in post-proliferative mature osteoblasts is called
“phenotype suppression.” The model is supported by
binding of regulatory factors abundant in proliferating
osteoblasts (e.g. oncogenes™9%11* encoded or helix-loop-
helix proteins!'®!?®) to regulatory elements of genes
expressed later in development (see Section IV).

By abbreviating or extending either the proliferation or
differentiation period, one can determine which genes
associated with extracellular matrix biosynthesis, matura-
tion or mineralization are prematurely upregulated or
delayed in initiation of expression. The biochemical modi-
fications that include inhibition of proliferation, decreased
extracellular matrix biosynthesis, delayed extracellular
matrix mineralization, and accelerated differentiation by
glucocorticoid on culture in collagen matrices provided
support for several signalling pathways that promote
differentiation. Inhibition of proliferation upregulates ex-
pression of genes that are expressed only during progres-
sion of the osteoblast developmental sequence up to the
stage where mineralization is initiated (e.g. alkaline phos-
phatase and osteopontin but not osteocalcin). Additionally,
there is evidence for the concept that expression of at
least a second set of genes is not directly coupled to the
down-regulation of proliferation, but rather to develop-
ment of the more differentiated osteoblast in a mineralized
matrix. Inhibition of collagenous extracellular matrix for-
mation prevents induction of alkaline phosphatase levels
and mineralization. In the absence of mineralization, os-
teopontin and osteocalcin are not induced to high levels
and alkaline phosphatase does not decline. From these
studies, one can postulate that proliferation is functionally
related to the synthesis of a bone specific extracellular
matrix and that the maturation and organization of the
extracellular matrix contributes to the shutdown of prolif-
eration. This then promotes expression of genes that
render the matrix competent for mineralization, a final
process that is essential for complete expression of the
mature osteoblast phenotype. The onset of extracellular
matrix mineralization and/or events earlier during the
mineralization period may be responsible for the down-
regulation of genes expressed during extracellular matrix
maturation and organization. Clearly, in this model the
development of an extracellular matrix is integrally related
to the differentiation stages. This relationship is evident
from a series of studies in which cells were cultured at
various concentrations of ascorbic acid'®!. With resulting
higher levels of collagen synthesis and accumulation of the

extracellular matrix, proliferation ceases at a lower cell
density, and alkaline phosphatase mRNA levels and en-
zyme activity per cell are greater. Thus, there is a
contribution of signals from the extracellular matrix that
promotes progressive differentiation of the osteoblast, and
this is indicated from findings in other cell culture
systems**2142 This working model for a functionally
coupled relationship provides a basis for understanding
aberrations in skeletal development and the consequences
of intervention by factors that effect bone formation and
turnover.

A complementary experimental approach substantiating
the support and/or inductive effect of the collagen extra-
cellular matrix in osteoblast differentiation is culturing
primary diploid osteoblasts on Type I collagen film or in a
collagen gel®>!'%. Here, with rat osteoblasts, we observe
an accelerated progression of osteoblast phenotype
development!® indicated by early and enhanced expres-
sion of alkaline phosphatase and osteocalcin. This is in
agreement with the studies of Reddi and coworkers!®
demonstrating induction of osteocytic cells from osteopro-
genitors when grown on matrigel. Thus, our working
model provides a basis for addressing whether particular
stages of osteoblast differentiation exhibit selective re-
sponsiveness to actions of hormones and other physiolog-
ical factors that influence osteoblast activity as well as
other questions related to molecular mechanisms associ-
ated with bone formation.

III. GROWTH FACTOR AND HORMONE
MODIFICATIONS ON DEVELOPMENT OF THE
OSTEOBLAST PHENOTYPE

A. Windows of Responsiveness for Altering the
Course of Osteoblast Differentiation

Hormonal and growth factor modulation of osteoblast
growth and differentiation is also illustrated by several
striking examples, including the steroid hormones, gluco-
corticoids, and 1,25(0H)2D3, the active vitamin D metab-
olite. From an historical perspective, it is well known that
vitamin D anabolically and catabolically modulates bone cell
metabolic activities®11%1%  and more recently it has
become apparent that this occurs through selective ex-
pression of a series of vitamin D responsive genes™vieved
in 96,98 Vitamin D treatment of osteoblasts alters the level
of gene expression to one that reflects a more mature
differentiated cell. For example, with short term exposure
(up to 48 hours), proliferation is down regulated with
collagen and alkaline phosphatase mRNA levels while
osteocalcin, matrix Gla protein and osteopontin are upreg-
ulated. However, chronic treatment of rat osteoblasts
with 10®M 1,25(0H),Ds, if initiated during the prolifera-
tion period, can block differentiation of osteoblasts (Figure
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Fig. 6. Modifications of the growth differentiation relationship by growth factors, hormones and in osteosarcoma cells. (A) Inhibition of
differentiation is indicated by treatment of fetal rat calvaria osteoblasts during the proliferation period. The mitogenic effects extend the
proliferation period and irreversibly alter the phenotype development. Exposure of proliferating osteoblasts to the active metabolite of vitamin
D expression inhibits proliferation and downregulates collagen and alkaline phosphatase, blocking differentiation. (B) Induction of
differentiation by exposure of proliferating osteoblasts to glucocorticoids, represented by dexamethasone (DEX) or by acute exposure of the
cultures in the post-proliferative period to 1,25(0H)2D3 (D3). (C) The deregulation of the relationship between growth and differentiation in
transformed osteoblasts or osteosarcoma cells is illustrated. The proliferation vector reflects the continuous expression of cell growth and
expression of cell cycle- and proliferation-related genes. In contrast to normal diploid cells, the constitutive expression of osteoblast
differentiation phenotype markers in transformed cells in the absence of the two developmentally important transition points (cessation of
proliferation and mineralization) observed in normal diploid cells. In osteosarcoma cells, cell growth and tissue-specific gene expression occur

concomitantly.

6). Here the down-regulation of collagen and alkaline
phosphatase gene expression by vitamin D prevents for-
mation and mineralization of the bone extracellular matrix.
Thus, there is a consequential absence of expression of
the mature osteoblast phenotype genes such as osteocal-
cin and osteopontin which are coupled to mineral deposi-
tion.

The proliferating osteoblast ¢ vitro (analogous to the
osteoprogenitor cell i wvivo) is highly responsive to a
phenotype modification, as also illustrated by the effects of
glucocorticoids?*. Glucocorticoids promote differentiation
of progenitor cells to the osteoblast phenotype®® and
accelerate the differentiation time course of rat osteo-
blasts . vitro. Dexamethasone, a synthetic glucocorticoid,
increases the number of mineralized bone nodules in
primary fetal rat calvarial osteoblast cultures'®. In subcul-
tivated cells, the effect is even more pronounced. Gluco-
corticoids stimulate the growth of cells competent to
progress through the osteoblast developmental sequence.
In the absence of dexamethasone, passaged osteoblasts
lose the ability to differentiate. This responsiveness dimin-
ishes when cells reach confluency indicating the impor-
tance in targeting the proliferating cell. However, there is
a limited capacity of the cells for this reinitiation of
osteoblast growth and differentiation. It is likely that
glucocorticoids push the cells to terminal differentiation,
depleting the pool of proliferating uncommitted cells.

The molecular mechanisms associated with glucocorti-
coid mediated osteoblast differentiation are not
clear'®31%7_ Early response genes (e.g., cfos) are induced.
Osteopontin responds rapidly and expression is increased
by dexamethasone during the proliferation period. Alkaline
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phosphatase and osteocalcin are upregulated parallel to an
increase in the number of bone nodules and earlier
induction of mineralization compared to non-
dexamethasone treated cultures. Whether some of the
relationships between genes that are coupled or function-
ally related have been altered due to direct modulation by
glucocorticoids or whether the accelerated differentiation
is secondary to other modifications in osteoblast develop-
mental parameters remains to be established.

TGFB1 is a principal mediator of cell growth and
differentiation™v'¢Ved ™ 27 which regulates bone matrix
formation and turnover i vivo'41924 However, TGFB1
has been shown to inhibit, in a dose dependent manner,
development of the osteoblast phenotype in cultures of
chick periosteal cells” and fetal rat calvarial derived
cells>20®°_ This observation appears inconsistent with (a)
several i vivo studies demonstrating local application of
TGFp1 stimulates bone formation and (b) knowledge that
osteoblasts produce TGFB1 47131, The discrepancy is
easily reconciled. In vivo, numerous cell types are present
in the local bone environment that are targets for TGFB1.
Synergistic effects on local factors produced by non-
osseous cells that stimulate osteoblast activity are not
present in the more homogeneous osteoblast preparations
isolated for in vitro studies. Secondly, in vitro, TGFB1
mRNA levels are highest during the proliferating period
and downregulated post-proliferatively during nodule
formation'®!. Another level of regulation is production of
protein in a latent form32. Thus, the addition of active
TGFp1 peptide to bone cells in vitro reveals effects on the
osteoblast phenotype not appreciated from iz vivo studies.
Harris et al.® (1994) reported that TGFB1 also inhibited
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BMP2 expression in these fetal rat calvarial cell cultures
implicating this bone morphogenic protein, as well as the
bone matrix related proteins, as components of the
TGFB1 inhibition of osteoblast differentiation. Post-
proliferative osteoblasts and second passage cells that are
accelerated to differentiate by dexamethasone are refrac-
tory to the inhibitory effects of TGFB12° emphasizing the
window of responsiveness to physiologic mediators for
phenotype modifications in proliferating osteoblasts.

B. Selective Responses are Related to the Stage
of Osteoblast Maturation

Not only do hormones and growth factors influence the
osteoblast growth and differentiation relationship, but
responsiveness of a particular gene to a physiologic regu-
lator is a function of the developmental stage of the
osteoblast. This is illustrated by several examples. Sev-
eral studies reported differential stimulation of alkaline
phosphatase by vitamin D, dependent upon the basal level
of expression in the ROS 17/2.8 cell*107:1%,
1,25(0H),D; exerts either stimulatory or inhibiting effects
on collagen synthesis in various cell lines and culture
systems?®418%_ In the normal diploid rat osteoblast cul-
tures at different stages of phenotype development, from
the proliferation period to the mature osteocyte-like cell in
the mineralized matrix, we observed pleiotropic effects on
several vitamin D regulated genes between immature and
differentiated osteoblasts®”!33, For example, histone H4,
collagen, and alkaline phosphatase are down-regulated in
proliferating osteoblasts, but in mature osteoblasts in a
mineralized matrix, an upregulation is observed. The
selective effects of the hormone are illustrated by a change
in morphology of osteoblasts on the surface of a mineral-
ized nodule, with no effect on internodular cells*4®. This
observation may be relevant to the selective functional
activities of osteoblast populations in wvivo. In wvivo
1,25(0OH),D; can promote differentiation of osteoclasts
and mediates bone resorption through activities on the
osteoblast. Lining cell osteoblasts must retract from the
bone surface and secrete factors for osteoclast activation.
Other osteoblasts need to be involved in bone formation
activities. The release of local active growth factors or
cytokines to stimulate osteoblast proliferation is one such
mechanism to increase or recruit a local osteoblast popu-
lation to the resorption site.

Confirmation of this concept of developmental respon-
siveness of the osteoblast is also observed in relation to
glucocorticoid effects!®>17°, Osteopontin and alkaline
phosphatase are increased 20-30 fold greater in alkaline
phosphatase negative cells compared to mature osteo-
blasts. Growth factors also exhibit differential effects in
modulating cellular activities depending on the cell pheno-
type, stage of maturation and level of gene
expression®>>*145, Fibroblast growth factor (aFGF) can

stimulate bone formation i viw0'*>'?°, and in vitro can

promote osteoblast differentiation of marrow progenitor
cells in conjunction with dexamethasone2® or bone organ
culture?®. However, exposure of osteoblast cultures to
oFGF can block differentiation via its mitogenic effects and
induction of collagenase?>145:16% anq inhibit collagen ex-
pression in mature MC3T3-E1 cells™.

In summary, these findings support the concepts that
(1) a proliferating osteoblast-like cell is selectively sensi-
tive to phenotype alterations by steroid hormones and
growth factors; and (2) genes exhibit developmental
stage-specific responses reflecting subtle differences in
the cohort of transcription factor complexes regulating the
cognate promoter regulatory elements. Glucocorticoids,
1,25(0H),D; and TGFB have irreversible and sustained
effects that modify the progression of differentiation of
proliferating cells of the osteoblast lineage. Several ques-
tions are raised regarding the relevance of these i vitro
observations to physiologic and therapeutic effects in vivo.
Considerations need to be given to osteoblast subpopula-
tions as well as to dose and timing or duration of hormone
exposure. More fundamental questions are related to
defining the specific mechanisms operative in proliferating
cells that allow for such dramatic phenotypic alterations.
Possibilities include the involvement of early response
genes and modifications in transcription factors by hor-
mones and growth factors, e.g. the oncogenes®95132,
homeobox  genes®19117  and  helix-loop-helix
proteins'18129.168 Each of these classes of transcription
factors is regulated by steroid hormones and modulates
bone-specific gene expression reflecting a cascade of
mechanisms contributing to phenotypic modifications.

IV. ADDRESSING MOLECULAR MECHANISMS
MEDIATING OSTEOBLAST GROWTH AND
DIFFERENTIATION

Proliferation is a fundamental requirement for develop-
mental establishment and renewal of tissues. A broad
spectrum of signalling mechanisms, which integrate and
amplify growth-related regulatory cues, regulate the ex-
pression of genes requisite for proliferation and cell cycle
control. Equally important are the regulatory cues in
proliferating cells that allow for exit from the cell cycle and
commitment to a phenotypic lineage. Consequently, the
modularly organized promoter elements of genes which
support the onset and progression of proliferation provide
a blueprint for growth control within the context of
responsiveness to mediators of proliferative status. These
include, but are not restricted to, cytokines, growth
factors and steroid hormones. To define these molecular
mechanisms, we have focused on characterization of the
transcription factors regulating the promoters of two
genes; the histone gene which is tightly coupled to DNA
synthesis and the osteocalcin gene which is developmen-

Volume 15 127



J. B. Lian, G. S. Stein

PROLIFERATION: S - phase

NMP-1/

NF-1

PROLIFERATION: G2/ M/ G1 phase

NMP-1/
YY-1

NF-1

DIFFERENTIATED

YY-1 H4UA-1/YY-1

H4UA-1/YY-1

IRF-1/IRF-2
HiNF-D (CDC2/ CLN-A/

Fig. 7. Regulation of histone gene expression during osteoblast growth and differentiation. Organization of the human histone H4 gene
promoter regulatory elements (Sites I-IV) is illustrated. The transcription factors which exhibit sequence specific interactions with these
domains are indicated during the S phase of the cell cycle when the gene is actively transcribed (top panel). Site II contributes to cell cycle
regulation of transcription, Site IV binds a nuclear matrix protein complex (NMP-1), while the protein-DNA interactions at Sites III and I
support general transcriptional enhancement. The Site II transcription factor complex is modified by phosphorylation during the G1/G2/
mitotic periods of the cell cycle resulting in lower levels of transcription. The lower panel (differentiated cells) illustrates complete loss of
transcription factor complexes at Sites II, III, and IV following exit from the cell cycle with the onset of differentiation. Assembly of the Site
II complex during S phase involves cyclin A, the cyclin dependent kinase cdc2, an RB related protein and IRF2 growth regulatory factors,
reflecting integration of phosphorylation mediated control of histone gene expression.

tally regulated and a tissue specific marker of differentia-
tion.

The regulatory sequences are established in gene pro-
moters by one or more criteria that include: (1) demon-
stration of an influence on transcriptional activity by
deletion, substitution or site specific mutagenesis i vitro
and i wvivo; (2) identification and characterization of
sequence specific regulatory element occupancy by cog-
nate transcription factors in vitro and in vivo; (3) modifi-
cations in protein-DNA interactions as a function of bio-
logical activity; and (4) consequential modifications in
functional activity following overexpression or suppression
of factors which exhibit sequence-specific recognition for
regulator domains.
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A. The Histone Gene Promoter is a Paradigm for
the Integration of Regulator Signals Mediating
Cell Cycle Control and Proliferation/
Differentiation Interrelationships.

From a biological perspective, an understanding of
growth control necessitates defining the stringent regula-
tion of molecular parameters associated with competency
for initiation of proliferation and progression through the
cell cycle!?. Regulatory parameters have been defined that
mediate both initiation of proliferation and cell cycle
progression'®®. The emerging concept is that the cyclins
and cyclin-dependent kinases are responsive to regulation
by the phosphorylation-dependent signalling pathways as-
sociated with activities of the early response genes which
are upregulated following mitogen-stimulation of prolifer-
ationreviewed in 71,69,80,106 Cyclin.dependent phosphoryla-
tion is functionally linked to activation and suppression of
both p53 and Rb-related tumor suppressor genes which
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mediate transcriptional events involved with passage into
S phase. The activities of the cyclin-dependent kinases are
downregulated by a series of inhibitors designated CDI's
and mediators of ubiquitination which signal destabilization
and/or destruction of these regulatory complexes in a cell
cycle-dependent manner. Particularly significant is the
accumulating evidence for functional interrelationships be-
tween activities of cyclin-cdk complexes and growth arrest
at G1 and G2 checkpoints where competency for cell cycle
traverse is monitored®’38128:15  editing functions are
operative, and decisions for continued proliferation,
growth arrest or apoptotic cell death are executed!s®.

The histone gene promoter is a paradigm for under-
standing molecular mechanisms related to cell cycle-
mediated transcriptional controlfevieved in 160,162 oy,
scription of the gene is constitutive throughout the cell
cycle, upregulated at the onset of S phase and completely
suppressed in quiescent cells or following the onset of
differentiation’33® (Figure 7). Consequently, activity of
the promoter is responsive to regulatory signals which
contribute to transcriptional competency for cell cycle
progression at the G1/S phase transition point and to
transcriptional downregulation postproliferatively. The
modularly organized promoter regulatory elements of the
histone H4 gene promoter and the cognate transcription
factors have been characterized within the context of cell
cycle dependent regulatory parameters!38:143:176.177,
179,180 (Rigure 7). There is a direct indication that the cell
cycle regulatory element exhibits phosphorylation-
dependent modifications in transcription factor interactions
which parallel and are functionally related to cell cycle as
well as growth control of histone gene expression. The S
phase transcription factor complexes assembling at the H4
promoter include cdc2, cyclin A, and RB related protein
and IRF-2'8118  reflecting an integration of
phosphorylation-mediated control of histone gene expres-
sion, enzymes involved in DNA replication, as well as
growth stimulation and growth suppression at the G1/S
phase transition point.

B. The Osteocalcin Gene'is a Paradigm for
Integration of Regulator Signals Mediating
Developmental and Hormonal Regulation of Bone
Formation.

Influences of promoter regulatory elements that are
responsive to basal and tissue-restricted transactivation
factors, steroid hormones, growth factors and other phys-
iologic mediators has provided the basis for understanding
regulatory mechanisms contributing to developmental ex-
pression of osteocalcin, tissue specificity and biological
activity. These regulatory elements and cognate transcrip-
tion factors support postproliferative transcriptional acti-
vation and steroid hormone (e.g. vitamin D) enhancement
at the onset of extracellular matrix mineralization during

osteoblast differentiation. The bone-specific osteocalcin
gene is organized in a manner which supports responsive-
ness to homeostatic physiologic mediators and develop-
mental expression in relation to bone cell differentiation
(Figure 8).

A series of elements contributing to basal expression®!
include a TATA sequence (located at -42 to -39) and the
osteocalcin box (OC box), a 24 nucleotide element with a
CCAAT motif as a central core. Both are required for
rendering the gene transcribable? 77172173 The OC box
is a highly conserved regulatory sequence required for
basal expression of the rat, mouse and human OC genes.
The OC box additionally serves a regulatory function in
defining the threshold for initiation of transcription and
contributes to bone tissue-specific expression of the os-
teocalcin gene®2. However caution must be exercised in
attributing tissue-specific transcriptional control to a single
element. Contributions of multiple sequences appear to be
operative in tissue-specific regulation thereby providing
opportunities for expression of the osteocalcin gene in
bone under diverse biological circumstances.

Two osteocalcin gene promoter regulatory domains
which exhibit recognition for transcription factors that
mediate developmental pattern formation are an MSX
homeodomain protein binding site within the OC
box®2:66:173 and an AML runt homology sequence protein
binding site'®'182, The AML sites also bind an osteoblast
restricted nuclear matrix protein complex (NMP-2),” and
our preliminary studies indicate an AML related protein is
present in osteoblasts'®'182, These sequences may rep-
resent components of regulatory mechanisms that contrib-
ute to pattern formation associated with bone tissue
organization during initial developmental stages and sub-
sequently during tissue remodelling. Involvement of other
homeodomain-related genes that are expressed during
skeletal development in control of osteoblast proliferation
and differentiation is worthy of consideration. These in-
clude, but are not restricted to, the families of Dlx and
PAx59,83,101,157 genes.

Multiple glucocorticoid responsive elements (GRE) with
sequences that exhibit both strong and weak affinities for
glucocorticoid receptor binding have been identified in the
proximal promoter>®3-16, Interactions of other transcrip-
tion factors with the proximal glucocorticoid responsive
elements which include NF-IL6 have been reported!’,
further expanding the potential of the OC gene to be
transcriptionally regulated by glucocorticoids. A distal
GRE (nt -697 to -683) is in close proximity to an AP-1 site.
It is reasonable to consider that the OC gene GRE’S may
be selectively utilized in a developmentally and/or physio-
logically responsive manner.

The vitamin D responsive element (VDRE) functions as
an enhancer?®:3+ 79111117171 " The VDRE transcription
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Fig. 8. Regulation of osteocalcin gene expression during osteoblast growth and differentiation. The regulatory domains within the initial 700
nucleotides 5’ to the transcription start are indicated. In the proximal promoter, several classes of transcription factors are represented which
bind to key regulatory elements. The OC Box is the primary tissue specific transcriptional element that binds both homeodomain proteins
(MSX), oncogene encoded proteins forming heterodimers at AP-1 sites or a cryptic tissue-specific complex (not shown). Helix-loop-helix
protein (HLH) bind to the contiguous E Box motif. Three nuclear matrix protein binding Sites (A, B and C) interact with an AML related
transcription factor. Several glucocorticoid response elements (GRE) are indicated as well as the vitamin D response element (VDRE), which
is a primary enhancer element. Additional AP-1 sites are indicated that overlap either the TGFb response element (TGRE) or the VDRE. The
combined and integrated activities of overlapping regulatory elements and associated transcription factors provide a mechanism for
developmental control of expression during osteoblast growth and differentiation. Occupancy of the elements by cognate transcription factors
parallels and is functionally related to either (a) suppression of transcription in proliferating osteoblasts (top panel); (b) activation of
expression in differentiated cells (middle); and (c) enhancement of transcription by vitamin D (lower panel).

TATA GRE mRNA
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factor complex appears to be a target for modifications in
vitamin D mediated transcription by other physiologic
factors including TNF-a®* and retinoic acid!®8%105:149.150
Additional regulatory sequences include an interferon re-
sponse domain'?!, an NFkB site reported to be involved in
regulation mediated by TNF«,%® a series of AP-1
sites®®>94137  (one of which mediates TGFB
responsiveness’), an E box!%® that binds HLH containing
transcription factor complexes, and a sequence in the
proximal promoter that binds a multi subunit complex
containing CP1/NR-Y/CBF-like CAAT factor complex'"4.
The overlapping and contiguous organization of regula-
tory elements, as illustrated by the TATA/GRE, E Box/
AP-1/CCAAT/homeodomain, and TNFa/VDRE AP-1/
VDRE, provide a basis for combined activities that support
post-proliferative expression and responsiveness to phys-
jologic mediatorsreViewed in 9698  Additionally, hormones
modulate binding of transcription factors other than the
cognate receptor to non-steroid regulatory sequences.
For example, vitamin D induced interactions occur at the
basal TATA domain,®* and 1,25(0H),D; upregulates
MSX-2 binding to the OC box homeodomain motif and
supports increased MSX-2 expression®®%173, It is this
complexity of OC gene promoter element upregulation
that allows for hormone responsiveness in relation to
either basal levels of expression or other activities.

V. DEREGULATION OF GROWTH-
DIFFERENTIATION RELATIONSHIP IN
TRANSFORMED OR OSTEOSARCOMA CELLS

In several transformed osteoblasts and osteosarcoma
cell lines such as the ROS 17/2.8 rat osteosarcoma cell
line, there is a deregulation of the sequential pattern of
gene expression observed in diploid osteoblasts. A relax-
ation of control mechanisms permits sequentially ex-
pressed genes in diploid osteoblasts to be expressed
simultaneously during proliferation, as reflected by con-
comitant expression of the histone H4 gene and tissue
specific genes including alkaline phosphatase, osteopontin,
and osteocalcin®*. It should be emphasized that, while in
normal diploid osteoblasts some genes (e.g. osteocalcin,
osteopontin) are expressed or induced to high levels only
at the onset of extracellular matrix mineralization, the
genes in osteosarcoma cells are expressed in the absence
of a bone-like extracellular matrix. Perturbations are
implicated in the signalling mechanisms that interface the
down-regulation of cell growth and induction of genes that
support extracellular matrix maturation and specialization
with those that control gene expression associated with
extracellular matrix mineralization. Qur understanding of
how gene responsiveness to regulators of osteoblast
growth and differentiation is compromised in osteosar-
coma cells can thereby provide insight into molecular
mechanisms that are deregulated.

Transcriptional control of the H4 histone gene is strik-
ingly modified in osteosarcoma cells. An abrogation of the
cell cycle and proliferation-regulated changes in transcrip-
tion factor binding to the histone promoter elements, most
notably at the cell cycle regulatory element by nuclear
extracts from tumor cells, is observed®”. Enzymatic de-
phosphorylation of nuclear extracts results in loss of
HiNF-D-site II interactions and increased electrophoretic
mobility of the site III protein-DNA complex in normal
cells. Therefore, involvement of phosphorylation at these
two histone gene promoter elements is implicated®!.
Indeed, specific phosphorylation events (kinase activities)
play a key role in cell cycle progression e.g. cdc2 regula-
tion of the cyclin gene?”. Thus, for a tumor cell, continual
traverse of the cell cycle may be associated with modifi-
cations in the level of transcription factor phosphorylation
or the utilization of specific phosphorylation sites. The
observations are not unique to the ROS 17/2.8 cell, but a
comparison of several tumor cell lines revealed similar
differences when compared to their normal diploid coun-
terparts. The identical relationship has been shown in
WI38 (normal fibroblasts) compared to the transformed
HeLa cell line'”.

The post-proliferative and developmental expression of
osteocalcin in normal diploid osteoblasts and its regulation
by steroid hormones only when osteocalcin expression is
ongoing postproliferatively has been well documented. We
have proposed that AP-1 sites which overlap the basal
regulatory CAAT-containing element, the OC box, and the
vitamin D responsive element (VDRE), bind the nuclear
proto-oncogene encoded fos-jun protein complex as a
mechanism by which osteocalcin expression and vitamin D
modulation is suppressed in normal actively dividing
cells® 133, In ROS 17/2.8 cells, osteocalcin expression
occurs in the presence of AP-1 activity in contrast to the
diploid cells. To understand osteocalcin expression in
proliferating tumor cells, we have examined the transcrip-
tion factor complexes at basal regulatory sequences and at
the vitamin D responsive element of the osteocalcin gene
promoter. In normal diploid osteoblasts, nuclear extracts
from proliferating cells and in post-proliferative osteocalcin
expressing cells exhibit differences in protein-DNA inter-
actions. In contrast, the tumor cell nuclear extracts from
proliferating or confluent cultures are similar and support
protein-DNA interactions that are strikingly different than
those of the normal osteoblasts'®. These differences are
found at each of the basal elements and the VDREZ?:151,

We can speculate that the deregulation of growth
control in osteosarcoma cells may reflect modifications in
the activity of tumor suppressor genesreviewed by 87,186
Alternatively, or together with the loss of stringent
growth control, there may be modifications in the regula-
tory sequences and/or in the factors that control the
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progressive expression of tissue-specific genes and their
response to cell growth or morphogenic regulatory fac-
tors. While the specific molecular mechanisms remain to
be established, by further understanding the deregulation
of growth in bone tumors, we can anticipate gaining
additional insight into control of the tightly coupled rela-
tionship between proliferation and development of the
osteoblast phenotype.
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