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The Role of Extracellular Matrix in Osteoblast Differentiation:
Implications for TGF-31, BMP-6 and Type I Collagen

Martin Kirk

Extracellular matrix (ECM) promotes and regulates cellular differentiation and

proliferation, as well as the behavior of adherent cells. Protein and molecular

genetic analysis reveal the osteoinductive activity of demineralized bone matrix

(DBM) is due to the presence of members of the TGF-3 superfamily. Osteoblasts

synthesize and respond to many members of the TGF-3 superfamily, but details of

the mechanism of these interactions are unknown. We hypothesize that select

members of the TGF-3 superfamily are responsible for the control of osteoblast

differentiation as part of an autocrine feedback loop involving not only the growth

factors but their physical association within the ECM. To test this hypothesis, we

use the multipotential mesenchymal stem cell line ROB-C26 (C26) which express

low levels of some of the phenotypic markers of authentic bone cells but will

differentiate into more mature, osteoblast-like cells and produce an extensive ECM

when treated with retinoic acid (RA). Critical experiments target several goals: (1)

determining whether the ECM of differentiating C26 cells is osteoinductive, if so

(2) identifying at least some of the TGF-3 superfamily members involved in the

inductive activity, (3) assessing whether growth factor association within the ECM

is essential to this activity and (4) defining a role for collagen, the major organic

component of matrix, in cell-matrix interaction. Initial experiments involve the

isolation of ECM from RA-treated and untreated cells, and show that only the

former is capable of stimulating osteoblast differentiation both in vivo and in vitro.

The next set of experiments utilize specific neutralizing antibodies or antisense

oligonucleotides and establish that both TGF-01 and BMP-6 are essential to the

RA and ECM induced differentiation of C26 cells. The importance of TGF-■ ºl is
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further supported in experiments in which C26 cells, stably transfected with a

truncated construct of the Type II TGF-3 receptor to create a dominant-negative

blockade of the TGF-■ receptor, is no longer able to differentiate into osteoblast

like cells. The third goal is to assess whether physical association or "coupling" of

growth factors to the ECM is essential to the osteoinductive activity of the ECM.

Supporting evidence is found in the neutralizing antibody experiments in which the

ECM is treated with these reagents and inductive activity is inhibited. Experiments

reveal that both recombinant BMP-6 and TGF-31 are osteostimulatory to C26

cells only when in the presence or crosslinked to Type I collagen (Col I). The

fourth and final goal is to clarify a role for collagen in the RA-induced C26

differentiation process. Col I film is capable of eliciting some but not all of the

phenotypic changes seen in C26 cells treated with RA or the ECM. Furthermore,

we have found that the inhibition of collagen synthesis also blocks C26 cell

differentiation and the synthesis of TGF-31. Similarly, reagents known to inhibit

collagen attachment via cell surface integrins also inhibit differentiation in the

presence of RA. Thus, collagen synthesis and interaction via integrins appear

necessary for osteoblast differentiation as regulated by ECM. Some of this

regulation can be attributed directly to collagen, distinct from the growth factors

associated with it.

Key Words: extracellular matrix, osteoblast, differentiation, TGF-3, BMP-6,

collagen
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General Introduction

This dissertation examines the role of extracellular matrix (ECM) and

matrix-associated TGF-■ related growth factors in osteoblast differentiation.

Chapter 1 provides background information that ECM influences a wide range of

phenomena and presents several cell-matrix model systems: mammary epithelial,

hepatocyte, keratinocyte and osteoblast, which have laid the groundwork in our

understanding of how ECM regulates cellular differentiation and function. In

addition, we provide examples of matrix proteins binding and modulating growth

factors, proteoglycans binding to FGFs and collagens binding to members of the

TGF-3 superfamily. Together, this evidence has lead us to hypothesize that matrix

and matrix-associated growth factors regulate osteoblast differentiation through a

regulatory feedback loop.

Chapter 2 is a reprint in which we describe our matrix-osteoblast

model system utilizing the mesenchymal precursor cell line, ROB-C26, and present

data demonstrating that matrix and matrix-associated TGF-31 promotes osteoblast

differentiation. Chapter 3 provides further evidence for the autocrine role of TGF

B1 in the osteoblast differentiation of ROB-C26 cells. Chapter 4 provides

evidence that matrix-associated BMP-6 plays a causal role in osteoblast

differentiation. Finally, chapter 5 provides evidence for an essential role for type I

collagen in osteoblast differentiation and we demonstrate that type I collagen can

act as a carrier and augmentor for TGF-31 and BMP-6. Together, we conclude

that differentiating osteoblasts deposit an osteoinductive matrix and this inductive

activity is attributed, in part, to matrix-associated TGF-31 and BMP-6, as well as

type I collagen.



Introduction

Extracellular Matrix

A direct role has been proposed for the regulation and maintenance of cell

differentiation and function by the extracellular matrix (ECM, Hay book). The

ECM consists of structural proteins: collagens, glycoproteins and proteoglycans,

as well as a variety of cytokines and growth factors. These matrix-associated

growth factors have also been implicated in the regulation and maintenance of cell

phenotype and function. Matrix has been shown to modulate a host of cellular

functions, including cell migration and gene expression. Moreover, it is known

that proper embryological development relies on the adherence of cells to an ECM.

Thus, it is becoming increasingly clear that the ECM can regulate cell growth and

differentiation not only by the direct attachment of its component molecules to

receptors on the surface of cells, but also by binding and/or activating other

molecules, including growth and differentiation factors,.

Embryonic Development

Extracellular matrix plays many roles and serves many functions in

embryogenesis. The first matrices to appear in the embryo are the basal laminas

located under the ectoderm and endoderm. These basal laminas appear when the

primitive streak is forming and it is along these two surfaces that mesenchymal

cells from the primitive streak migrate to occupy the space between these two

layers. Collectively, these mesenchymal cells make up what is known as the

mesoderm and the process, gastrulation. After gastrulation, an ECM-covered

notochord forms from the mesoderm and provides some of the inductive



stimulation needed for neurulation. It is from the neural tube that the brain and

spinal cord are formed and neural crest cells originate.

Isolated neural crest cells will migrate into a three-dimensional basement

membrane demonstrating the migratory influence of matrix. This migration can be

inhibited by the addition of a peptide encoding for a laminin binding domain,

YIGSR (Bilozur and Hay 1988 Dev. Biol.), thus defining a role in neural crest

migration for laminin, a basement membrane component.

During embryonic development, retinal cells migrate along purified

collagen. Recently, the migrating retinal cells have been found to express a

member of the integrin family of cell surface matrix receptors known to bind

collagen, alpha2betal. Utilizing functional blocking antibody directed against

alpha2betal, embryonic retinal cell adhesion, outgrowth and migration are greatly

inhibited (Bradshaw 1995 Development). Precisely how integrins influence

migration remains unclear.

Osteogenesis Imperfecta

In adult tissue, the role of the ECM is most obviously manifested in

diseases in which there is a defect in genes encoding matrix proteins. For example,

genetic abnormalities in type I collagen processing have now been identified and

associated with the development of osteogenesis imperfecta (Hay book). This

disease is typified by abnormal stature, bone and cartilage development. To date, a

large number of deletion, frameshift or point mutations in the human type I

procollagen genes have been identified that lead to improper protein folding,

degradation of abnormal collagen trimers, and decreased collagen synthesis and



secretion. Ol patients do not exhibit major abnormalities in skin, but display

severe defects in bone and susceptibility to fractures, suggesting the importance of

matrix in bone development and function.

The Mammary Gland

A number of investigators have established in vitro model systems that

have greatly increased our knowledge of cell-matrix interaction. One such model

utilizes mouse mammary epithelial cells. Such cells, when plated on plastic, even

in the presence of lactation-stimulating hormones, appear flat, do not express milk

proteins and fail to form acinous structures containing a lumen. On the other hand,

when mammary epithelial cells are plated on various ECMs, e.g. a floating collagen

gel or basement membrane, in the presence of stimulating hormones, cells begin to

aggregate, polarize and form tubular structures, as well as express and synthesize

the milk proteins, 3-casein and whey acid protein (Streuli and Bissell 1991 Cancer

Treatment Res.). In other words, undifferentiated cells, when in contact with an

appropriate matrix, begin to express a differentiated phenotype more typical of

mammary epithelial cells during pregnancy or lactation in situ.

Does binding to matrix trigger a signal that directly regulates the

expression of specific milk protein genes or is the process defined solely by soluble

hormones or growth factors? One way to address this issue is to investigate if

expression of a milk protein is responsive to matrix and if so, define a response

element in milk protein genes. Using the 3-casein promoter linked to a reporter

gene, Streuli. et al., (1995 JCB) found an increase in 3-casein transcription when

mammary cells are plated on a basement membrane. Subsequent experiments

utilizing specific deletions of the 3-casein promoter showed that increased



transcription involved a specific region in the 3-casein promoter, i.e. a matrix
response element.

If ECM provides signals that directly trigger specific gene expression in

mammary epithelial cells, is there a specific component of the ECM that triggers

these signals? Laminin, a basement membrane component, activates transcription

of 3-casein in mammary epithelial cells. Blocking peptides and laminin antibodies

define a laminin fragment that is active in triggering gene expression (Streuli 1995

JCB).

The influence of ECM on mammary epithelial cells is dynamic and

reciprocal. Mammary epithelial cells plated on a basement membrane exhibit little

matrix synthesis. On the other hand, mammary epithelial cells plated on plastic

exhibit an increase in matrix synthesis. When the mammary epithelial cells have

laid down an appropriate matrix they subsequently turn off matrix synthesis

(Streuli 1995 JCB). In addition, TGF-31 transcription closely correlates with

matrix synthesis, suggesting that TGF-31 plays a major role in establishing

mammary epithelial cell-matrix interaction and might be an important component

of a feedback loop regulating matrix synthesis in mammary epithelial cells.

Hepatocytes

Primary hepatocyte cultures have also proven useful in investigating the

effects of ECM on cell differentiation. Hepatocytes recovered from liver by

perfusion and plated on dishes coated with reconstituted, dried tail collagen

assume a flat, extended morphology and exhibit low levels of liver-specific genes

(albumin, O. 1-inhibitor III, and o. 1-antitrypsin). On the other hand, hepatocytes



cultured on hydrated tail collagen at high density or on basement membrane gels

remain raised, rounded or cuboidal and form small aggregates. This matrix

induced change in morphology is accompanied by a dramatic increase in liver

specific gene expression and protein synthesis (Ben-Ze'ev 1988 PNAS). For

example, albumin enhancer activation is seen in cells plated on different ECM

substrates as demonstrated with reporter gene constructs. In addition, two liver

transcription factors which activate the albumin gene are up-regulated by cell

matrix interaction (DiPersio 1991 Mol and Cell. Biol.).

Keratinocytes

Morphological change is an essential feature of cell maturation and

supports the idea that cytoskeleton organization, as influenced by matrix

interaction, can dictate gene expression and cellular differentiation, at least in some

cell systems. However, the binding of matrix or components is not always

stimulatory for change of cell shape and differentiation. In fact, it appears to be

the opposite with stratified keratinocytes cultures; which become less adhesive to

their substratum and to one another as they migrate away from the basal layer and

terminally differentiate. On the other hand, human keratinocytes differentiate when

cultured in suspension in methylcellulose, a non-adhesive substratum that releases

cells from shape constrictions. Moreover, terminal differentiation of keratinocytes,

as assessed by the expression of involucrin, can be inhibited by the addition of the

adhesive glycoprotein, fibronectin, to the cell suspension. The effect of fibronectin

is mediated through an integrin receptor (Adams 1989 Nature).



Osteoblasts

It is well established, that bone cells in vitro can be regulated by the ECM

(including basement membrane) and specific ECM components. For example, the

differentiation of the mouse osteoblast-like cell line, MC3T3-El, is more rapid

when plated on matrigel, a reconstituted basement membrane. The cells increase

in alkaline phosphatase activity (ALP), form mineralized nodules and send out cell

processes reminiscent of the canalicular processes of osteocytes. The formation of

these canalicular processes can be regulated by laminin and peptides encoding

discrete domains of laminin (Vukicevic 1990 Cell).

Matrix and Fibroblast Growth Factors

Extracellular matrix may influence cell function and differentiation by

harboring growth and differentiation factors. For example, the basement

membranes of the cornea contains an angiogenic endothelial cell mitogen, basic

fibroblast factor (bFGF). This factor is known to bind heparin or heparan sulfate,

a matrix proteoglycan, and can be released from the cornea when treated with

heparanase or heparin; a finding that suggests that this mitogen is stored in the

basement membrane as a heparan sulfate-bfGF complex. (Folkman 1988 Am J of

Path). Indeed, FGF binding to proteoglycans can alter growth factor activity.

Percalan, a large basement membrane heparan sulfate proteoglycan binds bFGF in

such a way as to promote FGF-Receptor (FGFR) binding and augment the

mitogenic and angiogenic activity of bfGF (Aviezer 1994 Cell).

The physiological significance of ECM-associated bFGF is that it can be

released at a later time to further promote differentiation and tissue



morphogenesis. Thus, it has been demonstrated that bovine bone cells synthesize

bFGF and store it in the ECM. Naive osteoblasts plated on such a matrix respond

by increasing in proliferative activity, demonstrating this mitogen in the ECM is

available in its bioactive form (Globus 1989 Endocrinology).

How does proteoglycan binding of FGF modulate growth factor activity?

Growth factors, like FGF exert their action by binding to a family of receptors,

which in turn leads to the dimerization of receptors as a key event in triggering of

transmembrane signaling events. Studies show that acidic FGF (afGF) alone does

not bind purified soluble FGFR. However, the addition of heparin causes afGF

oligomerization, leading to sRGFR binding and the subsequent dimerization and

activation of receptor signaling (Spivak-Kroizman 1994 Cell).

Matrix and Transforming Growth Factor-3s

Growth factors belonging the TGF-3 superfamily are known to attach to

proteoglycans. TGF-3 binds to proteoglycans located in the matrix, such as

decorin (Yamaguchi 1990) and to those found on the cell surface, such as

betaglycan (Andres 1989). Although the function of binding is not fully known, it

appears that proteoglycans sequester and possibly neutralize TGF-3.

TGF-31 also binds types I and IV collagen in vitro (Paralkar 1991 Dev.

Biol.). In addition, type IV collagen has been shown to bind TGF-3 superfamily

members with demonstrated bone inducing activity, specifically BMP-4 (Paralkar

1992 JCB) and BMP-3 or osteogenin (Paralkar 1990 JBC). Basement membrane

from invading endothelial cells and blood vessels contain type IV collagen and,

thus, may play a role in endochondral bone formation and fracture repair by



binding osteoinductive growth factors. For example, type IV collagen might

present these soluble growth factors in solid state so as to specify positional

information.

Thrombospondins are known to inhibit or stimulate cell growth or tissue

formation. It has been suggested that this growth modulatory property is partially

mediated through a complex with TGF-3. TGF-3 is a growth and differentiation

peptide that is secreted in a latent form and, therefore, requires activation to be

effective. Soluble thrombospondin binds TGF-3, which leads to the activation of

latent TGF-3 via a cell-and protease-independent mechanism (Schultz-Cherry

1994 JBC).

Osteoblasts and Matrix

The pioneering work of Urist and colleagues (Urist Science 1965 Science,

Reddi and Huggins 1972 PNAS) demonstrated that the implantation of

demineralized bone or dentine matrix will induce new bone and cartilage

formation. The events following implantation recapitulate endochondral bone

formation as seen in the embryo and during fracture repair, validating the use of

implantation studies as an in vivo model for the regulation of endochondral bone

formation.

Implants placed subcutaneously or intramuscularly in a suitable animal

initiate osteogenesis. At day five (5), many immature cartilage cells can be seen

around the implant. After one week, hypertrophic chondrocytes and mineralizing

cartilage are present, as well as osteoblasts juxtaposed to osteoid or bone matrix.

Vascular elements, bone marrow precursors and multinucleated giant cells are also
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present indicating the resorption of calcified cartilage and its replacement with

bone and bone marrow. Calcified cartilage is fully removed after two weeks, bone

and marrow are widespread, with the bone resident cells, the osteoblasts and the

osteoclasts, present throughout. At three weeks, the bone has become organized

into an ossicle with a well developed bone marrow compartments. By this time,

the original implant has fully been resorbed.

Bone matrix can be separated into structural (matrix) components and

growth factor components. Neither component has osteoinductive activity when

implanted separately. The growth factor component becomes osteoinductive when

implanted with a suitable matrix protein or carrier substance. The growth factor

component was initially labeled bone morphogenetic protein (BMP) due to its

osteoinductive activity.

Recently, using the tools of recombinant molecular biology and protein

analysis, proteins with osteoinductive activity have been cloned and identified as

members of the TGF-3 superfamily (Wozney 1988 Science). In the study,

Wozney, et al., utilized highly purified preparations of BMP protein, isolated from

bone matrix, to generate amino acid sequences and develop probes for screening

cDNA libraries. cDNA clones, corresponding to the amino acid sequences, were

selected and utilized in expression systems to generate purified recombinant

proteins. These proteins mixed with inactivated bone matrix induced endochondral

bone formation when implanted intramuscularly or subcutaneously into a host.

Such analysis led to the identification of a family of homologous proteins related to

TGF-3 and classified as the bone morphogenetic proteins (BMPs).
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BMPs apparently act to promote the differentiation of multipotential

mesenchymal stem cells. For example, the ROB-C26 (C26) clonal cell line has

been shown to express multiple phenotypes under various culture conditions,

including the myoblast, adipoblast and osteoblast cell types (Yamaguchi 1991 Cal.

Tissue Intl.). The addition of BMP-2 to C26 cells promotes the expression of the

osteoblastic phenotype and decreases their capacity to differentiate into the muscle

and fat phenotypes (Yamaguchi 1991 JCB).

Osteoblasts and Retinoic Acid

Retinoic acid (RA) has for years been thought to be a limb and skeletal

morphogen (Sporn and Roberts book). For example, Vitamin A, or retinol,

deficiency results in bone malformations. On the other hand, two tissues in the

embryo, Hensen's node and the primitive streak, which are known to specify future

skeletal structures have been shown to synthesize retinoic acid. In addition,

exogenously added retinoic acid results in skeletal defects. For example, RA

soaked beads when placed locally at the developing chick limb bud induced a

duplication in the anterior-posterior axis of the limb bud. RA also induces a mirror

image in the developing limb bud resulting in 6 digits in place of 3. In addition,

endogenous RA alters Hox gene expression, genes known to directly specify

skeletal patterning, resulting in axial skeletal defects, such as altered vertebrae.

Studies on the action of RA on the multipotential mesenchymal cell line,

C26, suggests that RA acts on an early stage of the osteoblast differentiation.

Thus, the addition of RA to C26 cell cultures results in an increase in ALP activity

and a reduction in the expression of other possible cell types, the myoblast and the

adipoblast. In addition, the addition of RA results in increases in the gene
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expression of TGF-És 1 & 2 and BMP-6 (Gazit 1993 Mol. Endo.), suggesting that

the mode of action for RA in promoting osteoblast differentiation of C26 cells is

mediated through members of the TGF-3 superfamily.

These and other studies indicate that the influence of RA on the osteoblast

in vivo is likely to be at an early stage of the differentiation process. The rat clonal

cell line, UMR-201, was isolated from calvarial outgrowths and by limiting dilution

(Ng 1988 JBMR). When plated on plastic, these cells display low levels of alkaline

phosphatase (ALP) activity and collagen synthesis. The addition of RA to UMR

201 cultures results in an increase in ALP and collagen synthesis. Similarly,

immortalized RCT-1 cells increase in ALP activity and response to PTH, as well as

an upregulation in procollagen mRNA in the presence of RA compared to

untreated cells. Osteocalcin, a late stage marker, is not regulated by RA (Heath

1989 Endo.) suggesting that RA is involved in an early stage of osteoblast

differentiation.

Hypothesis and Thesis Goals

It has been postulated but never fully established that differentiating

osteoblasts deposit an ECM which becomes a repository for stimulatory growth

factors that further promote the appearance of the osteoblast phenotype, i.e. that in

osteoblast development, there is an essential autocrine regulatory feedback loop

involving ECM and ECM-associated growth factors. It is known that

osteoinductive polypeptides are synthesized by osteoblasts and are stored in the

bone matrix. It is also known that osteoblasts contain receptors for such factors.

Some of these factors belong to TGF-3 superfamily. What is not known is if such

ECM-associated growth factors actually regulate osteoblast differentiation, as well
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as the mechanism of the interaction between the osteoblast and ECM. The work

of my thesis is based upon the hypothesis that select members of the TGF-3

superfamily are responsible for the control of osteoblast differentiation as part of

an autocrine feedback loop that involves not only the growth factors but also their

physical association with the ECM.

To test this hypothesis, we utilized the ROB-C26 (C26) cell line. These

cells were clonally derived from a culture of osteoblasts prepared from newborn

rat calvaria. This line is characterized by developmental multipotentiality, that is,

its ability to express several different cellular phenotypes including the myoblast,

adipocyte and the osteoblast. Expression of the osteoblast-like phenotype can be

promoted by several agents, including BMP-2, BMP-2 in combination with

Vitamin D3, and retinoic acid (RA). The specific goals of the thesis research were

to (1) determine whether the ECM from RA-induced C26 cells is osteoinductive, if

so (2) establish whether select members of TGF-3 superfamily are involved in this

inductive activity, (3) ascertain whether the growth factor must be bound to the

ECM to be effective, and (4) establish the role of collagen in cell-matrix

interaction. The experiments performed were focused on the initiation and early

events in the regulation of osteoblast phenotype, and not the maintenance of the

mature osteoblast.

We chose the ROB-C26 cell line for several primary reasons. First, these

cells express select members of the TGF-B superfamily and expression of these
members is modulated by differentiation factors, including retinoic acid, a

compound not related to the TGF-B superfamily. Second, C26 cells can exhibit

multiple phenotypes, including an osteoblast-like phenotype, suggesting that C26

cells are osteoblast progenitor cells and are in an early stage of osteoblast



differentiation. Thus, they are ideal cells to investigate early events in osteoblast

differentiation. Finally, C26 cells produce an extensive matrix that is recoverable,

which allows us to investigate and manipulate cell-matrix interactions. On the

other hand, we are relying on results obtained from a single cultured cell line and

C26 cells do have limitations and which will be discussed later.
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Extracellular Matrix Synthesized by Clonal Osteogenic
Cells Is Osteoinductive In Vivo and In Vitro:
Role of Transforming Growth Factor-Beta1

in Osteoblast Cell-Matrix Interaction*

MARTIN D. KIRK and ARNOLD J. KAHN

ABSTRACT

ROB-C26 (C26) is a multipotential, clonal cell line known to express several members of the TGF-B superfamily
and to become more osteoblastic (e.g., express higher levels of alkaline phosphatase) upon treatment with 107*M
retinoic acid (RA). We hypothesize that the expression of this more osteoblastic phenotype subsequent to RA
exposure is the result of the treated cell's extracellular matrix (ECM) becoming a repository and active source of
putative osteoinductive growth factors including, specifically, select members of the TGF-B superfamily. To test
this hypothesis, we isolated the ECM from RA-treated and untreated C26 cells and assessed them for their ability
to promote osteogenic differentiation in vivo and in vitro. We then explored whether the latter activities could be
attributed specifically to TGF-31. We found that the ECM of treated cells isolated by cell lysis and extensive
washing induced endochondral bone formation in vivo when implanted into the thigh muscles of athymic nude
mice and stimulated alkaline phosphatase (ALP) activity in vitro in freshly plated C26 cells. This latter stimulation
was comparable to levels observed with direct RA treatment. This latter in vitro activity was only very partially
mimicked by the ECM prepared from untreated cells and not duplicated at all by RA-treated collagen or the ECM
from another RA-treated multipotential cell line. Moreover, the in vivo osteoinductive effect of the treated C26 cell
ECM was not duplicated by comparable ECM prepared from untreated cells. Finally, we also found that
preincubation of the ECM with specific, neutralizing antibodies to either TGF-B's 1, 2, and 3 or TGF-31 alone
substantially reduced the ability of the ECM to stimulate ALP activity. This inhibitory effect was not seen using
nonspecific IgG. These data identify the C26 cell line as a valuable model system for exploring cell-matrix
interaction in osteogenic differentiation, provide direct support for an autocrine role of the ECM in such
differentiation, and suggest that TGF-31 is an important ECM-based mediator in the regulation of osteoblastic
development. (J Bone Miner Res 1995;10:1203–1208)

INTRODUCTION

INCE THE PIONEERING work of Urist, Huggins, and
Reddi,"* it has been known that appropriately demi

neralized bone or dentine matrices implanted into a suit

able tissue site (e.g., thigh muscle) in a host animal will
induce ectopic endochondral bone formation. More re
cently, it has been shown that one or more proteins resident
within the bone matrix and belonging to the transforming
growth factor beta (TGF-B) superfamily are probably re
sponsible for this osteoinduction.” In fact, evidence for the
latter function stems from experiments in which select pro
teins of the TGF-B superfamily are found to restore induc

*Previously reported in abstract form, ASBMR Annual Meeting
1992.

University of California at San Francisco, San Francisco, California.
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tive activity when added to particles of denatured, inac
tivated bone matrix."” Most such TGF-3 related proteins
are identified as bone morphogenetic protein(s) or
BMP(s).'”

-

ROB-C26 (C26) is a multipotential clonal cell line de
rived originally by cell outgrowth from fragments of neona
tal rat calvaria.” This clonal cell expresses multiple poten
tial phenotypes, including myogenic, adipocytic, and
osteogenic. C26, under routine tissue culture conditions,
expresses some of the characteristics of authentic osteoblas
tic cells (e.g., alkaline phosphatase [ALP] activity and re
sponsiveness to parathyroid hormone and phorbal ester)
but at modest levels compared with authentic cells. How
ever, when C26 is treated with retinoic acid (RA), BMP-2,
or BMP-2 in combination with 1,25 dihydroxyvitamin D3,
they become more osteoblastic, particularly under those
circumstances where both BMP-2 and vitamin D are
present.” Indeed, in the latter circumstance, it is only when
BMP-2 is present that osteocalcin is synthesized.” Impor
tantly, C26 cells constitutively express multiple members of
the TGF-3 superfamily, and upon RA incubation increase
transcript levels of TGF-B 1 and 2 and BMP-6.")

In developing the rationale for the present study, we have
juxtaposed the observations that bone matrix is osteoinduc
tive (presumably due to its content of TGF-3 superfamily
members) with the finding that an osteoblastic cell (C26)
that is responsive to RA, BMP-2, and TGF-B also expresses
members of the TGF-B superfamily. For example, RA
treated C26 cells synthesize BMP-6, a growth factor that
localizes to hypertrophic cartilage in endochondral bone")
and when expressed in Chinese Hamster ovary cells can be
shown to be osteoinductive in vivo.” From these obser
vations, we have proposed that the ECM of C26 cells,
produced under circumstances of induction, e.g., by treat
ment with RA, should itself become osteoinductive. Indeed
we have further postulated that under conditions leading to
osteoblastic differentiation, the ECM serves as a repository
of autocrine/paracrine factors (notably select members of
the TGF-8 superfamily) which further promote such
differentiation.

In the present study, we have initiated testing these pos
tulates by first assessing whether the ECM from RA-treated
C26 cells is capable of stimulating osteoblastic and/or os
teogenic differentiation and then seeing whether such ac
tivity could be inhibited by the application of available
neutralizing antibodies to TGF-31. The inductive potential
was determined by implanting lyophilized samples of iso
lated ECM, prepared by cell lysis and washing, into the
thigh muscles of athymic mice and checking for the ectopic
appearance of cartilage and bone. Osteostimulatory activity
was further assessed by incubating fresh untreated C26 cells
on the ECM recovered from treated and untreated cells
and determining the level of ALP activity. The contribution
of TGF-31 in the latter process was tested by preincubating
the isolated ECMs with appropriate antibodies prior to the
use of the ECMs as substrates for stimulating ALP activity
in C26 cells in vitro. In the latter experiments, lower levels
of the same antibodies were also included in the medium
throughout the cell culture period.

Our data strongly' suggest that the ECM from RA
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treated, but not untreated, cells is osteoinductive both in
vivo and in vitro. In addition, we find that neutralizing
antibodies to TGF-31 or TGF-B's 1, 2, and 3 inhibit stim
ulatory activity in vitro. These results, therefore, support
the hypothesis that the ECM of C26 and, presumably,
that of other osteoblastic cells is a source of putative
autocrine factors, including TGF-31, that can stimulate
osteoblastic and/or osteogenic differentiation. In addi
tion, these experiments establish the C26 cell line as a
model system for exploring cell-matrix interaction in osteo
blastic development.

MATERLALS AND METHODS

Cell culture

C26 cells were cultured in alpha-minimal essential me
dium (o-MEM) supplemented with 10% heat inactivated
fetal calf serum at 37°C in a humidified atmosphere of 5%
CO2 in air. In the typical experiment, 7.5 × 10° cells were
plated into 24-well culture dishes with or without RA at
107° M. The culture medium was replaced on alternate
days for an incubation period of 6–9 days. In some exper
iments, the isolated ECM was pretreated with one of a
number of antibodies including reagents prepared against
TGF-31 and TGF-B's 1, 2, and 3 (kindly provided by Dr.
Reinhard Ebner) and nonimmune IgG (purchased from the
Jackson Immunoresearch Laboratories).

Alkaline phosphatase determinations
In general, ALP activity was established from triplicate

samples of cell extracts prepared after 6 days of culture. In
brief, the cells were lysed by incubation in 0.3 ml of double
distilled water and the residue was recovered following the
scraping of the surface of the wells to release any attached
material. This crude extract was then mixed with a second
washing of the well (0.2 ml of water) and ALP activity was
determined in the recovered aliquots using the method of
Bessey et al.'” with p-nitrophenyl phosphate as the sub
strate. The amount of p-nitrophenol released after 10 min
utes of incubation at 37°C was measured spectrophoto
metrically at 404 nm, and the ALP activity was calculated as
nmol of reaction product/minute/cell.

Cell number

In the standard experiment, the number of cells was
determined, indirectly, by spectrophotometrically assessing
the amount of methylene blue released from cells following
staining with the dye."” In brief, triplicate cultures were
fixed overnight in 2.5% formaldehyde and subsequently
washed in 0.1 Mborate buffer, pH 8.5. The cells were then
stained with methylene blue (0.5 mg/ml in buffer) for 10
minutes, washed 4× in buffer to remove excess dye, and
incubated in 0.1 N HCl at 37°C for 40 minutes to extract
cell-associated dye. The extract was then diluted 1:6 with
distilled water and the absorption was measured at 660 nm.
By this method absorbance was linearly proportional to cell
number over the range of 1 x 10° to 5 × 10° cells. The
ECM alone retained little or no dye.
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TABLE 1. INDUCTIVE ACTION OF C26 LYOPHILIZED ECM
IMPLANTED INTO AYTHYMIC MICE

Osteogenic
ECM Implant response/

implant period (days) implant

C26untx 21 0/7
C26RAtx 21 4/6
C26untx 10 0/3
C26RAtx 10 2/3
SAOS-2 cell 10 2/3
Extract"

Untx = untreated; RAtx = RA-treated.
* GuhCl extract of SAOS-2 cells was kindly provided by Dr.

H.C. Anderson and was included to serve as a positive control in
the implantation experiments. Anderson, et al.''” had previously
shown this extract to be osteoinductive in mice.

ECM action in vivo

C26 cells were grown in flasks for 6 days in the presence
or absence of 10 “M RA. The cell layer was then washed
twice in PBS and incubated overnight at 4°C in double
distilled water to lyse the cells. The residual ECM was
treated with 0.12 NHCl for 30 minutes, to putatively acti
vate TGF-Bs, and subsequently neutralized with 1:1 1 M
NaOH:1 M HEPES buffer before being frozen at –70°C
and lyophilized. Lyophilized ECM, 1–2 mg, was placed in a
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number of gelatin capsules and the capsules were implanted
into the thigh muscles of anesthestized athymic nude mice
(Charles River Laboratories, Wilmington, MA). The mice
were sacrificed after 10 or 21 days and the muscle tissue was
recovered and processed for routine paraffin sectioning.
The sections were then stained with hematoxylin and eosin
and scored for the presence of cartilage and bone.

ECM action on C26 cells

For in vitro analysis of cell-matrix interaction, 5 × 10°
C26 cells were plated onto Type I collagen (Vitrogen)—
coated 24-well plates in medium supplemented, in most
experiments, with 50 ug/ml of ascorbate and 107* M RA.
The medium was changed daily. After 6 days of incubation,
the cells were washed in phosphate buffered saline (PBS)
and lysed by sequential exposure to double distilled water
and 0.01% Triton X-100 in PBS. The latter treatment re
moves all intact cells from the ECM but leaves behind
occassional scattered cell debris, typically in the form of
membrane fragments. Exposed ECM was rinsed four times
in PBS and seeded with untreated C26 cells at 7.5 × 10°
cells/well. The cultures were incubated for a total of 6 days,
with medium replacement every 2 days, and then assayed
for ALP activity as described earlier. In some studies, the
rinsed ECM was incubated with antibody at 10 pg/ml for 2
h at 37°C before plating the untreated cells, and fresh
antibody at 1 pig■ ml was added with medium replacement
every 2 days.

FIG. 1. Light microscopy of thigh muscle implanted with
lyophilized matrix obtained from RA-treated C26 cells. The
implant was recovered after 21 days, fixed, processed for
microscopy, and stained with hemotoxylin and eosin. Note
the presence of a bone cortex, bone trabeculae, and abun
dant marrow. (A) ×40, (B) ×200, and (C) ×400.
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RESULTS

Lyophilized samples of the ECM from RA-treated C26
cells implanted into the thigh muscles of athymic mice
induce nodules of cartilage after 10 days (Table 1) and
cartilage and bone after 21 days (Figs. 1a, 1b, and 1c, Table
1). The latter cartilage- and bone-containing structures de
velop hemopoietic centers in a manner similar to that re
ported in classical studies of osteoinduction."” Such in
ductive activity is also observed when an extract of human
osteosarcoma Saos-2 cells" is used (Table 1). The latter
serves as a positive control to assure the responsivity of the
animals and technical success of the implant procedure. In
marked contrast, similarly prepared and implanted ECM
from nontreated C26 cells elicits neither cartilage nor bone
formation (Table 1).

C26 cells plated onto tissue culture plastic respond to
107°M RA by markedly increasing the level of ALP activity
over basal levels by 4× (Fig. 2), the standard practice in
preparing cultures from which ECM is to be recovered. This
result is not mimicked by plating the cells on a thin layer of
Vitrogen (Fig. 2, column 1). On the other hand, when fresh
C26 cells are cultured on an ECM obtained from C26 cells
previously incubated with RA, ALP activity increases to
levels essentially identical to that seen in the direct presence
of RA (Fig. 2). This increase is only partially mimicked
when the ECM from untreated cells is used, although there
is a modest 33% increase (Fig. 2). ALP activity is not
increased in C26 cells when incubated on a washed collagen
(Vitrogen) substrate “conditioned” by prior exposure to
RA for 6 days in the presence of serum or when the ECM
from another RA-treated cell (3T310T1/2) is used (data not
shown).

To determine whether the in vitro alkaline phosphatase
stimulatory activity of the ECM from treated cells can be
attributed, at least in part, to TGF-81, the ECM from
treated cells is pretreated for 2 h prior to use with 10 pg/ml
of specific antibody or control immunoglobulin (IgG). An
tibody or control IgG is also added to the culture media at
1 ug/ml during the entire period of incubation. Our data
show that such treatment using anti-TGF-81 effectively
blocks the ALP stimulatory activity of the ECM on freshly
plated C26 cells (Fig. 3). Treatment with antibody directed
against TGF-B's 1, 2, and 3 also inhibits the ALP stimula
tory activity of the ECM (data not shown). Such inhibitory
action is not seen when nonimmune IgG is used (Fig. 3).

DISCUSSION

The phenomenon of osteoinduction elicited by bone and
other mineralized connective tissue matrices is very well
established and has progressed to the point of identifying a
number of the likely chemical mediators of inductive action.
These include, but are not necessarily limited to, members
of the TGF-8 superfamily. Since osteoinductive molecules
are produced and secreted by osteogenic cells and become
localized in bone extracellular matrix, it follows that an
autocrine loop could, be operating via the ECM to control
osteoblastic differentiation and phenotypic stability. There
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FIG. 2. Alkaline phosphatase activity in C26 cells after 6
days of incubation under various conditions. Data are
shown as the ratio of enzyme activity to cell absorbance and
represent the mean of triplicate cultures. The apparent
absence of error bars indicates that a deviation is too small
to be represented in the figure. Cells cultured on plastic
exhibit limited ALP activity unless incubated in the pres
ence of retinoic acid (+RA). This stimulation of ALP
activity is closely matched by incubating C26 cells on an
ECM obtained from RA-treated C26 cells (C26 + RA), an
effect not seen when such cells are cultured on an ECM
prepared from untreated C26 cells (C26) or Vitrogen (Type
I collagen).

are numerous precedents for this type of developmental
selfregulation in other tissues including the very striking
findings of Bissell and her coworkers on mammary gland
cell differentiation. Expression of the latter phenotype in
vitro appears to depend absolutely on appropriate cell–
ECM interaction."” Similarly, with regard to osteoblasts,
Globus et al.” have shown that cultured bovine bone cells
synthesize basic fibroblast growth factor (bFGF), store it in
their ECM, and subsequently release it in a bioactive form.
Such findings suggest that bfGF may function, via the
ECM, as a mitogenic regulator for osteoblasts.

To the best of our knowledge, there has not been a direct
test of the autocrine loop hypothesis in osteogenesis and it
was for this reason that the present experiments were un
dertaken. We took advantage of the C26 osteoblastic cell
line because it: (1) expresses multiple TGF-3 superfamily
members,” (2) is responsive to TGF-B and BMP-2," and
(3) can be further differentiated along osteogenic lines by
exposure to retinoic acid, a molecule totally unrelated to
the TGF-B's. Although we cannot absolutely exclude the
possible contribution of residual cell fragments, our data
strongly support the concept that the ECM from RA
treated C26 cells is capable of mimicking, in the absence of
added retinoid, the action of RA on untreated C26 cells.
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FIG. 3. Alkaline phosphatase activity in C26 cells after 6
days of incubation under various conditions. Data are
shown as the ratio of enzyme activity to cell absorbance and
represent the mean of triplicate cultures. The apparent lack
of error bars indicates a very small deviation from the mean.
Cells cultured on plastic in the presence of retinoid (+RA)
show a marked increase in ALP activity over that seen with
untreated cells cultured on plastic. Such a stimulatory effect
is also observed when C26 cells are incubated on an ECM
prepared from RA-treated C26 cells (C26 + RA ECM).
This stimulation is inhibited to near basal levels when C26
cells are plated on ECMs preincubated with neutralizing
antibodies directed against TGF-31 (a■ GF-B1). This inhi
bition is not observed when the ECM is pretreated with
nonspecific IgG antibody (IgG).

This stimulatory effect of the treated cell ECM is also
observed in the ECM from untreated cells but at much
lower levels of activity. It is not observed at all when C26
cells are plated on type I collagen (Vitrogen) extensively
pretreated with RA or when the ECM from another RA
treated cell line (3T3101/2) is used. In addition, we find that
the inductive effect from ECM of treated cells is blocked
following preincubation with neutralizing antibodies di
rected against TGF-3's 1, 2, and 3 and TGF-31 but not with
nonimmune IgG. Finally, our observations show that the
ECM from RA-incubated cells is osteoinductive in vivo,
again an effect not seen when the ECM of untreated cells is
used.

The literature on the osteoinductive activity of members
of the TGF-8 superfamily and our present finding that the
ECM of RA-treated cells is also osteoinductive suggests
that the former group of proteins is responsible for the
latter activity. This likelihood is further supported by our
previous results showing that C26 cells constitutively ex
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press multiple members of the TGF-3 superfamily and that
RA treatment increases the steady-state mRNA levels of
TGF-31 and BMP-6." In the present analysis, we have
found that antibodies to TGF-31, 2, and 3 and TGF-31
block the in vitro activity of the ECM of RA-treated cells,
confirming that this growth factor plays a critical role in the
matrix-mediated control of osteoblastic differentiation of
C26 cells. In some ways this result was somewhat surprising
in that previous work has shown that TGF-31 in solution
decreased ALP levels in C26 cells.” However, this may
reflect the importance of the mode of delivery in defining
the nature of growth factor activity. Finally, we have found
in preliminary experiments that antibody directed against
the mature form of BMP-6 blocks the in vitro activity of the
ECM of RA-treated cells, while antibody directed against
the propiece of BMP-6 has no inhibitory effect. Indeed,
other studies, previously reported in abstract form, indicate
that BMP-6 expressed in Chinese Hamster ovary cells" or
C26 cells") is osteoinductive in vivo, further confirming
the maturation stimulating properties of this molecule on
osteoblasts.
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Chapter 2

INTRODUCTION

The growth factor, TGF-31 is found in bone in abundant amounts.

Previous studies on fetal bovine bone cells (FBBCs) support the suggestion that

TGF-31 is an autocrine regulator of osteoblasts (Gehron Robey 1987 JCB). Fetal

bovine bone cells synthesize TGF-3, some in active form, and they express cell

surface TGF-3 receptors. Moreover, FBBCs respond to exogenous TGF-3 by

exhibiting increased proliferation and matrix synthesis.

The osteogenic commitment of progenitor cells is regulated by TGF-31.

Van Vlasselaer, et al., demonstrate that the osteogenic differentiation of murine

bone marrow stromal cells is inhibited by a neutralizing monoclonal antibody

directed against TGF-31 or IL-10, which suppresses the synthesis of TGF-31 in

these cells (1994 JCB). The addition of TGF-31 to these marrow cultures

completely abolishes the inhibitory effect of IL-10, thus, resulting in an increase in

bone protein synthesis and the initiation of mineralization.

TGF-31 exerts its effect by signaling through specific receptors. The latter

were identified by covalently linking radiolabeled TGF-3 to cell surface molecules

and by electrophoretic analysis of affinity labeled complexes. It appears there are

four types of receptors. Types I and II receptors are involved in the signal

transduction following TGF-B binding through serine-threonine kinase activity

(Sporn, Roberts and Goodman editors). The Type III receptor is a surface

proteoglycan, betaglycan, and is not involved in signaling but might "sequester"
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TGF-3 to the cell surface (Andres 1989 Nature). The function of the Type IV

receptor is unknown.

C26 cells express both TGF-31 and TGF-3 receptors, and the expression

of both are modulated by retinoic acid (Gazit 1993 Mol Endo). These findings and

those linking matrix-associated TGF-31 to the osteoblast phenotype lead us to

hypothesize that TGF-31 is an essential autocrine regulator of osteoblast

differentiation. To test this hypothesis, we have utilized C26 cells and our ability

to block TGF-31 synthesis and signaling in these osteoblast progenitor cells.

Specifically, the scope of this study is to determine 1) whether C26 cells secrete

TGF-31 and if so, (2) whether secretion can be decreased using antisense

oligonucleotides, 3) whether blocking TGF-31 secretion blocks the osteoblastic

differentiation of C26 cells, 4) whether the TGF-3 signal can blocked in C26 cells

using a dominant-negative strategy, and 5) whether blocking TGF-3 signaling

blocks osteoblast differentiation.

METHODS

Cell Culture

TGF-31 Synthesis

TGF-31 Oligonucleotides

ALP Activity Determination

In Vitro ECM Analysis

TGF-3 Receptor Transfection

Thymidine Incorporation

von Kossa Silver Stain
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RESULTS

TGF-■ ºl Synthesis and Inhibition by Antisense Oligonucleotides

C26 cells cultured on plastic for 3 days secrete 108 pg/ml of TGF-31

protein as measured by a quantitative immunoassay. TGF-31 secretion is modestly

increased by the addition of RA (Figure 1). Antisense oligonucleotides have

previously been shown to decrease TGF-31 synthesis in human marrow cells

(Hatzfeld 1991 J Exp Med). To block TGF-31 secretion by C26 cells, we

incubated RA-treated C26 cells with antisense TGF-31 oligonucleotides. Thus,

secretion was decreased to undetectable levels (<12.5 pg/ml) with the addition of

antisense TGF-■ yl oligonucleotides. On the other hand, sense TGF-Él

oligonucleotides has no inhibitory effect on TGF-31 secretion by C26 cells.

Effect of Antisense Oligonucleotides on Proliferation

TGF-31 modulates the proliferative activity of fetal bovine bone cells

(Gehron-Robey 1988) and decreases the proliferation of C26 cells (see below).

Consequently, we examined whether the proliferation of C26 cells is altered when

TGF-31 synthesis is blocked. Indeed, we found that the addition of antisense

TGF-31 oligonucleotides to C26 cultures decreased cell number by approximately

50% compared to untreated cells (Figure 2).

Effect of Antisense Oligonucleotides on Differentiation

Matrix-associated TGF-31 promotes the osteoblastic differentiation of C26

cells (see Chapter 1). Thus, we next examined whether blocking TGF-31 synthesis
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blocks the maturational process of C26 cells. Surprisingly, we observed that

despite the presence of antisense TGF-31 oligonucleotides, RA-treated C26 cells

exhibit an increase in ALP activity (Figure 3). Moreover, an ECM obtained from

RA-treated C26 cells incubated with antisense TGF-31 oligonucleotides to block

TGF-■ ºl synthesis is still osteoinductive in vitro (Figure 4).

Effect of TGF-3 Receptor Inhibition on C26 Proliferation and Differentiation

Although blocking TGF-31 synthesis apparently does not affect the

establishment of an osteoblast-like phenotype in C26 cells, we decided to further

test the autocrine role of TGF-31 in osteoblast differentiation by blocking the

signal response by C26 cells to TGF-31. To this end, we stably transfected C26

cells with a vector encoding a truncated Type II TGF-3 receptor driven by a CMV

promoter and containing the neomycin resistance gene. Neomycin resistant,

transfected clones were screened by Northern and Western blot analysis to

determine overexpression of the truncated receptor. Under these circumstances,

the mutated Type II receptor dimerizes with normal Type I receptor and, thus,

inactivates TGF-3 receptor function (Filvaroff 1994 Dev).

First, we tested the proliferative response to soluble TGF-31 of wildtype

C26 cells and C26 the transfected clone, 142, to soluble TGF-31. Wildtype C26

cells treated with exogenous 2 ng/ml TGF-31 exhibit decreased proliferation

compared to untreated cells (Figure 5). On the other hand, clone 142, which

overexpresses the mutated Type II receptor, does not exhibit decreased

proliferation in response to 2 ng/ml TGF-31 (Figure 5)
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To test whether blocking TGF-3 receptor activity also inhibits osteoblast

differentiation, we tested the response of clone 142 to various inducing agents.

First, we found that RA does not stimulate the ALP activity levels in transfected

cells, unlike the three-fold increase stimulated in wild type cells (Figure 6) or

control cells transfected with the neo vector alone (data not shown). Also, unlike

wildtype cells, which exhibit an increase in ALP activity when cultured with BMP

6, clone 142 cells do not respond when exposed to BMP-6, even in the presence of

RA (Figure 6). Next, we cultured clone 142 on a matrix isolated from RA-treated

cells and found that ALP activity was not stimulated in these cells by the ECM

(data not shown). Finally, unlike wildtype cells (Figure 7A), clone 142 cells did

not form mineralizing nodules when cultured for six days with 20 ng/ml TGF-31

and 10−6 MRA (Figure 7B).

DISCUSSION

C26 cells secrete TGF-31 protein and secretion of this growth factor into

solution increases slightly with the addition of retinoic acid to C26 cultures. TGF

B1 secretion is inhibited by antisense oligonucleotides but this incubation does not

inhibit the osteoblastic differentiation of C26 cells. On the other hand, C26 cells

transfected to overexpress a truncated TGF-3 type II receptor to block receptor

function, do not respond to exogenous TGF-31 and fail to differentiate in response

to RA, BMP-6 or an inductive ECM. The later clearly suggests that TGF-31 plays

an essential role in osteoblastic differentiation.
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TGF-31 Synthesis and Osteoblast Differentiation

C26 cells transcribe, synthesize and secrete TGF-31. However, the

addition of RA to C26 cultures only slightly increases the secretion of TGF-31

protein by these cells. This modest increase is in strong contrast to the 2-3 fold

increase in TGF-31 mRNA abundance in C26 cells cultured with RA. Thus, the

effect of RA on TGF-31 is selective and may promote the action of this growth

factor by other mechanisms. For example, RA may stimulate osteoblast

differentiation by indirectly stimulating the activation of TGF-31. Plasmin has

been shown to activate TGF-31 and RA stimulates plasmin production and the

subsequent activation of TGF-31 by endothelial cells (Kojima 1993 J Cell Physiol).

RA may function in a similar manner with C26 cells by increasing plasmin levels,

leading to the activation of TGF-31. The level of TGF-31 activation and plasmin

production by C26 cells has not been determined. Thus, the full impact of RA on

TGF-31 has not been determined.

Although antisense TGF-31 oligonucleotides effectively decreased the

secretion of TGF-31 by C26 cells, blocking TGF-31 secretion with antisense

oligonucleotides does not block osteoblastic differentiation in C26 cells. These

results were not expected since we had previously found that antibody directed

against TGF-31 blocked the osteoblastic differentiation of C26 cells (Chapter 1).

One explanation for this difference could be that the early effect of RA on C26

cells is on releasing or activating existing TGF-31, thus, minimizing the need for

new growth factor synthesis. However, the amount of TGF-31 incorporated into

matrix has not been determined due to limitations in the quantikine immunoassay.
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TGF-3 Receptor and Osteoblast Differentiation

The dominant-negative TGF-3 receptor strategy proved useful in further

exploring the role of TGF-3 in osteoblast differentiation and avoided the technical

difficulties with oligonucleotides. Cells transfected with a vector to overexpress a

truncated type II TGF-3 receptor fail to respond to TGF-31. These cells do not

differentiate in the presence of RA or an inductive ECM suggesting that a TGF-3

signal is necessary, in part, for the osteoblastic differentiation of C26 cells.

It has been suggested that a cascade of sequential exposure to growth and

differentiation factors, including select members of the TGF-B superfamily,

promotes osteoblast differentiation. We have suggested that TGF-31 is an early

signal in this cascade. If so, then blocking the TGF-31 signal should block

subsequent cascade signals and inhibit osteoblast differentiation. In fact, C26 cells

with inhibited TGF-3 receptor function do not respond to BMP-6, suggesting that

a TGF-B signal acts prior to BMP-6. We have found BMP-6 to be osteoinductive

and important in the differentiation of C26 cells (see Chapter 3).
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Chapter 3

This chapter was previously reported, in part, in Cell Growth and Differentiation

1995 6:827-836.

INTRODUCTION

The TGF-B superfamily of growth and differentiation factors includes

several proteins related by sequence homology. The largest group within this

superfamily are the bone morphogenetic proteins (BMPs). Several of the BMPs

have been shown to be osteoinductive in implantation assays and, therefore, are

believed to play critical roles in osteoblast differentiation in vivo.

One such BMP is BMP-6 or Vgr-1. Tissue implant studies show that

BMP-6 is osteoinductive. Thus, for example, Chinese Hamster Ovary (CHO)

cells, stably transfected to overexpress BMP-6, induce new cartilage and bone

containing tumors when injected subcutaneously in nude athymic mice (Gitelman

1994 JCB).

In vitro studies demonstrate that BMP-6 promotes the osteoblast

phenotype of cultured rat osteoblast progenitor cells. While BMP-2, -4 or -6

stimulate ALP activity and mineralized nodule formation in these rat cells, only

BMP-6 promotes the proliferation of both ALP positive and negative cells

(Hughes 1995 Endo). These experiments suggest that BMP-6 promotes the

proliferation or differentiation of immature cells prior to an increase in ALP

activity. The data also suggest that BMP-2 or 4 act downstream from BMP-6 to

further promote the establishment of the osteoblast phenotype.
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ROB-C26 (C26) cells express an osteoblast-like phenotype when treated

with retinoic acid in vitro. During this maturational process, sequential changes

occur in the mRNA abundance of a number of genes belonging to the TGF-3

superfamily. Specifically, BMP-6 mRNA abundance increases relatively late in

the maturational process, after a peak in TGF-31 mRNA abundance (Gazit 1993

Mol Endo). This situation led us to hypothesize that BMP-6 plays an essential role

in the development of the osteoblast-like phenotype in C26 cells. To test this

hypothesis we utilized C26 cells and our ability to manipulate their extracellular

matrix. Specifically, we sought to determine 1) whether C26 cells synthesize

BMP-6, 2) whether inhibiting BMP-6 synthesis also inhibits osteoblastic

differentiation, 3) whether over-expression of BMP-6 in C26 cells enhances

osteoblast differentiation in vitro, 4) whether the ECM obtained from such

overexpressing cells is osteoinductive both in vivo and in vitro, and 5) if so,

whether antibody directed against BMP-6 neutralizes the osteoinductivity activity

of this ECM in vitro. As documented below, our data show that BMP-6 is an

essential component in the osteoblastic differentiation of C26 cells and functions,

in part, via the ECM.

METHODS

Cell Culture

BMP-6 Synthesis

Antisense Oligonucleotides

BMP-6 Transfection

ECM In Vivo Assay

ECM In Vitro Assay
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RESULTS

BMP-6 Synthesis and Differentiation

When BMP-6 synthesis by C26 cells was estimated by

immunohistochemical dot blot analysis of various ECMs isolated from 3 day

cultures we found that BMP-6 synthesis increases in RA-treated C26 cells

compared to untreated cells (Figure 1). This increase correlates with the induced

increase of BMP-6 mRNA over this same time period (Gazit 1993 Mol Endo).

Inhibiting BMP-6 Synthesis in C26 Cells Blocks Differentiation

BMP-6 synthesis by RA-treated C26 cells is greatly reduced when the cells

were incubated with antisense BMP-6 oligonucleotides (Figure 1). On the other

hand, the incubation of RA-treated C26 cells with sense BMP-6 oligonucleotides

does not reduce BMP-6 synthesis (data not shown).

Next, we examined the effect of antisense BMP-6 oligonucleotides on

osteoblast differentiation. We found that RA-induced cells do not exhibit an

increase in ALP levels when incubated with antisense BMP-6 oligonucleotides

(Figure 2). On the other hand, the stimulation of ALP activity in RA-treated cells

is not inhibited by incubation with control, sense BMP-6 oligonucleotides (Figure

2).
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Inhibiting BMP-6 Synthesis in C26 Cells Blocks the Inductive Activity of the ECM

Finally, we tested whether blocking BMP-6 synthesis reduced the

osteoinductivity of ECM in vitro. We found that C26 cells do not exhibit an

increase in ALP activity when plated on an ECM isolated from RA-treated C26

cells treated with antisense oligonucleotides to BMP-6 (Figure 3). On the other

hand, sense BMP-6 oligonucleotides do not reduce the osteoinductive activity of

ECM isolated from RA-treated C26 cells.

BMP-6 Overexpression Increases ALP Activity

Four clones with varying levels of BMP-6 expression, designated V12,

V13, V28 and V38, were selected for analysis of the osteoblast phenotype. All

four BMP-6 overexpressing clones exhibit up to 3-fold higher ALP activity

compared to parental cells (Figure 4). Control cells transfected with pnEO alone

express ALP activity levels similar to parental cells (data not shown).

All four C26 clones that overexpress BMP-6 show a decrease in ALP when

treated with 10–6 M RA, unlike parental cells which exhibit an increase in ALP
activity when treated with RA (Figure 4).

The ECM from BMP-6 Overexpressing Cells is Osteoinductive, In Vivo

The ECM isolated from BMP-6 overexpressing V28 clones cells (but not

treated with RA) induced the formation of new bone and cartilage when implanted

in the thigh muscles of athymic nude mice (Figure 5). ECM from untreated C26



33

cells or C26 cells transfected with pnBO plasmid alone do not induce ectopic

endochondral bone formation (data not shown).

The ECM from BMP-6. Overexpressing Cells is Osteoinductive, In Vitro

Fresh, naive C26 cells plated on matrix isolated from C26 cells transfected

to overexpress BMP-6 exhibit a 3-fold increase in ALP activity compared to cells

plated on plastic. This increase is similar to that seen in C26 cells cultured on an

ECM isolated from RA-treated C26 cells (Figure 6). The ECM obtained from

cells transfected with pneo alone, like that isolated from nontransfected control

cells, does not elicit an increase in ALP activity (data not shown).

BMP-6 Antibody, but not TGF-31 Antibody Blocks the In Vitro Inductive Activity

of the ECM of BMP-6 Overexpressing Cells

To determine if the osteoinductive activity of ECM is associated with

BMP-6, we plated C26 cells on an ECM, previously preincubated with BMP-6

antisera, that was isolated from BMP-6 overexpressing cells. The stimulatory

activity of this ECM was blocked by BMP-6 antisera as evidenced by a failure to

show increases in ALP activity (Figure 6). This BMP-6 antisera was directed

against the mature region of BMP-6 (see methods). On the other hand, the

stimulatory activity of this ECM is not blocked when preincubated with antisera

directed against the pro region of BMP-6 (see methods) or a neutralizing TGF-■ ºl

antibody (Figure 6). In addition, preincubation of ECM with whole, non-specific

IgG does not affect the inductive activity of the BMP-6 overexpressor ECM (data

not shown) and, therefore, serves as a negative, isotype control.
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Antibodies to BMP-6 and TGF-31 block the In Vitro Inductive Activity of ECM

from RA-Treated Cells

Further analysis with these antibodies, but now utilizing the previously

demonstrated osteoinductive ECM isolated from RA-treated C26 cells, revealed

that preincubation of this ECM with antisera directed against the mature region

BMP-6 neutralizes the stimulation of ALP activity in fresh C26 cells (Figure 7).

Previously, we showed that pre-treatment of this ECM with anti-TGF-31 antibody

effectively blocks the ALP stimulatory activity on C26 cells (Chapter 1, Figure 3).

Inhibition is not seen when this ECM was pre-treated with either antisera to the

pro-region of BMP-6 (Figure 7) or whole, non-specific IgG (data not shown).

Antibody to BMP-6 Blocks RA-Stimulated C26 Differentiation

To further test the autocrine role of BMP-6 in C26 osteoblastic

differentiation in vitro, we incubated C26 cells with anti-BMP-6 antibody. We

found that antisera directed to mature BMP-6 reduces the activity of ALP of C26

cells treated with retinoic acid to a level seen in untreated cells (Figure 8).

DISCUSSION

BMP-6 appears to play a critical role in the osteoblastic differentiation of

C26 cells. Transfection of C26 cells with a plasmid to constitutively overexpress

BMP-6 results in an increase in ALP activity and the production of an ECM that is

osteoinductive both in vivo and in vitro. The in vitro inductive activity of ECM is

inhibited by preincubation with antisera directed against the mature region of

BMP-6. Moreover, the neutralizing BMP-6 antisera also inhibits the stimulation of



35

ALP activity in C26 cells as induced by retinoic acid. We have previously shown

that retinoic acid stimulates the synthesis of BMP-6 by C26 cells. We now show

that such synthesis is reduced with the addition of antisense BMP-6

oligonucleotide. In turn, blocking BMP-6 synthesis by C26 cells blocks the

stimulation of ALP by retinoic acid, as well as blocking the in vitro osteoinductive

activity of ECM isolated from RA-treated C26 cells.

The Role of BMP-6 in Osteogenesis

BMP-6 is expressed by hypertrophic cartilage cells in the primary

spongiosa during endochondral bone formation suggesting that BMP-6 may

stimulate bone formation. In fact, BMP-6 is osteoinductive in vivo as we have

shown when it is implanted associated with a matrix or when overexpressed in

injected tumor cells (Gitelman, 1995 Cell Growth and Diff).

We further studied the role of BMP-6 in the osteoblastic differentiation of

the mesenchymal progenitor cell line, ROB-C26. While C26 cells overexpressing

BMP-6 exhibit increased ALP activity compared to wildtype cells, such cells do

not exhibit an increase in the osteoblast marker protein, osteocalcin, and do not

form spontaneous nodules that mineralize (data not shown) suggesting that BMP-6

promotes an early stage, but not a late stage of osteoblastic differentiation.

Several members of the TGF-3 superfamily are expressed during

endochondral bone formation in distinct spatial and temporal patterns. We found

that the ALP stimulatory activity of ECM from RA-treated cells is blocked with

both TGF-31 and BMP-6 neutralizing antibodies, while the activity of the ECM

obtained from BMP-6 overexpressors is blocked by anti-BMP-6 antibody, but not



36

anti-TGF-31 antibody. These studies support the concept that TGF-31 and BMP

6 are expressed and act sequentially in osteoblast differentiation. These findings

also suggest that TGF-31 acts prior to BMP-6 in the course of this developmental

cascade in C26 cells.

Neutralizing BMP-6 antibodies and antisense BMP-6 oligonucleotides are

an effective means to inhibit the osteoinductive activity of ECM from RA-treated

cells. On the other hand, antiserum directed against peptides representing the pro

region of BMP-6 does not block osteoinductive activity. Not much is known

about the processing of BMPs, including if and where cleavage takes place. The

lack of effect of the pro antisera suggests that this region of BMP-6 does not

participate in the growth factor activity of matrix-associated BMP-6.

As BMP-6 is expressed in terminally differentiated chondrocytes it is

conceivable that BMP-6 overexpression in C26 cells could alter growth rate and

morphology. However, no significant differences in growth rates or morphology

are detected between wildtype, pnEO transfected control cells and BMP-6

overexpressing clones (see Appendix-p829 in Cell Growth and Diff, Vol 6),

suggesting that alterations in growth rate or morphology does not account for

increased ALP activity and phenotype in the BMP-6 clones.

BMP-6 Depends on the Context of Matrix

Physical association of BMP-6 with matrix appears to enhance growth

factor activity. Soluble BMP-6, at concentrations as high as 1 pig■ ml, does not

stimulate increase in ALP activity in C26 cells plated on plastic. While the amount

of BMP-6 in the ECM appears to be low (undetectable by Western blot analysis
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with a lower threshold of 20 ng, data not shown), BMP-6 in the context of the

ECM is osteoinductive in vivo and stimulates ALP activity in fresh C26 cells in

vitro. The mechanism of enhancement between matrix and BMP-6 is not known,

but later in this series of experiments, we demonstrate that the matrix protein, type

I collagen acts to "deliver" and augment soluble BMP-6's effects on C26 cells.
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Chapter 4

Introduction

What Stimulus does Collagen Provide in the Stimulatory Activity of C26 Matrix?

Type I collagen is the major structural protein in bone and is a necessary

component of osteoinductive bone matrix. C26 cells are mesenchymal precursor

cells with the ability to differentiate along the osteoblast pathway. C26 cells

synthesize and deposit an abundant amount of type I collagen. Isolated matrix

from differentiated C26 cells is osteoinductive when implanted in vivo and for

undifferentiated C26 cells in vitro. Activity can be attributed to matrix-associated

growth factors. The question then is what role, if any, does collagen play in the

cell-matrix inductive process?

Mesenchymal Osteoprogenitor Cells

The osteoblast is apparently derived from multipotential mesenchymal stem

cell. Increasing evidence suggests that the presence of a collagen matrix or

increased collagen synthesis is necessary for osteoblast differentiation to occur.

For example, in implant studies, the osteoinductive activity of bone morphogenetic

protein (BMP) is abolished when the activity (protein) is separated from bone

matrix and restored when implanted with a suitable carrier such as collagen

(Sampath and Reddi 1981 PNAS). In addition, it has been found that collagen

synthesis parallels the differentiation of cultured osteoblasts after the proliferation

stage and during the matrix maturation stage. This collagen-rich matrix will

eventually mineralize in cultures given an appropriate source of phosphate (Owen
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1990 J of Cell Physio). Osteoblasts derived from fetal rat calvaria express

osteoblast phenotypic markers more quickly when cultured on a type I collagen

film than on a plastic surface. Moreover, it appears that exogenous type I collagen

enhances the expression of the developmental sequence of primary osteoblasts in

vitro (Lynch 1995 Exp Cell Res).

Several investigators have shown that collagen synthesis plays a role in the

osteoblastic differentiation of the mouse clonal osteoblast, MC3T3-El cells

(Harada 1991 JBMR, Franceschi 1992 JBMR). For example, MC3T3-El cells

express undetectable levels of the osteoblast marker proteins, alkaline phosphatase

and osteocalcin, but do constitutively express procollagen at the mRNA level. The

addition of ascorbic acid, essential for proper collagen synthesis and assembly,

increases procollagen mRNA and collagen synthesis, prior to inducing the

expression of alkaline phosphatase and osteocalcin. Ultimately, ascorbic acid

treated MC3T3-El cells form a collagen rich matrix that mineralizes.

Further evidence for the essential role of active collagen synthesis in

osteoblast differentiation is attained using the specific collagen synthesis inhibitors,

3,4-dehydroproline and cis-4-dehydroxyproline. Both compounds are proline

analogs that disrupt the hydroxylation and glycosylation of procollagen and block

triple helical structure. The addition of these analogs to MC3T3-El cultures leads

to a decrease in collagen synthesis and secretion, as well as reversibly blocking

ascorbic acid induced collagen synthesis and osteoblast marker gene expression.
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Osteogenesis Imperfecta

Another circumstance that points to the very important role of collagen in

osteoblast differentiation and function is "Brittle bone syndrome" or osteogenesis

imperfecta (OI). OI is characterized by skeletal deformities, short stature and

recurrent fractures and principally is the result of mutations in the type I collagen

genes. These mutations result in either a major decrease in collagen secretion or

the accumulation of defective procollagen molecules. In vitro studies of

osteoblasts isolated from OI patients indicate that there is a link between

osteoblast collagen synthesis and cellular proliferation (Fedarko 1995 JBMR). OI

osteoblasts exhibit a slower growth rate in comparison to osteoblasts from age

matched normal individuals. In addition, OI osteoblasts show decreased synthesis

and deposition of extracellular matrix proteins (Fedarko 1992 JBMR). These

findings on osteoblast from OI individuals again support the notion that collagen

synthesis is essential for the growth and differentiation of osteoblasts.

Osteoblast Attachment to Collagen

Osteoblasts bind to ECM via cell surface matrix receptors of which a major

class is a family of transmembrane proteins known as the integrins. The integrin

receptor consists of two subunits, alpha and beta. Most integrins bind to ECM

proteins at specialized cell attachment sites that often have the peptide sequence of

Arginine-Glycine-Aspartic Acid (RGD). Synthetic peptides containing the RGD

sequence inhibit cellular adhesion to matrix proteins and interact with several

integrins.
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The integrins known to bind type I collagen are alpha1beta1, alpha2betal

and alpha}betal (Yamamoto 1994 Exp Cell Res). However, the evidence

suggests that it is the alpha2betal integrin that is the primary collagen-specific

receptor. Despite these findings, it is still not absolutely clear how cells bind to

collagen via integrins. Collagen contains RGD sequences, but these sequences are

most likely buried in the triple helical structure of collagen and, therefore, are

unavailable for binding. Studies indicate that RGD sequences support cellular

attachment in that RGD peptides inhibit the adhesion of some cells to collagen

(Dedhar 1987 JCB). Recently, Cardarelli, et al., demonstrate that a cyclic RGD

peptide directly interacts with the alpha2betal collagen receptor and that this

peptide inhibits the adhesion of the osteosarcoma cell line, MG-63, to collagen

(Cardarelli 1992 JBC).

On the other hand, the RGD motif does not always support collagen

binding as RGD peptides do not inhibit type I collagen binding in all cell systems.

Moreover, collagen fragments that do not contain RGD sequences are also able to

bind integrins and mediate platelet adhesion (Staatz 1990 JBC). Thus, a non-RGD

collagen peptide, DGEA, has been identified which will bind alpha2betal integrin

and will inhibit platelet adhesion to collagen (Staatz 1991 JBC).

Immunohistochemistry analysis of human osteoblasts in situ and in culture

reveals that these bone cells primarily express the integrin subunits alpha1, alpha2,

alpha3 and betal. Interestingly, beta1, expression is constitutive in cultured

osteoblasts; however, staining intensity for alpha2 increases with time in culture

(Clover 1992 J Cell Science).
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Integrins and Osteoblast Function

Prolonged administration of glucocorticoids decreases bone mass and

produces osteoporosis. In vivo, these steroids decrease the number of bone

surface lining cells and change their morphology. In vitro experiments

demonstrate that glucocorticoids inhibit the attachment of primary and transformed

osteoblast to matrix proteins, collagen to the greatest degree, and decrease betal

integrin protein and message levels in osteoblasts (Gronowicz 1995 Endo). These

finding suggest that glucocorticoid induced osteoporosis may be the result of a

diminished capacity of the osteoblast to interact with its natural substrate, the

extracellular matrix.

Strikingly similar to the effects of glucocorticoids on bone cell adhesion

and function is the observation that RGD peptide added to organ cultures of fetal

rat parietal bone disrupts the osteoblast layer along the bone, leading to a decrease

in bone formation (Gronowicz 1994 JBMR) further supporting the importance of

integrins in bone growth.

Do Cultured Osteoblasts Respond to Type I Collagen?

The rat osteoblast cell line, UMR-106, and primary rat osteoblast cultures

respond to type I collagen by modulating signaling transduction events. A rise in

cytosolic Ca” is blunted in cells cultured on type I collagen compared with cells
grown on plastic. UMR-106 cells accumulate cAMP in response to parathyroid

hormone, cholera toxin and forskolin and this accumulation is augmented in cells

cultured on type I collagen. In addition, type I collagen induces double the amount

of membrane bound protein kinase C (PKC) and the effect of type I collagen on
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both Ca2+ and cAMP is blocked by PKC depletion or inhibition. The effect of

collagen on cytosolic Ca” is mimicked by incubation with soluble type I collagen

or short peptides containing the RGD motif suggesting that integrins play a role in

the alteration of Ca2+ and cAMP signaling pathways (Green 1995 Am J of
Physiol).

Ikeda, et al., (1993 J of Cell Physiol) demonstrate that the effects on signal

transduction in the cell line UMR-106 is specific for Type I collagen. These cells

change in morphology and exhibit a decrease in growth rate when plated on Type I

collagen, while laminin, fibronectin and Type IV collagen do not affect cell shape

or proliferation. Utilizing the same matrices, UMR-106 cells show an increase in

calcitonin binding and increase in response to calcitonin and parathyroid hormone

in terms of cyclic adenosine monophosphate production only when plated on Type

I collagen compared to control cells. The specificity of Type I collagen has not

been demonstrated in other cultured osteoblasts, including primary osteoblasts.

Statement of Purpose

Although research continues to demonstrate an essential interaction of

osteoblasts with collagen, little is known of the effect of collagen on the osteoblast

progenitor cell. To help clarify this issue, we utilize the ROB-C26 cell line to

study the role of type I collagen and collagen synthesis in osteoblast differentiation.

Our goals are to determine 1) whether C26 cells attach specifically to collagen and,

if so, to determine if this attachment is integrin dependent, 2) whether C26 cells

respond to collagen as they do to RA or a homologous, osteoinductive ECM 3)

whether both collagen synthesis and attachment to collagen are necessary for the



osteoblast differentiation of C26 cells, and 4) whether type I collagen can function

as a delivery system for BMP-6 and TGF-31.

Methods:

Cell culture

Attachment Assay

Collagen Synthesis

Collagen Crosslinking to Growth Factors

RNase protection

Northern Analysis

RESULTS

C26 attachment to collagen

We utilize a standard cell-substrate binding assay to determine if ROB-C26

cells attach to collagen coated culture dishes and, if so, whether attachment is

associated with the amount of collagen used in coating the wells. Our data shows

that cells do attach to collagen with a concentration as low as 1 pg/ml of protein

(Figure 1). However, half maximal adhesion is achieved at 10 pg/ml, a

concentration used in later experiments designed to determine if C26 adhesion is

integrin dependent.

Role of Integrins

The alpha2betal integrin has been shown to bind to type I collagen and is,

therefore, regarded as a putative cell surface collagen receptor. To determine
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whether this integrin is involved in C26 cell attachment to collagen, we added a

cyclic-RGD peptide to C26 cells during the attachment assay. Cyclic-RGD has

been shown to interact with the alpha2betal integrin and to inhibit the adhesion of

the osteosarcoma cell line, MG-63, to collagen (Cardarelli 1992 JBC). We found

that cyclic-RGD peptide at a concentration of 20 puM inhibits the attachment of

C26 cells to type I collagen film. The inhibition is approximately 50% while a

nonsense cyclic peptide at the same concentration has no effect on the attachment

process (Figure 2).

To further define the role of the alpha2betal integrin in C26 cell

attachment to collagen, a integrin specific monoclonal antibody (Mendrick 1993

Lab Invest) was added in the attachment assay. This monoclonal antibody is

immunoreactive with VLA-2 (alpha2betal integrin) and has been shown to inhibit

the attachment of rat mesangial cells to type I collagen (Mendrick 1995 Lab

Invest). This antibody, at 10 pg/ml, like cyclic-RGD inhibits the adhesion of C26

cells to collagen by approximately 50% (Figure 2). When cyclic-RGD peptide and

antibody are added together in the attachment assay, there is an approximately

75% inhibition of C26 cell attachment to collagen (Figure 2).

We further utilize the cyclic-RGD peptide and alpha2betal antibody to

determine whether cell attachment to collagen is necessary for osteoblast

differentiation by C26 cells. To this end, we added the peptide and monoclonal

antibody to RA-treated C26 cultures. First, we find that these reagents did not

produce any major changes in cell morphology or proliferation (data not shown).

However, the RGD peptide and antibody did inhibit the stimulation of ALP activity

in RA-treated cultures (Figure 3), as well as decrease nodule formation (data not

shown).



Type I Collagen Regulation of Gene Expression

To determine the influence of the attachment of C26 cells to collagen on

gene expression, C26 cells are cultured under four different conditions: on

collagen, on plastic, on plastic with RA treatment and on the ECM from RA

treated cells. Transcript abundance is measured by an RNase protection assay

after 3 or 6 days of incubation and includes three proteins associated with the

osteoblast phenotype, ALP, osteopontin (OPN) and type I collagen, as well as two

members of the TGF-3 superfamily, TGF-31 and BMP-6.

We found that ALP mRNA abundance increases in C26 cells plated on type

I collagen, homologous ECM or in the presence of RA (Figure 4, lanes 2,3,4

respectively). In contrast, ALP activity is increased only in cells incubated on

ECM or in the presence of RA, but not in cells plated on type I collagen (Figure

from first chapter). Both osteopontin (Figure 5, lanes 2,3,4) and type I collagen

mRNAs (Figure 6, lanes 2,3,4) increase in abundance when C26 cells are plated on

collagen and ECM or treated with RA, with a slightly greater enhancement seen in

the RA treated samples (Figure 5 and 6, lane 2).

The expression of TGF-31 and BMP-6 stands in strong contrast to the

uniform increase in expression seen in the three matrix proteins. C26 cells cultured

on plastic constitutively express TGF-31 (Figure 7, lane 1), but show an increase

in expression of TGF-31 when treated with RA or plated on a homologous ECM

(Figure 10, lanes 2 and 4 respectively). In contrast, the increase in TGF-■ ºl is not

seen in C26 cells incubated on type I collagen (Figure 7, lane 3). Similarly, the

expression of BMP-6 is up-regulated by the presence of RA or homologous ECM
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(Figure 8, lane 2 and 4). On the other hand, C26 cells do not respond to type I

collagen with an increase in BMP-6 expression (Figure 8, lane 3).

Collagen Synthesis and C26 Osteoblast Differentiation

The first step is to determine whether RA increases collagen synthesis in

C26 cells and, if so, whether the increase occurs early in the osteoblast

differentiation process. To address these issues, we measured collagen synthesis in

three day C26 cultures using the Furthmayer assay, at a time point prior to the

increase in ALP activity (four days) and the formation of an osteoinductive matrix

(six days). Thus, our data show, that when C26 cells are treated with 10-6M RA
for three days, there is an approximate 5-fold increase in collagen synthesis over

that seen in untreated cultures (Figure 9). This increase is followed by the

expected increase in ALP and formation of an osteoinductive ECM.

The third goal is to determine whether collagen synthesis is essential for

osteoblast differentiation of C26 cells. To this end, C26 cells are treated with the

collagen synthesis inhibitor, cis-hydroxyproline. We found that this proline analog

reduces RA stimulated collagen synthesis approximately to the level of untreated

cells (Figure 9). Moreover, cis-hydroxyproline blocks RA-induced ALP activity in

C26 cultures (Figure 10) and inhibits the formation of an osteoinductive matrix in

vitro (data not shown). Excess L-proline blocks the inhibitory activity of cis

hydroxyproline on RA activity, presumably by effectively competing with the

analog (Figure 10). Interestingly, plating cells on a collagen film does not negate

the inhibitory effects of cis-hydroxyproline (data not shown).



48

Since cis-hydroxyproline is a proline analog and could possibly decrease

the synthesis of all proteins that contain proline it was important to examine this

issue. To this end, we assess the relative effect of cis-hydroxyproline on collagen

versus total protein synthesis. We found that total radiolabeled proline

incorporation, when normalized with the total protein per sample, is approximately

12% less in cis-hydroxyproline treated cultures than in untreated cells (Table).

This number is in strong contrast to the major reduction of proline incorporation

into collagen when synthesis is inhibited.

TGF-31 is an osteoinductive component of C26 matrix and associated with

C26 osteoblast differentiation. Is the inhibition of collagen synthesis associated

with a decrease in TGF-31 expression? Our data show that cis-hydroxyproline

reduces TGF-31 mRNA levels in RA-treated C26 cells (Figure 11, lane 3), as

compared to the up-regulation following RA treatment (Figure 11, lane 4).

Importantly, the addition of the collagen synthesis inhibitor does not appear to

affect the constitutive expression of TGF-31 (Figure 11, lane 2) or GADPH (data

not shown) by C26 cells.

Collagen and Growth Factors

To determine whether the C26 response to BMP-6 and TGF-31 differs

when these growth factors are physically associated with collagen, we plate C26

cells on BMP-6 or TGF-31 covalently crosslinked to collagen via a difianctional

polyethylene glycol. We found that while C26 cells do not respond to BMP-6 in

solution at concentrations as high as 1000 ng/ml (data not shown), they did

respond when plated on BMP-6 (10 ng/ml) crosslinked to type I collagen (Figure

12). The effect seems to be specific for the BMP-6-collagen combination since
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cells plated on BMP-6 crosslinked to fibronectin do not show a comparable

response (data not shown).

Despite the apparent importance of TGF-31 in the osteoblastic

differentiation of C26 cells, exogenous TGF-31 in solution inhibits ALP activity in

C26 cells and appears to inhibit differentiation. On the other hand, C26 cells form

mineralizing nodules when plated on collagen crosslinked with TGF-31 at a

concentration of 2 ng/ml (Figure 13). Moreover, nodule formation is mimicked

when cells are treated with a combination of TGF-31 (20 ng/ml) and RA (10−6M;
data not shown).

DISCUSSION

C26 cells specifically attach to collagen in a concentration-dependent

manner and attachment is inhibited by cyclic-RGD peptide and a monoclonal

antibody that inhibits the alpha2beta1 integrin collagen receptor. Inhibition of the

attachment of C26 cells to collagen, via the alpha2betal integrin, blocks the

stimulation of alkaline phosphatase activity by RA. Retinoic acid induces a major

increase in collagen synthesis by C26 cells early in the osteoblast differentiation

process. Inhibition of collagen synthesis by C26 cells blocks the RA-induced

alkaline phosphatase activity (even in the presence of exogenous type I collagen)

and increase in TGF-31 transcript. C26 cells treated with RA or cultured on type I

collagen or ECM increase their gene expression of alkaline phosphatase,

osteopontin and type I collagen. However, collagen does not induce the

expression of TGF-31 and BMP-6, as is induced by RA treatment or plating on

ECM. Finally, C26 cells exhibit a more osteoblast-like phenotype in response to
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BMP-6 and TGF-31 covalently crosslinked to collagen, a response in strong

contrast to these growth factors when in soluble form.

Collagen Attachment and Integrins

C26 cells appear to specifically attach to type I collagen via , in part, the

alpha2betal integrin recognizing a RGD motif. On the other hand, Staatz, et al.

(1991 JBC) demonstrate that platelet adhesion to type I collagen can be inhibited

by a non-RGD peptide. It is possible that other receptors or mechanisms of

attachment may participate in C26 attachment to collagen since attachment is not

completely blocked by cyclic-RGD or VLA-2 blocking antibody.

Some investigators have found that RGD peptides do not inhibit the

attachment of some cells to type I collagen. Some of these studies utilize linear

RGD peptides in their adhesion assays. In this study, a cyclic RGD peptide inhibits

C26 attachment to type I collagen. The conformation of the cyclic RGD peptide

may play an important role in inhibiting integrin attachment to matrix proteins and

could account for the differences in various studies.

Collagen Attachment and Osteoblast Differentiation

The interaction of C26 cells with collagen via the alpha2betal integrin

appears necessary for the osteoblast differentiation of these cells. Both cyclic

RGD peptide and alpha2beta1 antibody inhibits ALP activity in RA treated cells.

Toxicity and detachment do not appear to be a factor as proliferation and
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morphology are not greatly altered during the long term incubation with peptide or

monoclonal antibody to C26 cultures (data not shown).

While attachment to collagen appeared essential for the osteoblast

differentiation of C26 cells, attachment to type I collagen does not induce all of the

events in the osteoblast differentiation of C26 cells. C26 cells cultured on collagen

do not exhibit an increase in ALP activity even though these cells do show an

increase in ALP message. This lack of induction suggests that retinoic acid or

ECM induce increases in ALP activity through post-translational modifications

that are not stimulated by Type I collagen. Such post-translational modifications

could include increases in transcript half-life or increases in protein translation.

Attachment to type I collagen does not stimulate an increase in TGF-31

and BMP-6 messages, as is seen when differentiation is induced by RA or ECM.

Together, the analysis of expression of selected genes in C26 cells suggests that

type I collagen contains information that C26 cells respond to, but that collagen

alone is not sufficient to stimulate osteoblast differentiation in C26 cells.

Collagen Synthesis and Osteoblast Differentiation

C26 cells synthesize collagen and collagen synthesis is stimulated by RA at

a time point prior to the expression of phenotypic markers, such as ALP activity

suggesting that collagen synthesis is associated with the onset of osteoblast

differentiation induced C26 cells by RA.

Collagen synthesis by C26 cells is inhibited by the collagen synthesis

inhibitor, cis-hydroxyproline. Collagen does contain an excess of proline, but the
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addition of the proline analog to C26 cultures could decrease the synthesis of all

proteins that contain proline. The inhibitory effect appears to be specific for

collagen as total protein synthesis is not greatly affected by cis-hydroxyproline (see

Table).

The addition of cis-hydroxyproline to C26 cultures also inhibits the RA

induced increase in ALP activity suggesting that blocking collagen synthesis blocks

the osteoblast differentiation of C26 cells. Further evidence exists that collagen

synthesis is essential for differentiation of C26 cells in experiments involving the

collagen synthesis, ethyl-3,4-dihydroxybenzoate, a specific inhibitor of prolyl and

lysyl hydroxylase and not a proline analog. The addition of this compound to RA

treated C26 cells also inhibits the stimulation of ALP activity (data not shown).

RA-treated C26 cells do not produce an osteoinductive matrix in the

presence of cis-hydroxyproline; in fact C26 cells do not produce an appreciable

matrix when treated with cis-hydroxyproline. A possible mechanism for

decreasing the stimulatory activity of matrix is that cis-hydroxyproline treatment

leads to a decrease in TGF-31 expression, thus, disrupting the autocrine feedback

of TGF-31. Northern analysis reveals that cis-hydroxyproline addition to C26

cultures blocks the RA-induced increase in TGF-31 message suggesting that

collagen synthesis is associated with the osteoblast differentiation factor TGF-31.

The addition of TGF-31 to C26 cultures treated with cis-hydroxyproline do not
reestablish the expression of alkaline phosphatase (data not shown) suggesting that

the interaction of collagen and TGF-31 in establishing C26 osteoblast

differentiation is complex.
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Type I Collagen as a Growth Factor Carrier

The observation that collagens bind and regulate the action of TGF-3

related molecules (Paralkar 1990 JBC, Paralkar 1991 Dev Biol; Paralkar 1992

JCB) led us to determine whether the physical association of collagen with BMP-6

modulated the response of C26 cells to this growth factor. C26 cells do not

exhibit an increase in ALP activity when exposed to soluble BMP-6 levels as high

as 1 pig■ ml. When C26 cells were plated on 10 ng/ml of BMP-6 crosslinked with

type I collagen there is an increase in ALP activity compared to untreated cells.

C26 cells modestly responded to type I collagen mixed with 100 ng/ml BMP-6

suggesting that crosslinking collagen with BMP-6 potentiates the action of BMP

6.

Moreover, TGF-31 crosslinked to collagen induces C26 cells to form

nodules at a much lower TGF-31 concentration than soluble growth factor mixed

with RA (2 ng/ml versus 20 ng/ml). The physical association of TGF-31 and

collagen appears to mediate a synergistic effect on C26 cells. Andrianarivo, et al.

(1992 J of Cell Physio), demonstrate a synergistic effect of type I collagen and

TGF-31 on MG-63 osteosarcoma cells. ALP activity in MG-63 is greater when

exposed to a combination of type I collagen and TGF-31 than when cells are

plated on type I collagen or plated on plastic and exposed to TGF-31.

A mechanism for the synergistic effect of collagen and growth factor is

unknown. The crosslinking of collagen with TGF-31 and BMP-6 might lead to

clustering of collagen and growth factor receptors. Combining multiple receptor

types will combine associated signaling components. Evidence of a combination of

various cell surface receptors and signaling components exists in exquisite
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experiments utilizing RGD-coated magnetic beads. Plopper, et al. (1995 Mol Bio

of the Cell), isolate a membrane complex associated with the beads that contains

many signaling components. RGD coated beads rapidly induce focal adhesion

complexes (FACs) and biochemical analysis reveals that the complexes contain a

clustering of integrins, tyrosine kinases (ppó0srº and pp.125FAK), phospholipase
C, Na"/H' antiporter and FGF receptor. In fact, isolated FACs signal in vitro

indicating that integrins and growth factor receptors may function within a focal

adhesion scaffold that converge signaling pathways and possibly leading to

multiple and amplified signals.
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CONCLUSIONS

Autocrine Regulatory Loop in Osteoblast Differentiation

The work presented in this thesis was based upon the hypothesis that

osteoblast differentiation is regulated by an autocrine feedback loop involving the

extracellular matrix (ECM), in which differentiating osteoblasts deposit a growth

factor enriched matrix that promotes the maturational process. To test this

concept, we utilized the clonal, mesenchymal progenitor cell line, ROB-C26, and

found that their ECM will stimulate osteoblast differentiation in these and other

competent cells, and that their differentiation is linked to both matrix-associated

TGF-31 and BMP-6.

TGF-3s and Osteogenesis

We have shown that both TGF-31 and BMP-6 are deposited in the ECM

and are available in bioactive form to stimulate the expression of the osteoblast

phenotype in vitro. We reason that matrix functions this way in vivo. In other

words, bioactive and matrix-associated TGF-31 and BMP-6 may act sequentially

to induce osteoblast differentiation and stimulate bone formation.

Type I Collagen

Type I collagen is the most abundant protein in bone. C26 cells respond to

a collagen substrate in vitro by expressing some but not all markers of the

osteoblast phenotype, and fail to differentiate with the inhibition of collagen

synthesis and attachment to collagen. From these observations, we propose that
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collagen plays an essential role in osteoblast differentiation, but that collagen alone

is not sufficient to fully promote this maturational process. In addition, we

demonstrate that type I collagen can act as a carrier for TGF-31 and BMP-6 in

vitro, in such a way as to augment the action of these growth factors.

Model System Concerns

Even though in vivo evidence supports our findings and hypothesis, we do

recognize that our model system has inherent limitations. First, this study relies

primarily on in vitro techniques which can never fully duplicate the complex

environment found within bone in vivo; no matter how carefully we monitor and

control the conditions. In addition, cultured cells, whether transformed or not,

change when cultured in vitro, e.g. cells plated on plastic inherently produce more

TGF-3. Finally, our findings are from one cell line and, therefore, may not

necessarily be representative of what happens naturally or correlate to other

cultured cells. While C26 cells are clonal, they are heterogeneous, with various

cells displaying different phenotypes even though they are in the same experiment.
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METHODS

C26 cell culture: C26 cells are cultured in alpha-minimal essential medium (o-

MEM) supplemented with 10% heat inactivated fetal calf serum at 379C in a

humidified atmosphere of 5% CO2 in air. In the typical experiment, 7.5 X 103
cells are plated into 24-well Falcon culture dishes with or without RA at 10–6 M.

The culture medium is replaced on alternate days for an incubation period of 6

days.

Reagents. The type I collagen used as a plating substrate (Vitrogen) is purchased

from Celtrix, Santa Clara, CA. The neutralizing TGF-31 and TGF-31,2,3

monoclonal antibodies (Lucas 1991 Methods in Immunology) used to pretreat

ECM are a kind gift from Dr. Reinhardt Ebner (Human Genomic Science,

Bethesda, MD) and are of the IgG isotype. The latter isotype is purchased from

Jackson Immunoresearch; West Grove, PA. The BMP-6 neutralizing antibodies

used in this study are affinity-purified rabbit antisera against oligopeptides

corresponding to the precursor and mature regions of murine BMP-6 (Gitelman

1994 Cell Growth and Diff) and are a kind gift from Dr. Stephen Gitelman (UCSF,

San Francisco, CA). Both cyclic-RGD (Cardiarelli 1992 JBC) and anti-VLA-2

antibody (Mendrick 1993 Lab Invest) are a kind gift from Dr. Gordon Strewler

(VAMC; San Francisco, CA). Fibronectin, poly-L-lysine and cis-4-hydroxy-L-

proline, the collagen synthesis inhibitor, are purchased from Sigma; St. Louis, MO.

TGF-31 is kindly provided by Dr. Reinhardt Ebner. The soluble BMP-6 in some

experiments is, in fact, a conditioned medium from BMP-6 overexpressing CHO

cells (Gitelman 1994 JCB) and is obtained from Dr. Stephen Gitelman.

In Vitro ECM preparation. To prepare ECM for analysis, 5 x 10*C26 cells are
plated onto Vitrogen (100 pg/ml) coated 24-well plates in medium supplemented,
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in most experiments, with 50 ug/ml of ascorbate and 10-6 M RA. The medium is

changed daily. After 6 days of incubation, the cells are washed in phosphate

buffered saline (PBS) and lysed by sequential exposure to 0.01% Triton X-100 in

PBS and double distilled water. The latter treatment removes all intact cells from

the ECM but leaves behind occasional scattered cell debris, typically in the form of

membrane fragments. Exposed ECM is rinsed four times in PBS and seeded with

untreated C26 cells at 7.5 x 103 cells/well. To assess alkaline phosphatase (ALP)

activity in C26 cultures incubated on ECM, cells are cultured for a total of 6 days,

with medium replacement every 2 days, and then assayed for ALP activity. For

northern blot analysis, cells are grown on ECM for 3 days (TGF-31) or 6 days

(BMP-6 and matrix proteins).

Neutralizing Antibodies. In some studies, the rinsed ECM is incubated with

antibody at 10 pg/ml for 2 hours at room temperature before plating the untreated

cells. Fresh antibody at 1 pig■ ml is added with medium replacement every 2 days.

ECM action in vivo: C26 cells are grown in T-150 flasks for 6 days in the

presence or absence of 10−6 M RA. The cell layer is then washed twice in PBS
and incubated overnight at 40C in double distilled water to lyse the cells. The

residual ECM is treated with 0.12 N HCl for 30 minutes, so as to activate latent

TGF-Bs, and subsequently neutralize with 1:1 1 M NaOH:1 M HEPES buffer

before lyophilizing and freezing at -700C, Lyophilized ECM, 2 mg, is placed in

gelatin capsules and the capsules are implanted into the thigh muscles of

anesthetized, athymic nude mice (Charles River Laboratories; Wilmington, MA).

The mice are sacrificed after 10 or 21 days, the muscle tissue is recovered and

processed for routine paraffin sectioning. The sections are then stained with

hematoxylin and eosin, and scored for the presence of cartilage and bone.



74

Anti-sense oligonucleotides. To inhibit TGF-31 and BMP-6 synthesis at the level

of transcription, antisense oligonucleotides corresponding to sequences near the

initiation codons of both human TGF-31 and rat BMP-6 are added to C26 cultures

at 10 puM. 21mer phosphorothioate oligonucleotides are designed to correspond

to the sense or antisense sequences flanking the translation initiation regions of the

mRNAs for TGF-31 and BMP-6. These oligonucleotides are synthesized with

phosphorothioate linkages because of their resistance to nucleases (Stein 1988

Nucleic Acids Research). Missense sequence oligonucleotides serve as a negative

control. Sequences are obtained from the GenBank and are as follows. Note that

the start codon is underlined.

anti-sense TGF-31 5'-CCCGGAGGGCGGCATGGGGGA-3'.

sense TGF-31 5'-TCCCCCATGCCGCCCTCCGGG-3'.

anti-sense BMP-65'-CCCCAGCCCGGGCATCGCCGC-3'.

sense BMP-65'-GCGGCGATGCCCGGGCTGGGG-3'.

missense 5'-GCCACCATGGTCGACCTTTAG-3'.

TGF-31 synthesis: TGF-31 secreted in the medium is measured using a

commercially available quantikine or immunoassay kit (R&D Systems;

Minneapolis, MN). This assay employs the quantitative sandwich immunoassay

technique utilizing the specificity of immobilized Type II TGF-3 receptor. Briefly,

2 X 104 cells are plated in 96-well plates, allowed to adhere for 12 hours and
cultured with or without 10-9 M RA in the presence of 10% serum for 48 hours.
Cells are washed once with o-MEM and then grown in serum-free medium for 24

hours. In the presence or absence of 10−6 M RA and/or 10 mM oligonucleotide,

the medium is then collected, centrifuged to remove debris and stored at -70°C.

The TGF-3 in 100 pil of conditioned medium is activated by adding 20 pil of 1 N
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HCl for ten minutes and subsequently neutralized with 20 pil of 1.2 N NaOH/0.5 M

HEPES. Samples are pooled and assayed in triplicate according to manufacturer's

directions. Activated TGF-31 is measured spectrophotometrically at 450 nm and

level determined by comparison with duplicate readings of known TGF-31

standards processed in a similar manner.

BMP-6 synthesis. The level of secreted BMP-6 is estimated by dot-blot assay.

Preparation of conditioned medium is similar to TGF-31 measurements but with

no acid activation step. Specifically, 100 pil of conditioned medium is blotted on

ethanol-wetted blot transfer paper (Immobilon, Millipore Corp.; Bedford, MA) and

allowed to dry. Blots are washed with standard Western washing buffer, Tris

Buffered Saline(TBS)-0.1%BSA and non-specifically blocked with TBS-3%

bovine serum albumin (BSA, Sigma; St. Louis, MO) for 20 minutes and then

incubated with 10 pg/ml BMP-6 antibody (mature region) in 0.5% BSA for 30

minutes on a shaker. The blots are washed 4X and then incubated with alkaline

phosphatase conjugated anti-rabbit secondary antibody in 0.5% BSA for 30

minutes. The blots are washed again and incubated with alkaline phosphatase

substrate (BCIP/NBT, Kirkegaard & Perry Laboratories; Gaithesburg, MD) until

color develops. As a control, some blots are incubated with non-specific rabbit

serum. In these blots, no appreciable background is observed. Samples are

qualitatively compared to similarly treated BMP-6 standards of conditioned

medium from BMP-6 overexpressing CHO cells.

Attachment Assay: 96-well dishes are coated with increasing concentrations of

type I collagen (Vitrogen) and non-specific attachment sites blocked by incubation

in 2% BSA for 15 minutes. 1 x 104 cells in supplemented o-MEM with 2% BSA
are incubated on coated wells for 1 hour at 370C, in the presence or absence of
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inhibitory agents. Cells are then washed 2X with PBS, the adherent cells fixed

with 2.5% formaldehyde and stained overnight with 1 mg/ml methylene blue.

Retained dye from collagen adherent cells is leached into solution by incubation in

100 pil of 0.1 N HCl and the level of dye in solution assessed

spectrophotometrically at 660 nm. Background adhesion to plastic is minimal, but

in any case is subtracted from all values obtained from cells seeded onto collagen.

Alkaline Phosphatase determinations. In general, ALP activity is established from

triplicate samples of cell extracts prepared generally after 6 days of culture. The

cells are lysed by incubation in 0.3 ml of lysis buffer (10 mM Tris-HCl, 1 mM

MgCl2 and 0.5% Triton X-100) and scraped to release any attached material. This

crude extract is then mixed with a second washing of lysis buffer (0.2 ml/well) and

the ALP activity determined in total aliquots using the modified method of Bessey,

et al. (Bessey 1946 PNAS) with p-nitrophenyl phosphate as the substrate. The

amount of p-nitrophenol released after 10 minutes of incubation at 370C is

measured spectrophotometrically at 404 nm, and the ALP activity is calculated as

nmol p-nitrophenol/minute/cell.

Cell Number: Cell number is determined indirectly utilizing a dye uptake method

(Bar-Shavit 1983 J of Clinical Invest) in which the amount of methylene blue

released from cells following staining is quantitatively assessed by

spectrophotometry. In brief, triplicate cultures are fixed overnight in 2.5%

formaldehyde and subsequently washed in 0.1 M borate buffer, pH 8.5. The cells

are then stained with methylene blue (0.5 mg/ml in buffer for 10 minutes, washed

4X in buffer to remove excess dye, and incubated in 0.1 N HCl at 370C for 40

minutes to extract cell-associated dye. The extract is then diluted 1:6 with distilled

water and the absorption is measured at 660 nm. By this method absorbance is
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linearly proportional to cell number over the range of 1 X 104 to 5 X 105 cells.

ECM or Vitrogen alone retains little or no dye and, therefore, do not compromise

the accuracy of the method.

Stable BMP-6 Transfectants. Cells are grown in complete medium until the day of

the transfection, at which time the medium were changed to DME H-16 media

containing 1 g/liter glucose (Gibco-BRL). Cells are transfected using the calcium

phosphate precipitation method (Wigler 1979 Cell) at 70% confluence using 40 pig

of pKK7-BMP-6 expression vector and 1 pig of pneo (conferring neomycin

resistance) per 10 cm plate. After 15 hours of incubation, the cells were rinsed

twice with PBS and then incubated in complete medium until they reached

confluence. Subsequently, the cell cultures are split 1:8 and maintained in media

supplemented with 400 pg/ml G418 (Geneticin, GIBCO-BRL, Gaithersburg, MD).

Individual clones are selected after approximately 6 weeks in culture, expanded

and screened by standard Northern blot analysis for expression of BMP-6 mRNA,

as described later.

Preparation of Ribroprobes. The cDNA clones are first subcloned into pBluescript

or pGEM. Radioactively labeled complementary RNAs (cRNA) are synthesized in

20 pil reaction mixture containing: 250 puCi of a-[32P]-UTP (specific activity, >

3000 Ci mmol−1), evaporated to dryness, to which is added 4 ml of 5X

transcription buffer (40 mM Tris-HCl, pH 7.9, 10 mM NaCl, 6 mM MgCl2, 2 mM

spermidine), 2 pil 100 mM dithiothreitol, 1 pil of 10 mM solution each of ATP,

CTP, GTP, 1 pig of recombinant plasmids, linearized for synthesis of antisense

cRNA or sense cRNA with 15-20 units of either T3 RNA polymerase, T7 RNA

polymerase or SP6 RNA polymerase, and 40 U RNasin. The reaction mixture is

then incubated at 37°C for 30 minutes, an additional 15-20 U of RNA polymerase
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added and the incubation continued for a further 30 minute period at 370C. The

cDNA template is subsequently digested with 2 U of RNase-free DNase per

microgram of DNA at 379C for 15 minutes in the presence of an additional 40 U

of RNasin. Following digestion with DNase, 50 pig of yeast tRNA is added, the

mixture is diluted to 100 pil with 1X SSC (0.15 M NaCl, 0.015 M Na-citrate) and

immediately deproteinized with phenol and chloroform-isoamyl alcohol as per

standard methods. The RNA is precipitated overnight by the addition of 4 M Na

acetate, pH 6.0 to a final concentration of 0.3 M, and 2.5 equal volumes of -20°C

ethanol. The RNA is collected by centrifugation, dried under vacuum at room

temperature, and dissolved in 50 pil of sterile 0.1% diethylpyrocarbonate (DEPC)-

treated distilled water. Low molecular weight materials are removed by passage

through a Select-D (RF) column (5 Prime-3 Prime, Inc.; PA). The labeled cKNAs

are then recovered in a final volume of 50 ml.

Northern Blot Hybridization Analysis: Total RNA is extracted from confluent

cultures using the guanidinium thiocyanate method (Chomszynski 1987 Anal

Biochem) and Poly (A+) enriched fraction was prepared using a Qiagen

OligotexTM mRNA Kit (Germany) according to manufacturer's instruction. 2.5

mg poly(A+) mRNA is then electrophoresed on a denaturing formaldehyde 1%

agarose get and transferred to nitrocellulose paper using overnight paper towel

transfer in 10X SSC (0.15 M NaCl, 0.015 M Na-citrate). The transferred RNA is

crosslinked to the nitrocellulose paper by exposure to ultraviolet radiation in a UV

Stratalinker (Stratagene, La Jolla, CA) as recommended by the manufacturer. The

nitrocellulose RNA blots are pre-hybridized with pre-hybridization buffer for at

least one hour at 609C and subsequently hybridized separately with each [32P]-
labeled specific cRNA probe at 680C. The filters are washed 2X in 2X SSC and

0.1% SDS at room temperature for 15 minutes, then washed in 0.1X SSC and
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0.1% SDS at 609C for 30 minutes. Finally, the filters are exposed for 1-3 days to

Kodak XAR-5 film at -700C.

RNase Protection Assay: A modified ribonuclease protection assay is used (Pape

1991 Gen Anal Tech Appl) as described with the USB RNase protection kit

(United States Biochemical Corp.; Cleveland, OH). Briefly, [32P]-labeled cKNAs
are purified by electrophoresis in TBE buffer (0.045 M Tris-borate, 0.001 M

EDTA, pH 8.0) on a 4% acrylamide gel prior to hybridization with total cell RNA

targets. The purified [32P)-labeled cKNA band, visualized by autoradiography x

ray film, is extracted from the gel over a 14-18 hour period at room temperature in

500 pil of 20 mM Tris-HCl, 1 mM EDTA, 0.5 M NH4-acetate, 0.2% sodium

dodecyl sulfate (pH 7.0), containing 10 pig of yeast trNA per millimeter. A yield

of about 5 X 104 cpm per microliter of extraction buffer is generally obtained.
Solution hybridization is as follows: to determine the abundance of phenotype

mRNA 30 ug of total RNA is mixed with 100 cpm of a purified cKNA probe in 2
M NH4-acetate in a final volume of 100 pil. An equal volume of isopropanol is

added at room temperature to precipitate the RNA mixture and the precipitated

RNAs dried under vacuum. The precipitate is dissolved in 27.6 pil of hybridization

buffer (80% formamide, 40 mM Pipes, 1 mM EDTA, pH 6.5) at 429C, to which

2.4 pil of 5 M NaCl is added, topped with mineral oil, denatured at 95°C for 5

minutes, then hybridized overnight at 500C. Following hybridization, the mixture

is digested at 300C for 1 hour with 10 U of RNase T2 (GibcoBRL) in 300 pil of

T2 solution (50 mM Na-acetate, 2 mM EDTA, 100 mM NaCl, pH 4.5). The

samples are then electrophoresed on a 6% polyacrylamide DNA-sequencing gel,

after which the gel is dried and exposed to Kodak XAR-5 film for 1-5 days at -

709C. Base number is determined by comparison to a RNA ladder marker, as

indicated in the figure legends. The image of protected bands was captured by



80

camera and converted to computer by Media Graber software. The intensity of the

bands is quantitated by using NIH image software (version 1.42, NIH, Bethesda,

MD) and normalized relative to the levels of glyceraldehyde-3-phosphate

dehydrogenase (GADPH).

Crosslinking to Collagen: Collagen is covalently attached to BMP-6 or TGF-Él

using the crosslinker polyethylene glycol (Abuchowski, 1977 JBC). In brief, 30

mg of Sucinimidyl Succinate-Polyethylene Glycol, SS-PEG, (Shearwater Polymer;

Huntsville, AL) dissolved in 1 ml PBS (0.05 M PO4 buffer, 0.85% NaCl, pH 7.2)

is mixed with 1 mg of Vitrogen and 10 pig BMP-6 or 1 pig TGF-31 and then

stirred for 30 minutes at room temperature. Samples are clarified by Millipore

filtration, coated on 24 or 96-well plates and allowed to set at 37°C for 15

minutes. Coated plastic surfaces are used as substrates C26 cells grown under

standard culture conditions and assayed for ALP activity or nodule formation.

Fibronectin (100 pg/ml) and poly-L-lysine (100 pg/ml) are also crosslinked with

TGF-31 and BMP-6, these serve as negative controls substrates.

Collagen Synthesis. The level of collagen synthesis is determined by 3H-proline
intake using a modification of the Peterkofsky collagenase method (1971

Biochemistry). Briefly, cells are grown to confluence in 100mm dishes in o-MEM

+ 10% FCS, after which the cells are serum starved in DME (which lacks proline)

for 24 hours. Confluent cells are then incubated with 3H-Proline (20 uCi■ plate),

with or without 10-9M RA, for 24 hours. Subsequently, medium is collected and
the cells covered with 2 ml of homogenizing buffer (0.1 M Tris-HCl, 1 ug DTT/ml,

0.05% Triton X-100, pH 7.5), scraped, collected, and homogenized in a glass

homogenizer. Medium and cell extract samples are placed in dialysis tubing (12

14K MW cut-off, Spectra/Por, Spectrum Medical Industries, Los Angeles, CA)
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and dialyzed at 49C in 4L beakers against slightly buffered water until the counts

in dialyzed in solution is less than 50 cpm. A small fraction of retentate is counted

and 200,000 cpm of retentate sample is mixed with 50 units of bacterial

collagenase (Sigma, St. Louis, MO) in 2 ml total volume with collagenase buffer

(0.025 M Tris-HCl, 0.01 M Calcium Acetate, pH 7.2) and digested for 4-6 hours

at 37°C in a shaker water bath. Samples are transferred to similar dialysis tubing

and dialyzed separately in 50 ml water overnight at 40C and counted. The protein

content of each sample is also determined using a BioFad (Hercules, CA) protein

assay kit. Collagen synthesis, as a function of total protein synthesis, is calculated

using an equation correcting for the greater proline content in collagen

(Peterkofsky 1971 Biochemistry).

von Kossa silver stain for mineralization: The von Kossa method (Sheehan and

Hrapchak editors, Theory of Histology) is utilized to detect mineralization in

developing nodules of C26 cells in vitro. In brief, cells are grown on chamber

slides in media containing ascorbic acid (50pg/ml, added fresh daily) and beta

glycerophosphate (20mM, added the last three days of culturing). The medium is

discarded, the cells are washed 2X with PBS and fixed in 2.5% formaldehyde for

30 minutes. The slides are washed in distilled water and incubated with 5% silver

nitrate for 20 minutes under a ultraviolet light or until the calcium phosphate salts

turn black-brown. The slides are rinsed 2X in distilled water, incubated with 5%

sodium thiosulfate for 2 minutes to remove unreacted silver and counterstained for

3 minutes with nuclear fast red. Finally, slides are rinsed in distilled water and

coverslipped. The presence of black-brown precipitates (nodules) indicates that
mineralization has occurred.
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Cell Proliferation. The proliferation of C26 cells is measured using a standard 3H
thymidine incorporation assay. Briefly, cells are plated in 24-well plates at 4X10°
cells/well in standard medium containing serum. After 24 hours, the cells are

incubated in serum-free o-MEM with or without 2 ng/ml TGF-31 for an additional

24 hours. After which, the cells are incubated with 2 mCi of methyl-3H-thymidine
(NEN-DuPont. Boston, MA) for an additional 4 hours. Cells are then washed

twice with ice-cold PBS, precipitated in 10% trichloroacetic acid, and

subsequently counted for radioactivity. Experiments are done in triplicate and the

results are represented as the mean value.
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TABLE |

Collagen Synthesis by C26 Cells

percent
collagen/total

relative rate col
Synthesis/total

proline incorp/total
protein-dpm/u

culture conditions

untreated
retinoic acid

RA+CHP
CHP

protein (%)
11
43
16
10

protein
2.83
15.7
4.25
2.95

gX104
1.06

0.877
0.774
0.928
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C26 Cells Overexpressing Mutated TGF-3 Receptor
Fail to Respond to TGF-31
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ALP Acitivty of C26 BMP-6. Over-Expressing Clones
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ECM Activity is Inhibited by BMP-6 and TGF-3
Neutralizing Antibodies
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Antisense BMP-6. Oligonucleotide
Inhibits ALP in C26 Cells
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ECM From Antisense BMP-6 Treated C26 Cells
is Not Osteoinductive In Vitro
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C26 Cells Attach to Type I Collagen
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ALP Activity in C26 Cells is Inhibited by
cyclic RGD and VLA-2 Antibody
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TGF-31 Expression in C26 Cells
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BMP-6 Expression in C26 Cells
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Alkaline Phosphatase Activity
is Inhibited by cis-hydroxyproline (CHP)
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Collagen Crosslinked with BMP-6
Increases ALP in C26 cells
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Figure Legends

Chapter 2

Figure 1-TGF-31 secretion by C26 cells after 3 days of incubation under various

conditions. Data are shown as the ratio of TGF-31 in each milliliter of C26 cell

conditioned medium per total protein and represent the average of two samples.

Untreated C26 cells secrete TGF-■ ºl and secretion by RA-treated cells increases

approximately 7%. Secretion of TGF-31 by C26 cells is decreased to undetectable

levels upon incubation with antisense TGF-31 oligonucleotides, while the secretion

of TGF-31 secretion in C26 cells remains practically unaffected with the addition

of sense TGF-31 oligonucleotides.

Figure 2-C26 cell number after 3 days incubation under various conditions. Data

are shown as absorbance of retained dye and represents the mean of triplicate

cultures. The apparent absence of error bars indicates that a deviation is too small

to be represented in the figure. C26 cell number decreases approximately 30%

with incubation of RA compared to untreated cells. The addition of antisense

TGF-31 oligonucleotides to RA-treated C26 cells results in an approximately 45%

decrease in cell number compared to untreated cells, while the addition of sense

oligonucleotides has no effect on cell number.

Figure 3-Alkaline phosphatase activity in C26 cells after 6 days of incubation under

various conditions. Data are shown as the ratio of enzyme activity to cell

absorbance and represents the mean of triplicate cultures. The apparent absence of

error bars indicates that a deviation is too small to be represented in the figure.

C26 cells exhibit increased ALP activity when treated with RA compared to
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untreated cells. The addition of antisense or sense TGF-É 1 oligonucleotides has

no effect on ALP activity.

Figure 4-Alkaline phosphatase activity in C26 cells after 6 days of incubation under

various conditions. Data are shown as the ratio of enzyme activity to cell

absorbance and represents the mean of triplicate cultures. The apparent absence of

error bars indicates that a deviation is too small to be represented in the figure.

C26 cells exhibit an increase in ALP activity when plated on an ECM isolated from

RA-treated C26 cells. This increase is matched when cells are plated on an ECM

isolated from RA-treated C26 cells incubated with antisense TGF-31

oligonucleotides.

Figure 5-3H-Thymidine incorporation by C26 cells after 24 hours of incubation
with or without 2 ng/ml TGF-31. Data are shown as tritium counts and represent

the mean of triplicate cultures. C26 cells exhibit a 50% decrease in proliferation in

response to TGF-31 (hatched bar). Note the apparent lack of response of clone

142, which overexpresses the mutated TGF-3 Receptor, to 2 ng/ml of TGF-31 as

thymidine incorporation of in these cells remains unchanged.

Figure 6-Alkaline phosphatase activity in wildtype C26 and clone 142 cells after 6

days of incubation under various conditions. Wildtype C26 cells cultured on

plastic in the presence of retinoid (+RA) or retinoid with BMP-6 (RA+BMP-6)

show a marked increase in enzyme activity over that seen with untreated cells

cultured on plastic. Wildtype cells cultured on type I collagen in the presence of

BMP-6 (BMP-6) exhibit a modest increase in ALP activity. Such stimulatory

effects are not seen with clone 142 cells as these cells do not exhibit increases in

ALP activity under these same culture conditions.
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Figure 7-A. Light microscopy of von Kossa silver stain of wildtype C26 cultures

after six days of incubation with 10–6 M RA and 20 ng/ml TGF-31, X200. Note

the presence of mineralized nodules. B. Light microscopy of fresh cultures of

clone 142 cells after six days of incubation with 10-6 MRA and 20 ng/ml TGF-31,

X200. Note that these dominant-negative receptor cells do not form nodules.

Chapter 3

Figure 8-Alkaline phosphatase activity in wildtype and BMP-6 overexpressing

clones after six days of incubation with or without 10-9 MRA. Data are shown as

the ratio of enzyme activity to cell absorbance and represents the mean of triplicate

cultures. The apparent absence of error bars indicates that a deviation is too small

to be represented in the figure. Clones V12, V13, V28 and V38, when plated on

plastic, all exhibit ALP activity levels higher than wildtype C26 cells (untreated,

stippled bars). All four clones when cultured on plastic in the presence of 10–6 M

RA exhibit a decrease in ALP activity (+RA, solid bars). This decrease is in strong

contrast to the increase in enzyme activity exhibited in wildtype cells cultured on

plastic in the presence of retinoid.

Figure 9-Light microscopy of thigh muscle implanted with lyophilized matrix

obtained from C26 cells transfected with a vector to overexpress BMP-6. The

implant is recovered after 21 days, fixed, processed for microscopy and stained

with a trichrome stain. Note the presence of bone cortex (blue), bone trabeculae

(blue), and the abundant marrow. X400.
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Figure 10-Alkaline phosphatase activity in C26 cells after 6 days of incubation

under various conditions. Data are shown as the ratio of enzyme activity to cell

absorbance and represents the mean of triplicate cultures. The apparent absence of

error bars indicates that a deviation is too small to be represented in the figure.

Cells incubated on plastic exhibit low ALP activity unless incubated with retinoid

(+RA). This stimulation of ALP activity is closely matched by incubating C26

cells on an ECM obtained from C26 cells overexpressing BMP-6 (ECM(V28)).

This stimulation is inhibited to near baseline levels when C26 cells are plated on

ECMs preincubated with neutralizing antibodies directed against the mature region

of BMP-6 (mat BMP-6. Ab). This inhibition is not observed when the ECM is

pretreated with either antibodies directed against the pro region of BMP-6 (pro

BMP-6. Ab) or neutralizing antibody directed against TGF-31 (TGF-B1 Ab).

Figure 11-Alkaline phosphatase activity in C26 cells after 6 days of incubation

under various conditions. Data are shown as the ratio of enzyme activity to cell

absorbance and represents the mean of triplicate cultures. The apparent absence of

error bars indicates that a deviation is too small to be represented in the figure.

Cells incubated on plastic exhibit low ALP activity unless incubated with retinoid

(+RA). This stimulation of ALP activity is closely matched by incubating C26

cells on an ECM obtained from RA-treated C26 cells (ECM(C26+RA)). This

stimulation is inhibited to near baseline levels when C26 cells are plated on ECMs

preincubated with neutralizing antibodies directed against the mature region of

BMP-6 (mat BMP-6. Ab) or neutralizing antibody directed against TGF-31 (TGF

B1 Ab). This inhibition is not observed when the ECM is pretreated with

antibodies directed against the pro region of BMP-6 (pro BMP-6. Ab).



116

Figure 12-Alkaline phosphatase activity in C26 cells after 6 days of incubation

under various conditions. Data are shown as the ratio of enzyme activity to cell

absorbance and represents the mean of triplicate cultures. Cells incubated on

plastic exhibit low ALP activity unless incubated with retinoid (+RA). This

stimulation of ALP activity is inhibited by incubating C26 cells with antibodies

directed against the mature region of BMP-6 (RA+mat BMP-6. Ab). No inhibition

is observed when RA-treated C26 cells are incubated with antibodies directed

against the pro region of BMP-6 (RA+pro BMP-6Ab).

Figure 13-Dot blot analysis of BMP-6 synthesis by C26 cells after 6 days of

incubation under various conditions. Conditioned medium is collected, blotted on

ethanol wetted transfer paper, allowed to dry and stained with an antibody directed

against the mature region of BMP-6. C26 constitutively secrete BMP-6 when

cultured on plastic (C26). BMP-6 synthesis increases when C26 cells are

incubated with retinoid (+RA). This stimulation of BMP-6 synthesis is inhibited to

near baseline levels when RA-treated C26 cells are incubated with antisense BMP

6 oligonucleotide (RA+BMP-6AS). The bottom row consists of standard blots of

increasing amounts of BMP-6 (20 ng, 50 ng, 200 ng).

Figure 14-Alkaline phosphatase activity in C26 cells after 6 days of incubation

under various conditions. Data are shown as the ratio of enzyme activity to cell

absorbance and represents the mean of triplicate cultures. Cells incubated on

plastic exhibit low ALP activity unless incubated with retinoic acid (+RA). This

stimulation of ALP activity is inhibited by incubating C26 cells with antisense

BMP-6 oligonucleotide (RA+antisense BMP-6). The stimulation of ALP activity

is not inhibited by incubating C26 cells with sense BMP-6 oligonucleotide

(RA+sense BMP-6).
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Figure 15-Alkaline phosphatase activity in C26 cells after 6 days of incubation

under various conditions. Data are shown as the ratio of enzyme activity to cell

absorbance and represents the mean of triplicate cultures. Cells incubated on

plastic exhibit low ALP activity unless incubated with retinoic acid (+RA). This

stimulation of ALP activity is matched when plated on an ECM obtained from RA

treated C26 cells (ECM). Such a stimulatory effect is not observed when C26

cells are plated on an ECM obtained from RA-treated C26 cells incubated with

antisense BMP-6 oligonucleotide (ECM(antisense BMP-6)). This inhibition is not

observed when the ECM is obtained from RA-treated C26 cells incubated with

sense BMP-6 oligonucleotide (ECM(sense BMP-6)).

Chapter 4

Figure 16-Attachment of C26 cells to increasing amounts of type I collagen coated

plastic after 1 hour. Data are shown as the absorbance of retained dye released

from attached cells and represent the mean of triplicate cultures. C26 cells attach

to type I collagen and attachment increases with increasing amounts of coated type

I collagen.

Figure 17-Attachment of C26 cells to increasing amounts of type I collagen coated

plastic after 1 hour. Data are shown as the absorbance of retained dye released

from attached cells and represent the mean of triplicate cultures. C26 cells

attachment to type I collagen (10 ug/ml) is inhibited by approximately 45% when

cells are allowed to adhere in the presence of cyclic RGD (20 um). This inhibition

is not observed when C26 are allowed to adhere in the presence of a nonsense

peptide (20 um). C26 cells attachment to type I collagen (10 ug/ml) is inhibited by
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approximately 20% when cells are allowed to adhere in the presence of antibody

directed against the VLA-2 integrin (10 ug/ml). C26 cells attachment to type I

collagen (10 ug/ml) is inhibited by more than 50% when cells are allowed to

adhere in the presence of both cyclic RGD peptide (20 um) and antibody directed

against the VLA-2 integrin (10 ug/ml, cyclic RGD+Ab).

Figure 18-Alkaline phosphatase activity in C26 cells after 6 days of incubation

under various conditions. Data are shown as the ratio of enzyme activity to cell

absorbance and represents the mean of triplicate cultures. The apparent lack of

error bars indicates that a deviation is too small to be represented in the figure.

Cells incubated on plastic exhibit low ALP activity unless incubated with retinoic

acid (+RA). This stimulation of ALP activity is inhibited to near basal levels when

RA-treated cells are incubated with both cyclic RGD and antibody directed against

the VLA-2 integrin (RA+cyclic RGD+Ab). This stimulation of ALP activity is

inhibited to approximately 50% or 25% when RA-treated C26 cells are incubated

with either cyclic RGD (20 puM) or antibody directed against the VLA-2 integrin

(10 pg/ml), respectively.

Figure 19-Quantitation of ALP mRNA levels in C26 cells cultured for 6 days using

the RNAse protection assay. 30 ug of total RNA is used for each reaction,

subsequent digestion with RNAse T2, and electrophoresed on a 6%

polyacrylamide gel. mRNA size of a standard RNA ladder is marked on the left

side of the photographic insert. Lane 1, cells cultured on plastic; Lane 2, cells

cultured on plastic with 10–6 M RA, Lane 3, cells cultured on a type I collagen
film; Lane 4 cells cultured on an ECM obtained from C26 cells previously treated

with RA for 6 days, Lane 5, nonhybridized [32P]-labeled cKNA probe. Levels of
ALP mRNA expression are calculated relative to RNAse T2 protected GAPDH
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mRNA fragments. Error bars represent the standard error among three

measurementS.

Figure 20-Quantitation of osteopontin mRNA levels in C26 cells cultured for 6

days using the RNAse protection assay. As in Figure 4, 30 ug of total RNA is

used for each reaction, subsequent digestion with RNAse T2, and electrophoresed

on a 6% polyacrylamide gel. mRNA size of a standard RNA ladder is marked on

the left side of the photographic insert. Lanes 1-5 are as shown in Figure 4.

Levels of osteopontin mRNA expression are calculated relative to RNAse T2

protected GAPDH mRNA fragments. Error bars represent the standard error

among three measurements.

Figure 21-Quantitation of type I collagen mRNA levels in C26 cells cultured for 6

days using the RNAse protection assay. As in Figure 4, 30 ug of total RNA is

used for each reaction, subsequent digestion with RNAse T2, and electrophoresed

on a 6% polyacrylamide gel. mRNA size of a standard RNA ladder is marked on

the left side of the photographic insert. Lanes 1-5 are as shown in Figure 4.

Levels of type I collagen mRNA expression are calculated relative to RNAse T2

protected GAPDH mRNA fragments. Error bars represent the standard error

among three measurements.

Figure 22-Quantitation of TGF-31 mRNA levels in C26 cells cultured for 6 days

using the RNAse protection assay. As in Figure 4, 30 ug of total RNA is used for

each reaction, subsequent digestion with RNAse T2, and electrophoresed on a 6%

polyacrylamide gel. mRNA size of a standard RNA ladder is marked on the left

side of the photographic insert. Lanes 1-5 are as shown in Figure 4. Levels of

TGF-31 mRNA expression are calculated relative to RNAse T2 protected
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GAPDH mRNA fragments. Error bars represent the standard error among three

measurementS.

Figure 23-Quantitation of BMP-6 mRNA levels in C26 cells cultured for 6 days

using the RNAse protection assay. As in Figure 4, 30 ug of total RNA is used for

each reaction, subsequent digestion with RNAse T2, and electrophoresed on a 6%

polyacrylamide gel. mRNA size of a standard RNA ladder is marked on the left

side of the photographic insert. Lanes 1-5 are as shown in Figure 4. Levels of

BMP-6 mRNA expression are calculated relative to RNAse T2 protected GAPDH

mRNA fragments. Error bars represent the standard error among three

measurementS.

Figure 24-Collagen synthesis by C26 cells after 24 hours under various conditions.

Data are shown as the ratio of the rate of collagen synthesis per total protein of

sample. C26 cells cultured on plastic exhibit limited collagen synthesis (untreated)

unless incubated in the presence of retinoic acid (+RA). This stimulation of

collagen synthesis is inhibited to near baseline levels when RA-treated C26 cells

are incubated with cis-hydroxyproline (1 puM). The limited, constitutive collagen

synthesis by C26 cells is not markedly affected with the incubation of cis

hydroxyproline (1 puM).

Figure 25-Alkaline phosphatase activity in C26 cells after 6 days of incubation

under various conditions. Data are shown as the ratio of enzyme activity to cell

absorbance and represents the mean of triplicate cultures. Cells incubated on

plastic exhibit low ALP activity unless incubated with retinoic acid (+RA). This

stimulation of ALP activity is inhibited when RA-treated C26 cells are incubated

with 1 puM cis-hydroxyproline (RA+cis-hydroxyproline). This inhibition of ALP
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activity by cis-hydroxyproline in RA-treated C26 cells is reversed with the addition

of 10 puM proline (RA+CHP+proline). C26 cells incubated on plastic in the

presence of 10 um proline exhibit near basal ALP activity levels.

Figure 26-Northern analysis of total RNA from C26 cells cultured on plastic for 3

days under various conditions. 20 ug of total RNA is loaded per lane and blotted

with a TGF-31 cDNA probe. Lane 1, C26 cells incubated with cis

hydroxyproline, Lane 2, untreated C26 cells, Lane 3, C26 cells incubated with 10

° MRA and 1 um cis-hydroxyproline, Lane 4, C26 cells incubated with 10-6 M
RA, Lane 5, C26 cells incubated with 10–6 MRA and 5 uM 3-aminoproprionitrile,
a collagen crosslinking inhibitor. Note the increase in TGF-31 gene expression by

C26 cells when incubated with retinoic acid, even in the presence of the collagen

crosslinking inhibitor. This stimulation of gene expression is inhibited when cells

are incubated with cis-hydroxyproline, a collagen synthesis inhibitor.

Figure 27-Alkaline phosphatase activity in C26 cells after 6 days of incubation

under various conditions. Data are shown as the ratio of enzyme activity to cell

absorbance and represents the mean of triplicate cultures. The apparent lack of

error bars indicates that a deviation is too small to be represented in the figure.

Cells incubated on plastic exhibit low ALP activity unless incubated with retinoic

acid (+RA). This stimulation of ALP activity is nearly matched when cells are

plated on type I collagen crosslinked with BMP-6 (Col. I-PEG-BMP-6). This

stimulation of ALP activity is not observed when C26 cells are plated on

fibronectin crosslinked with BMP-6 (Fn-PEG-BMP-6) or type I collagen

crosslinked with medium (Col. I-PEG-MEM). Note the modest increase in ALP

activity when C26 cells are plated on type I collagen mixed with BMP-6 (Col

I+BMP-6)
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Figure 28-Light microscopy of a von Kossa silver stain of wildtype C26 cultures

after six days of incubation on type I collagen crosslinked with TGF-31. Note the

presence of a large mineralized nodule. X200.
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Cell Growth & Differentiation

Vgr-1/BMP-6 Induces Osteoblastic Differentiation
of Pluripotential Mesenchymal Cells
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Abstract

The transforming growth factor-3 (TGF-B) superfamily is
a group of secreted growth factors that appears to play
a central role in mesenchymal differentiation, including
cartilage and bone formation. The present study
examines the role of one member of this family, vgr-1,
also called bone morphogenetic protein-6, in
mesenchymal cell differentiation. This factor may be
considered as a prototype for the largest subgroup of
related factors within the TGF-8 superfamily, the
function of which has as yet been poorly defined. vgr-1
has been localized previously to hypertrophic cartilage
and has been shown to induce endochondral bone
formation in vivo.

To further characterize the role of vgr-1 in bone and
cartilage differentiation, we stably transfected the
pluripotent mesenchymal cell line ROB-C26 with a
vector to overexpress vgr-1. Overexpression of this
factor did not affect cell shape or morphology, but it
enhanced osteoblastic differentiation in vitro and altered
cellular responsiveness to retinoic acid. Furthermore, the
extracellular matrix produced by these vgr-1-
overexpressing cells induced ectopic bone formation in
vivo and osteoblastic differentiation in vitro, similar to
the matrix produced by C26 cells treated with retinoic
acid. The osteoinductive effect of the matrix from vgr-1-
overexpressing cells was blocked using a neutralizing
vgr-1 antibody but not with a neutralizing TGF-31
antibody, indicating that vgr-1 alone was required for
this osteogenic effect. In contrast, the osteoinductive
effect of matrix from retinoic acid-treated cells was
blocked with both var-1 and TGF-31 antibodies,
suggesting that TGF-31 may act prior to vgr-1 during
osteoblastic differentiation. We further demonstrated
that osteoinduction by vgr-1 was dependent on
presentation of vgr-1 within the matrix, because the
osteoinductive effect of matrix from vgr-1-
overexpressing cells could not be mimicked with the
addition of soluble vgr-1 to parental C26 cells. Finally,
overexpression of MyoD within the C26 cells
overexpressing vgr-1 converted the cells to myoblasts,
indicating that vgr-1 had induced early osteoblastic

Received 1/16/95; revised 5/1/95; accepted 5/8/95.
'To whom requests for reprints should be addressed, at Department of
Pediatrics, University of California at San Francisco, Box 01:36, Millberry
Union East, Room 405, San Francisco, CA 94143.

differentiation but had not committed the cells to the
osteoblastic lineage. These studies suggest that vgr-1 acts
as an osteoinductive factor during mesenchymal
differentiation and that TGF-31 and vgr-1 act in
sequential fashion to guide cells along this
developmental cascade.

Introduction
Pluripotential mesenchymal progenitor cells give rise to
Osteoblasts, chondrocytes, adipocytes, myoblasts, and fi
broblasts. Several factors are known to commit cells to a
specific lineage and to enhance differentiation along these
developmental pathways. Many studies have documented
the role of transcription factors, such as the basic helix
loop-helix family of muscle-specific factors (reviewed in
Ref. 1), as well as jun and fos (2, 3), in these processes. More
recently, secreted growth factors have also been implicated
in differentiation. The TGF-B superfamily is a group of such
secreted proteins that appears to play a central role in
mesenchymal differentiation. This superfamily consists of a
growing number of homologous, secreted, disulfide
bonded dimers (reviewed in Refs. 4 and 5). These proteins
can be further subdivided into several groups based on
distinct sequenge homologies. One of these groups consists
of the three TGF-8 species, TGF-31, -82 and -33. Other
distinct groups include the activins and inhibins and Mül
lerian inhibitory substance. However, by far the largest
group comprises the BMPs, Xenopus vg-1, Drosophila de
capentaplegic (dpp), and the more recently cloned
polypeptides nodal (6), dorsalin (7), vgr-2 (8), and GDF-1
(9) and GDF-3 (10). This group has been referred to collec
tively as the DVR proteins (11).

A great deal of interest has been directed towards char
acterization of the role of the TGF-3 superfamily, and es
pecially the BMP-related factors, in bone and cartilage de
velopment. Several members of this family have been
localized during intramembranous and endochondral bone
formation and are expressed in a spatially and temporally
distinct but overlapping pattern in differentiating tissue (for
an example, see Ref. 12). Such developmental patterns
suggest some degree of functional redundancy, which
would be consistent with the subtle yet distinctive pheno
types that result from mice that are homozygous for func
tional deletions of the BMP-5 and GDF-3 genes (13, 14).

The DVR proteins that have been most extensively char
acterized in osteogenesis and chondrogenesis are the
closely related factors BMP-2 and BMP-4 (reviewed in Ref.
15), which most closely resemble the decapentaplegic
complex protein dpp of Drosophila (16). BMP-2 and BMP-4
have the ability to induce osteoblastic differentiation

* The abbreviations used are: TGF, transforming growth factor, BMP, bone
morphogenetic protein; GDF, growth differentiation factor, DVR, decapen
taplegic/vg-1 related; ECM, extracellular matrix; CHO, Chinese hamster
ovary; FGF, fibroblast growth factor.
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in vitro and ectopic bone formation when implanted i.m.
(for examples, see Refs. 17–24). These two proteins are at
least partially responsible for the BMP activity originally
purified from bone (25, 26). The largest, structurally related
DVR subgroup consists of BMP-5 (27), vgr-1 (28) or BMP-6
(27), osteogenic protein-1 (29) or BMP-7 (27), and osteo
genic protein-2 (30), all of which have a high degree of
homology to the ancestral 60A protein in Drosophila (31).
Although BMP-7 has been shown in an initial study to
induce bone formation in vivo (32) and osteoblastic and
chondrocytic differentiation in vitro (32, 33), little is known
about the activities and functions of the other members of
this subgroup and the expression patterns of these factors
during mammalian development.

To define the function of this latter subgroup in mesen
chymal differentiation and especially during endochondral
bone formation, we have selected vgr-1/BMP-6 as a proto
type for our studies. This cDNA was originally isolated from
a murine embryonic cDNA library and was named vgr-1,
based on its homology with Xenopus vg-1 (28). The human
and bovine homologues of vgr-1 were subsequently cloned
from bone and were named BMP-6 (27), although no bone
morphogenetic activity was reported. In situ hybridization
and immunohistochemical analyses have localized vgr-1
mRNA and protein expression in the central nervous sys
tem, the suprabasal layer of epithelium, and, of most rele
vance to the current studies, in hypertrophic cartilage
(12, 34, 35). Notably, it is the only member of the TGF-3
superfamily that has been localized to this latter region,
and, as such, vgr-1 protein could be involved in the matu
ration of hypertrophic cartilage and/or stimulation of Osteo
blastic differentiation during endochondral bone formation.

In initial studies on the function of vgr-1, we overex
pressed this factor in CHO cells and showed that when
these cells are introduced into the s.c. tissue of nude, athy
mic mice, they produce discrete tumors with extensive
fibrosis and cartilage and bone in a pattern that recapitu
lates endochondral bone formation (35). One limitation of
such a study is that we cannot separate the effects of Se
creted recombinant vgr-1 from related host growth factors
in this developmental cascade. To further characterize the
role of vgr-1 in bone and cartilage differentiation, we have
now turned to an in vitro model using ROB-C26 cells, a
pluripotent mesenchymal cell line derived from fetal rat
calvariae (17). These cells synthesize the three TGF-B iso
forms as well as BMP-2, BMP-4, and vgr-1 (36). BMP-2 and
retinoic acid induce osteoblastic differentiation of this cell
line, and such differentiation is correlated with an increase
in vgr-1 abundance (18, 36). In the present study, we have
generated C26 cells that overexpress vgr-1 and have shown
that this enhances osteoblastic differentiation of this cell
line in vitro. Furthermore, the extracellular matrix produced
by these vgr-1-overexpressing cells is osteoinductive, both
in vivo and in vitro, and has similar effects to the matrix
produced from parental C26 cells that have been treated
with retinoic acid. The osteoinductive activity of the matrix
from vgr-1-overexpressing cells could be blocked in vitro
with a neutralizing vgr-1 antibody but not with a TGF-31
neutralizing antibody, suggesting that vgr-1 alone was re
Quired for the Osteoinductive effect. In contrast, the osteoin
ductive effect of matrix from retinoic acid-treated cells was
blocked with both vgr-1 and TGF-31 antibodies, suggesting
that TGF-31 may act prior to vgr-1 during osteoblastic
differentiation. Furthermore, we found that the addition of
soluble vgr-1 to C26 cells did not mimic the osteoinductive
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effect of the matrix produced by vgr-1-overexpressing cells,
suggesting that presentation of vgr-1 within the matrix was
essential for its biological effects. Finally, overexpression of
MyoD within the C26 cells overexpressing vgr-1 converted
the cells to myoblasts, indicating that vgr-1 had not com
mitted the cells to the osteoblastic lineage. These studies
suggest a central role for vgr-1 in osteogenesis.

Results

Generation and Characterization of Stably Transfected
C26 Cells That Overexpress vgr-1. To determine the role of
vgr-1 in mesenchymal cell differentiation, we have used
ROB-C26, a pluripotent mesenchymal cell line derived
from fetal rat calvariae (17). Because purified vgr-1 protein
is not available, we elected to transfect this cell line with the
pRK7-vgr-1 expression vector, driven by the cytomegalo
virus promoter, and to generate stable, transfected cell lines
overexpressing vgr-1 protein. This same vgr-1 expression
plasmid vector has been shown previously to direct over
expression of secreted recombinant vgr-1 (35). The cells
were cotransfected with the pneo vector conferring neo
mycin resistance, and subsequent G418-resistant clones
were analyzed for overexpression of vgr-1 mRNA by North
ern blot analysis. Four clones with various levels of vgr-1
mRNA expression were selected for further analysis (Fig. 1).
Novgr-1 mRNA was detected in the nontransfected paren
tal cells and in cells transfected only with pneo. Vgr-1
protein could not be detected in the conditioned media or
cellular lysates from any of the clones, due to the limits of
detection by Western blot analysis of 20 ng/lane (data not
shown). Microscopic examination did not show significant
differences in morphology between the vgr-1-expressing
cells and the pNeo control and parental cells. We also
determined the effects of vgr-1 overexpression on cellular
growth rate. Since vgr-1 is expressed in vivo in hypertrophic
chondrocytes, a cell type which has exited the cell cycle, it
was conceivable that vgr-1 would suppress the growth rate
of the C26 cells. However, no significant differences in
growth rates were seen between the vgr-1-overexpressing
C26 clones and the parental and pneo control cells (Fig.2).

We also investigated whether overexpression of var-1
influenced the differentiation of the C26 cells. Considering
the endogenous expression of vgr-1 in hypertrophic carti
lage, we were particularly interested in whether this factor
enhanced osteoblastic or chondrocytic differentiation in
this cell line. As an early marker of osteoblastic activity, we
characterized the alkaline phosphatase activity in the pa
rental and vgr-1-overexpressing cells. C26-vgr-1 clones ex
pressed up to 3-fold higher alkaline phosphatase activity
than the parental C26 cells (Fig. 3). Alkaline phosphatase
activity levels did not correlate with the abundance of vgr-1
mRNA in the various cell clones.

-

We also examined alkaline phosphatase expression in
these cell lines after treatment with retinoic acid. Retinoic
acid has been shown previously to enhance osteoblastic
differentiation of this cell line, as assessed by an increase in
alkaline phosphatase activity and increased responsiveness
to parathyroid hormone (18, 36). As expected, the parental
C26 cells showed a 3-fold increase in alkaline phosphatase
expression following retinoic acid treatment (Fig. 3). How
ever, the vgr-1-overexpressing C26 clones consistently
showed a decrease in alkaline phosphatase activity. This
change in response suggests that vgr-1 has significantly
altered the responsiveness of these cells to retinoic acid. As



Cell Growth & Differentiation

— 28S

— 18S

Fig. 1. Northern blot analysis of total RNA from parental C26 and C26
vgr-1 transfectants. Twenty pg of total RNA was loaded per lane. A blot has
been hybridized with a vgr-1 cDNA probe under stringent conditions. Lane
1, C26 parental cells; Lane 2, C26-neo clone; Lanes 3–6, C26-vgr-1 clones
12, 13, 28, and 38. The positions of 28S and 18S rRNA are noted. B, the same
blot was stripped and rehybridized with a 3-glyceraldehyde phosphatase
dehydrogenase cDNA probe as a control to compare loading between lanes.

an additional control, we examined the alkaline phos
phatase activity in cells transfected with pNeo alone and
found that the basal and retinoic acid-stimulated alkaline
phosphatase activities were similar to those of the parental
cells (data not shown).

We also examined additional markers of osteoblastic
differentiation to determine if vgr-1 had induced later stages
of differentiation. However, there were no significant dif
ferences in mRNA levels for collagen I, osteonectin, os
teopontin, and osteocalcin between the vgr-1-overexpress
ing cell clones and the parental and pneo control cells (data
not shown). In addition, we treated the parental and clonal
cell lines with 107* M retinoic acid, 2 × 107* M vitamin D,
and 2 × 10^*M vitamin D plus 100 ng/ml BMP-2. Although
these agents enhanced mRNA abundance of some of these
matrix proteins, we observed no significant differences be
tween the vgr-1-transfected and parental cells (data not
shown). Thus, vgr-1 overexpression only induced an early
marker of osteoblastic differentiation, and vgr-1 overexpres
sion did not enhance the ability of other agents to induce
osteogenesis.

- c.26
-- C26-neo
-o- c.26-v1.2
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Fig. 2. Growth rates of C26, C26-neo, and C26-vgr-1 transfected cells. The
legend on the right defines the growth curve for each cell type. Cells were
grown in 10% FCS, and three independent plates were grown for each cell
type at each time point. Each plate was counted individually three times and
then averaged. Each point on the graph represents the average of these
readings; bars, SD.

50
º -

§ 40
*#
# 30–

# = 20.# "
# 10

0

Fig. 3. Alkaline phosphatase (ALP) activity of parental C26 cells and C-26
vgr-1 transfectants in the absence (E) and presence (2) of 10° M retinoic
acid. Column 1, C26 cells; Columns 2–5, C26-vgr-1 clones 12, 13, 28, and
38, respectively. Bars, SD.

An alternate possibility was that vgr-1 overexpression had
induced differentiation along the chondrocytic pathway.
However, these cells exhibited no change from parental
cells in mRNA levels for collagen ll, aggrecan, or cartilage
link protein when cultured under routine conditions, or
upon the addition of 10 mM 3-glycerol phosphate, 50 pg/ml
ascorbate, and 107 M dexamethasone. In addition, colla
gen X mRNA, a marker for hypertrophic chondrocytes, was
never detected in parental or vgr-1-overexpressing C26
cells.

Characterization of ECM. In all of the studies outlined
above, the cells were plated directly onto plastic, and the
expression pattern for various markers was evaluated over
relatively brief intervals, from 3 days up to 2 weeks. How
ever, it is well known that ECM provides important signals
for cellular differentiation. We considered that the parental
C26 cells and vgr-1 overexpressors may elaborate different
matrices, the extent of which was not delineated during our
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initial cultures on plastic. Thus, we assessed the Osteoin
ductive capacity of ECM derived from parental and C26
vgr-1 cells using previously described in vivo and in vitro
assays (37).

To test osteoinductivity in vivo, we harvested ECM se
creted by parental and vgr-1-transfected C26 cells, im
planted matrix into muscle pouches of athymic nude mice,
and then excised the tissue after 21 days. Previous studies
with parental C26 ECM showed no osteoinduction,
whereas ECM from C26 cells treated with retinoic acid did
induce ectopic bone formation in this assay (37). We ana
lyzed ECM from C26 cells overexpressing vgr-1 and found
a strong induction of endochondral bone formation, as
shown by the presence of ectopic bone and cartilage (Fig. 4,
B, C, and D). In addition, bone marrow elements formed
within the areas of bone formation. In contrast, implanted
extracellular matrix isolated from parental C26 cells or
neomycin-resistant control clones did not induce bone and
cartilage formation (Fig. 4A). Furthermore, extracellular ma
trix collected from vgr-1-expressing C26 cells treated with
retinoic acid did not induce ectopic bone formation (data
not shown).

To characterize the specific components in the extracel
lular matrix from vgr-1 transfectants that are responsible for
this osteoinductive response, we turned to a previously
established in vitro analysis (37). Briefly, ECM was prepared
from untreated and retinoic acid-treated C26 cells and from
C26-vgr-1 transfectants. Parental C26 cells were then plated
on top of the individual matrices, grown to near confluence,
and subsequently assayed for osteoinduction via measure
ment of alkaline phosphatase activity. As we have shown
previously, ECM from parental cells treated with retinoic
acid induced a 3-fold increase in alkaline phosphatase
activity, when compared with the activity of the parental
C26 cell matrix (Fig. 5). ECM derived from C26-vgr-1 trans
fectants induced a rise in alkaline phosphatase activity,
which was similar to that seen with ECM from retinoic
acid-treated, parental C26 cells. Furthermore, retinoic acid
treatment of the vgr-1-expressing C26 cells resulted in a
matrix that did not induce alkaline phosphatase activity in
this assay (data not shown). Thus, these findings using the in
vitro assay corroborated our observations on induction of
alkaline phosphatase activity of the transfected C26 cells
grown on plastic and are consistent with the in vivo
osteoinduction results.

We considered that the osteogenic activity of the ECM
from retinoic acid-treated and vgr-1-overexpressing C26
cells might be due to the synthesis of specific structural
matrix proteins (such as collagen I or osteocalcin) or se
creted growth factors. Previous studies documented that
expression of various TGF-3 superfamily members are mod
ulated dramatically during retinoic acid treatment of C26
cells (36). In particular, TGF-31 and vgr-1 mRNA abun
dance were increased in these cells. To determine which
factors may be vital for the osteoinductive response of the
matrix from retinoic acid-treated cells, we treated the matrix
with neutralizing antibodies to either TGF-31 or vgr-1
(Fig. 6). In agreement with our previous study, when the
ECM derived from retinoic acid-treated cells was pretreated
with a neutralizing TGF-31 antibody, then alkaline phos
phatase activity was reduced to baseline levels. Two vgr-1
antibodies were also used for this analysis: the pro-vgr-1
antibody is directed against the amino terminal precursor
portion of the protein, in a region thought to have no
bioactivity, and the mature vgr-1 antibody is directed
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Fig. 4. ECM from C26-vgr-1-transfectants but not ECM from parental C26
cells induces ectopic bone and cartilage formation when implanted i.m.
ECM from parental C26 cells (A) and C26-vgr-1 (B, C, and D) transfectants
was implanted into a muscle pouch of nude athymic mice for 21 days and
then harvested, sectioned, and stained with hematoxylin and eosin. A,
hematoxylin and eosin stain of a section derived from implantation of a
parental C26 ECM. There is a nonspecific inflammatory response at the site
of ECM deposition, with surrounding muscle fibers in cross-section (M). No
elements of endochondral bone formation are present. Bar, 200 pm; x 10.
B, hematoxylin and eosin stain of a section derived from implantation of a
C26-vgr-1 ECM. Muscle tissue (M) surrounds well-developed ectopic carti
lage and bone formation (B), with intervening bone marrow elements (BM).
X 10. C, X 20 view of section of trabecular bone. D, x 40 of a section
containing cartilage, with some of the chondroctyes denoted by the arrows.

against the COOH-terminal portion of the molecule, in a
region considered to be the biologically active portion of
the protein (35). As with the TGF-31 antibody, the mature
vgr-1 antibody inhibited induction of alkaline phosphatase
activity by this ECM, and enzyme activities were at the
baseline levels seen with ECM from parental C26 cells. The
pro-vgr-1 antibody had no effect on alkaline phosphatase
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Fig. 5 ECM derived from C26-vgr-1 overexpressors induces alkaline phos
phatase activity. Column 1, activity of parental C26 cells grown on ECM
prepared from C26 cells. Column 2, activity derived from ECM of parental
cells that had been treated with RA. Columns 3–6, activity of parental C26
cells that were grown on ECM prepared from C26-vgr-1 clones 12, 13, 28,
and 38, respectively. Bars, SD.
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Fig. 6. Alkaline phosphatase (ALP) activity of C26 cells plated on ECM from
parental C26 cells treated with retinoic acid is inhibited by both TGF-31 and
mature vgr-1 antibodies. Column 1, activity of C26 cells grown on plastic;
Column 2, activity of C26 cells grown on plastic and treated with RA;
Column 3, activity of C26 cells grown on ECM from C26 cells treated with
retinoic acid. For subsequent analysis, the ECM-retinoic acid was pretreated
with the following antibodies prior to plating of the parental C26 cells (see
“Materials and Methods"): Column 4, ECM was pretreated with pro-vgr-1
antibody (serving as a negative control); Column 5, ECM was treated with
mature vgr-1 antibody; and Column 6 was treated with neutralizing TGF-31
antibody. Bars, SD; bars are not visible in several lanes because there was no
significant variation noted among the test samples.

activity induced by the ECM from retinoic acid-treated
cells, nor did nonspecific rabbit IgG (data not shown).

Similar analyses with neutralizing antibodies were per
formed on the ECM harvested from vgr-1-expressing cells
(Fig. 7). The ECM was treated with neutralizing antibodies
against either TGF-31 or vgr-1. Unlike the matrix from
retinoic acid-treated cells, the osteoinductive nature of this
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Fig. 7. Alkaline phosphatase (ALP) activity of C26 cells grown on ECM
derived from C26-vgr-1 transfectants is inhibited by var-1 antibody, but not
by TGF-31 antibody. Column 1, activity of C26 cells grown on plastic.
Column 2, activity of C26 cells grown on plastic and treated with retinoic
acid. Column 3, activity of C26 cells grown on an ECM harvested from
C26-vgr-1 transfectants. For Columns 4–6, the C26-vgr-1 ECM was pre
treated with pro-vgr-1, mature-vgr-1, and TGF-31 antibodies, respectively.
Bars, SD.

matrix was blocked only with the the antibody against
mature vgr-1 antibody but not with the TGF-31 antibody.
Also here, the pro-vgr-1 antibody and a nonspecific rabbit
IgG had no effect on alkaline phosphatase activity induced
by this matrix. Collectively, these results suggest that the
osteoblastic differentiation of C26 cells following retinoic
acid treatment involves TGF-31 and vgr-1, whereas over
expression of vgr-1 bypasses the need for TGF-31 signaling.

Furthermore, these findings suggest that in the ECM from
vgr-1-overexpressing C26 cells, vgr-1 might be the sole
factor necessary for osteoblastic differentiation. If this is the
case, then simple addition of soluble vgr-1 to the media of
cultured C26 cells should also stimulate osteoblastic differ
entiation. Since recombinant murine vgr-1 was not avail
able in a purified form, we used conditioned media from
CHO cells overexpressing vgr-1, as characterized previ
ously (35). As shown in Fig. 8, the conditioned media from
control CHO cells and vgr-1-overexpressing CHO cells had
no effect on alkaline phosphatase activity of C26 cells, even
at vgr-1 concentrations as high as 700 ng/ml. This experi
ment suggests that presentation of vgr-1 within the context
of the matrix is essential for its biological effect.

Vgr-1 Overexpression Does Not Commit C26 Cells to
the Osteoblastic Lineage. ROB-C26 is considered to be a
pluripotential mesenchymal cell line with the capacity to
differentiate into myoblast, chondroblast, adipocyte, or os
teoblast (17, 18). The evidence presented thus far suggests
that vgr-1-overexpressing C26 cells have differentiated
along the osteoblastic lineage. We next evaluated whether
they had been committed to this lineage or if they were still
capable of differentiation towards one of the other cell
phenotypes. One means of addressing this issue is to con
stitutively express MyoD within the C26-vgr-1 transfectants.
MyoD is a basic helix-loop-helix transcription factor that
was originally characterized by its ability to convert 10T'/2,
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Fig. 8. Soluble vgr-1 does not induce a significant increase in alkaline
phosphatase (ALP) activity in parental C26 cells grown on plastic. For all
conditions, parental C26 cells were grown on plastic and treated in the
following manner: Column 1, no treatment; Column 2, treatment with reti
noic acid; Column 3, treatment with conditioned media from CHO-vgr-1
cells, containing approximately 700 ng/ml vgr-1; Column 4, treatment with
conditioned media from parental CHO cells (negative control). Bars, SD.

a pluripotent mouse mesenchymal cell line, to the
myoblastic lineage (38).

A retrovirus encoding MyoD cloned into a viral vector
was used to infect parental and vgr-1-expressing C26 cells.
Following infection and selection for uptake of the appro
priate viral vectors, both the parental cells and vgr-1-over
expressing C26 cells spontaneously assumed an elongated
shape, with subsequent fusion into myocytes (Fig. 9A). To
verify that these cells had converted to a muscle cell phe
notype, we performed Western blots on cell extracts for
several muscle cell markers (Fig. 9B). The parental and
vgr-1-expressing clones infected with MyoD expressed my
Osin heavy chain, troponin T, and myogenin, whereas the
noninfected parental cells did not express these muscle
markers. Thus, both the parental and vgr-1-overexpressing
cells were readily converted to a muscle cell phenotype by
MyoD and had not been committed to the osteoblast
lineage.

Discussion
Recent studies have focused attention on the role of the
TGF-B superfamily in development, especially in mesen
chymal differentiation. In the present study, we have inves
tigated the function of vgr-1/BMP-6 in cellular differentia
tion, using a pluripotent mesenchymal cell line as a reporter
system. This factor can be considered as a prototype for a
family of BMPs, the function of which has as yet been
poorly defined. ROB-C26 cells overexpressing vgr-1
showed increased alkaline phosphatase activity, a marker
of osteoblastic differentiation, and altered responsiveness to
retinoic acid, but no difference in growth rate and pheno
type when compared to the parental cells. We also com
pared the osteoinductive activity of ECM elaborated by
vgr-1 overexpressors as compared to that from parental
cells and found that ECM from the vgr-1 transfectants was
osteoinductive both in vivo and in vitro. This effect

was similar to that observed with matrix from parental C26
cells treated with retinoic acid. The osteoinductive activity
of the vgr-1 matrix could be blocked in vitro with a neu
tralizing vgr-1 antibody but not with an antibody to the
precursor region of the vgr-1 molecule or with a TGF-31
neutralizing antibody, suggesting that vgr-1 alone was re
quired for the osteoinductive effect. In contrast, the osteoin
ductive effect of matrix from retinoic acid-treated cells was
blocked with both vgr-1 and TGF-31 antibodies, suggesting
that TGF-31 may act prior to vgr-1 during osteoblastic
differentiation. We further demonstrated that osteoinduc
tion by vgr-1 was dependent on presentation of vgr-1 within
the matrix, because the osteoinductive effect of matrix from
vgr-1-overexpressing cells could not be mimicked with sol
uble recombinant vgr-1. Finally, we investigated whether
overexpression of vgr-1 had committed C26 cells to the
osteoblastic lineage. Infection of the vgr-1 overexpressors
with a MyoD-expressing retrovirus resulted in conversion of
the C26 cells to the myoblast phenotype, indicating that
although vgr-1 overexpression had resulted in early differ
entiation to the osteoblastic phenotype, it had not commit
ted the cells to this developmental pathway.

Role of vgr-1 and TGF-B Superfamily in Osteogenesis.
Many different members of the TGF-B superfamily are ex
pressed in developing bone and cartilage, providing a par
ticular challenge to determine their specific roles in osteo
genesis and chondrogenesis. These related factors have
overlapping but temporally and spatially distinct patterns of
expression during endochondral bone formation (12, 39).
Such findings suggest that these factors have specific roles
in cartilage and bone differentiation through autocrine
and/or paracrine interactions. The evaluation of these de
velopmental roles in vivo is difficult, but some insight can
be gained from mouse models. As examples, mutant mice
lacking expression of BMP-5 (“short ear"; Ref. 13) and
GDF-5 (brachypodism; 14) have subtle but distinctive skel
etal defects. The nature of these defects suggests that there
is some redundancy in function among other members of
the superfamily, but that these factors provide some unique
functions in bone development.

A functional characterization of TGF-8-related factors
and BMPs in bone development has also been provided by
studies in which the factors are administered in vivo. BMP-2
induces bone formation ectopically, such as within a mus
cle pouch (19), but TGF-31 induces bone formation only
when placed in or adjacent to bone tissue (40). Such effects
suggest that BMP-2 may act on less differentiated mesenchy
mal precursor cells, and that TGF-31 may act only on more
differentiated precursors in an osteoblast environment.

Besides the two types of in vivo approaches, the role of
individual TGF-3-related factors has also been studied us
ing mesenchymal, osteoblastic, and chondrocytic cell lines
in vitro (for examples, see Refs. 18, 20, 21, 23, and 24).
TGF-31 and BMP-2 or BMP-4 often have different effects
when tested on similar cell lines. For example, TGF-31
stimulates proliferation but does not affect differentiation of
primary osteoblasts, whereas BMP-2 induces osteoblastic
differentiation (41).

The C26 cell line used in this study offers an elegant in
vitro model for osteoblastic differentiation. Because many
members of the TGF-3 superfamily are expressed within
this line, these cells may be particularly suitable for dissec
tion of the roles of individual members of this family in
osteogenesis (36). The osteoblastic differentiation of these
cells is enhanced by BMP-2 but not by TGF-3 (18). Further
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more, retinoic acid also induces osteoblastic differentiation
of this cell line (18), with concomitant modulation of ex
pression of various TGF-3 superfamily members, including
increased vgr-1 and TGF-31 expression (36).

In this study, we have shown that overexpression of vgr-1
is sufficient to enhance early osteoblastic differentiation of
C26 cells. In addition, the ECM from vgr-1-overexpressing
cells also has osteoinductive activity, and such activity can
be neutralized by anti-vgr-1 but not by anti-TGF-31 anti

serum. By contrast, ECM harvested from parental cells
treated with retinoic acid also induces osteoblastic differ
entiation, but this effect can be blocked with either TGF-31
or vpr-1 antibodies. This finding is consistent with the
change in pattern of expression of TGF-31 and vgr-1 mRNA
during the course of retinoic acid treatment of C26 cells;
TGF-31 mRNA abundance increases 7-fold in the first day
of treatment and then decreases, whereas vgr-1 mRNA
abundance peaks much later, by 3 to 6 days of retinoic acid

83.3
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Fig. 10. Model for actions of TGF-31 and ver-1 in osteoblastic differentia
tion of C26 cells. Our studies suggest that TGF-31 acts prior to vgr-1 in this
developmental cascade, and other members of the TGF-3 superfamily (as
well as other factors) act at other times to further enhance osteogenesis and
eventually lead to commitment to the osteoblastic lineage.

treatment (36). Thus, if one uses response to retinoic acid
treatment as a paradigm for osteoblastic differentiation,
then TGF-B1 appears to act prior to vgr-1 in the course of
this developmental cascade (Fig. 10). These studies support
the hypothesis that sequential exposure to a series of growth
factors is necessary for osteoblastic differentiation of a
mesenchymal precursor.

vgr-1 Activity Depends on Presentation within the
Matrix. Addition of soluble vgr-1 at concentrations as high
as 700 ng/ml to C26 cells that had been grown directly on
plastic had no effect on their alkaline phosphatase activity.
However, cells that were stably transfected to overexpress
vgr-1, and that thereby secreted vgr-1 within their matrix, or
parental cells that were plated on ECM derived from these
stable transfectants, had induction of alkaline phosphatase
activity to levels comparable to that seen following treat
ment of parental cells with retinoic acid. Furthermore, this
osteoinduction was achieved at much lower vgr-1 concen
trations than were present during the experiments with
addition of soluble, recombinant vgr-1, with the ECM con
taining less than 20 ng vgr-1/plate (representing the lower
limits of detection by Western blot analysis). These results
suggest that the activity of the growth factor is greatly en
hanced by one or more components of the ECM. The mech
anism for this synergy is unclear at this time, but several
possibilities may be entertained.

One consideration is that a matrix component activates
vgr-1. In the case of TGF-3, treatment with proteases such
as plasmin have been shown to activate the latent complex
by degrading the precursor segments that noncovalently
interact with the mature dimer (reviewed in Ref. 4; Ref. 5).
The released TGF-3 dimer is then able to interact with its
receptors and transduce a biological response. In contrast,
little is known about the activation of BMPs, or whether
they are even secreted as latent complexes. Vgr-1 may be
activated by matrix-associated proteases, which in turn
would allow for an efficient interaction with its receptors.
Previous experiences with soluble, recombinant BMP-2,
BMP-4, and BMP-7 suggest that these factors do not appear
to need activation for bioactivity in vitro, but in general their
effects are seen at concentrations 100- to 1000-fold greater
than that seen with activated TGF-B (for examples, see Refs.
18 and 20–24). Thus, BMPs may form latent complexes or
may associate with binding proteins in the ECM that limit
their access to appropriate receptors.

A second possibility is that interaction of vgr-1 with an
extracellular matrix protein enhances the interaction of
vgr-1 with its receptor. With respect to the TGF-B super
family, several ECM proteins are known to bind to TGF-3,
thereby inhibiting its access to the receptors. However,
thrombospondin has been shown to bind to the latent

TGF-B complex and subsequently convert it to a biologi
cally active form (42). Such synergistic activity of matrix
components coupled to secreted growth factors has now
been reported for several factors but has perhaps been
best characterized in the case of the fibroblast growth
factors (FGFs). Heparin potentiates the mitogenic effect
of acidic FGF on endothelial cells (43). This biological
effect may result from heparin-induced oligomerization
of acidic FGF such that its binding to FGF receptor results
in receptor dimerization and activation (44). Heparin
sulfate functions as an accessory molecule required for
binding of basic FGF to its high affinity receptors (45),
and recent studies have shown that perlecan, a basal
lamina proteoglycan, promotes basic FGF receptor bind
ing and resultant biological activities (46). Further study
is needed to determine if vgr-1 binds to specific ECM
components and, if so, how such interactions regulate its
biological response.

vgr-1 Overexpression Does Not Result in Commitment
to Osteoblastic Lineage. During development, pluripoten
tial mesenchymal precursor cells give rise through succes
sive differentiation steps to specific lineages. When the
direction of differentiation becomes irreversible, the cells
are considered to be committed to a specific lineage and
phenotype. In this study, we have characterized the differ
entiation of the C26 mesenchymal precursor cell line to
wards the osteoblastic lineage as a consequence of vgr-1
overexpression. The vgr-1-expressing cells showed in
creased alkaline phosphatase expression, an early osteo
blastic marker, but exhibited no markers associated with
later stages of osteoblastic differentiation, such as osteocal
cin. Thus, these cells have entered the early stages of os
teoblastic differentiation. However, vgr-1 overexpression
did not result in commitment to the osteoblastic lineage,
because infection with a MyoD-expressing retrovirus in
duced myogenesis similarly to that seen with parental C26
cells.

In contrast to our in vitro studies, we did note that the
ECM from a C26 vgr-1 overexpressor was capable of in
ducing ectopic cartilage and bone formation in vivo. This
finding corroborates an earlier study, in which injection of
CHO cells that overexpressed vgr-1 into the s.c. tissue of
nude mice induced endochondral bone formation (35).
Taken together, our results suggest that vgr-1 acts on a
mesenchymal precursor cell population and initiates osteo
blastic differentiation. In the host animal, interaction of
these cells with additional matrix components, growth fac
tors (including other members of the TGF-3 superfamily),
and other cell types is then likely responsible for the further
differentiation along the osteoblastic pathway. To further
define the role of vgr-1 in osteogenesis, it will be impor
tant to manipulate vgr-1 expression in vivo at its endog
enous site of production, i.e., within hypertrophic
cartilage.

Materials and Methods
Cell Culture and Transfection. C26 and transfected clonal
cells were cultured at 37°C in a humidified atmosphere of
5% CO2 in a MEM without nucleosides (GIBCO-BRL,
Gaithersburg, MD). The medium was supplemented with
100 units/ml penicillin, 100 pg/ml streptomycin (both from
GIBCO-BRL), and 10% FCS (Hyclone Laboratories, Logan,
UT) that had been heat inactivated. For transfection, cells
were grown in the routinely supplemented media until the
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day of the transfection, at which time the media were
changed to DME H-16 media with 1 g/liter glucose
(GIBCO-BRL). Cells were transfected using the calcium
phosphate precipitation method (47) at 70% confluence
using 40 pg of pKK7-vgr-1 expression vector (35) and 1 pig
of pneo (conferring neomycin resistance) per 10-cm plate.
After 15 h of incubation, the cells were rinsed twice with
PBS and then incubated in routinely supplemented media
until they reached confluence. At that time, cell cultures
were split 1:8 and maintained in media supplemented
with 400 pg/ml G418 (Geneticin; GIBCO-BRL). Individ
ual clones were selected after approximately 6 weeks in
culture, and, after expansion, were screened by Northern
blot analysis for expression of vgr-1 mRNA, as described
previously (35).

Cell Growth Rate. Parental or stably transfected C26
cells were rinsed with PBS, trypsinized in 0.25% trypsin
with 0.02% versene, and diluted in standard media. The
cell number was determined using a Coulter counter
(Coulter Corp., Hialeah, FL), and 10,000 cells were plated/
well in 24-well plates. The cells were grown in standard
media supplemented with 10% FCS. For each time point,
three separate wells of cells were grown, trypsinized, and
individually counted three times, and the cell number was
then averaged.

Alkaline Phosphatase Determinations. Cells (7.5 × 10°)
were plated into 24-well culture dishes. Each cell type was
grown in triplicate. Alkaline phosphatase activity was es
tablished from triplicate samples of cell extracts prepared
after 6 days in culture. The cells were lysed by incubation
in 0.3 ml of deionized H20, and the residue was recovered
following scraping of the well surface to recover any ad
herent material. This crude extract was then mixed with a
second 0.2-ml washing of the well, and alkaline phos
phatase activity was determined using the method of Bessey
et al. (48) with p-nitrophenyl phosphate as substrate. The
amount of p-nitrophenol released after 10 min incubation at
37°C was measured spectrophotometrically at 404 nm, and
the alkaline phosphatase activity was calculated as nmol
reaction product/min/cell or mg protein. For each experi
ment, three separate wells of each cell type were grown and
assayed for enzyme activity, and the results were then
averaged; SDs were calculated. To allow a normalization of
the alkaline phosphatase activity per cell, the cell number
was determined indirectly by spectrophotometric measure
ments of the methylene blue released from stained cells
(49); to normalize per mg protein, protein was quantitated
using the Bio-Rad protein assay kit according to the
manufacturer's directions (Hercules, CA).

ECM Studies. For in vitro analysis of cell-matrix interac
tions, 5 × 10° parental C26 cells or vgr-1-overexpressing
cells were plated onto type I collagen-coated, 24-well
plates (Vitrogen; Celtrix, Santa Clara, CA). Culture medium
was changed every other day. In some cases, the medium
was supplemented with 107* M retinoic acid. After 6 days,
the medium was removed, and the cells were washed with
PBS, lysed by sequential exposure to double-distilled water
and 0.1% Triton X-100 in PBS, and finally rinsed four times
in PBS, thus leaving the conditioned ECM. Untreated C26
cells at a density of 7500 cells/well were then plated onto
these freshly prepared matrices. The medium was replaced
every 2 days for 6 days, and the cell cultures were subse
quently assayed for alkaline phosphatase activity. When
required, the ECM was preincubated with antibody in PBS
at 10 pg/ml for 2 h at 37°C and then washed twice with PBS.

Fresh parental cells were then placed on the ECM, and
conditioned medium was assayed for alkaline phosphatase
activity.

The antibodies used for these experiments included
affinity-purified rabbit antisera against oligopeptides corre
sponding to the precursor and mature regions of murine
vgr-1 (35), as well as a monoclonal TGF-31 neutralizing
antibody (Genentech, South San Francisco, CA).

To evaluate the in vivo effects of the ECM, parental and
vgr-1-transfected C26 cells were grown to confluence under
standard conditions in T-150 flasks. After removal of the me
dium, the cells were washed twice in PBS and were lysed with
double-distilled water for 12 h at 4°C. The residual ECM was
then exposed to 0.12 NHCl for 30 min, neutralized with a 1:1
mixture of a 1 M NaOH and 1 M HEPES buffer, frozen at
–70°C, and then lyophilized. Approximately 1 mg of lyophi
lized matrix was put into gelatin capsules and implanted into
the thigh muscles of anesthetized athymic, nude mice (Charles
River Laboratories, Wilmington, MA). The mice were sacri
ficed after 21 days, and the muscle tissue near the injection site
was excised, fixed in formalin, decalcified, embedded in par
affin, sectioned, and stained with hematoxylin and eosin
according to standard protocols.

MyoD Overexpression in C26 Cells. ROB-C26 parental
or vgr-1-transfected clones were infected with a high titer
MyoD retrovirus (38), kindly supplied by Dr. Dusty Miller
(Fred Hutchinson Cancer Research Center, Seattle, WA).
Infections were performed by incubating growing cells
overnight with viral stock plus 4 pg/ml polybrene, as de
scribed previously (50). Infected cells were then selected in
G418 media for approximately 2 weeks, and protein ex
tracts were made from cells switched to low serum media to
help induce myogenic differentiation. Equal quantities of
protein were electrophoresed on polyacrylamide gels and
transferred to nitrocellulose membranes. Expression of my
Osin heavy chain, troponin T, and myogenin were detected
by standard Western blot analysis under conditions
described previously (50).
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The Role of Type I Collagen in the Regulation of the
Osteoblast Phenotype”

SONGTAO SHI, MARTIN KIRK, and ARNOLD J. KAHN

ABSTRACT

Evidence from a variety of sources indicates that the extracellular matrix forms an important part of a feedback
loop governing the migration, proliferation, and differentiation of the cells that produce it. In keeping with this,
we showed previously that the extracellular matrix of a multipotential mesenchymal clonal cell line (ROB-C26)
induced to differentiate into a more osteoblastic cell type by the addition of exogenous retinoic acid produces an
extracellular matrix capable of osteoinductive activity in vivo and of stimulating alkaline phosphatase activity in
vitro. Since type I collagen is the major structural component of this extracellular matrix, we sought to determine
whether and to what extent this protein is responsible for the previously observed inductive/stimulatory activity.
To this end, C26 cells are cultured on plastic, in the presence of retinoic acid, on a type I collagen film, or on an
extracellular matrix from retinoic acid—treated C26 cells, and cell differentiation is assessed by measuring changes
in the abundance of a number of osteoblast-related mRNAs. These determinations are made by RNAse protection
assay after 3 or 6 days of incubation and include measurements of the RNAs for type I collagen, alkaline
phosphatase, osteopontin, transforming growth factor a 1 and 32, and Vgr-1/BMP-6. In addition, C26 cells are
incubated in the presence of retinoic acid and several established inhibitors of the synthesis or assembly of
extracellular matrix components and the effects on induced alkaline phosphatase activity determined. Our data
show that while the collagen substrate mimics some of the effects of retinoic acid and the extracellular matrix, it
cannot reproduce all of them. Specifically, while the latter two culture conditions increase the abundance of all six
mRNAs, type I collagen film increases the levels of only three of the six (collagen I, alkaline phosphatase, and
osteopontin). Moreover, while type I collagen film produces an increase in alkaline phosphatase message, it fails
to produce a similar change in alkaline phosphatase activity, an effect seen with both retinoic acid and extracel
lular matrix. However, interruption of collagen I synthesis by cis-4-hydroxy-L-proline blocks the increase in
alkaline phosphatase activity associated with retinoic acid treatment. Thus, it appears likely that type I collagen
is a necessary but, by itself, insufficient factor to elicit the comprehensive expression of the osteoblastic phenotype
in immature mesenchymal cells. (J Bone Miner Res 1996;11:1139–1145)

INTRODUCTION leading to still further changes in cell phenotype. This
reciprocal interaction between the ECM and producing

I. is well ESTABLISHED that the extracellular matrix (ECM) cells constitutes a type of feedback (or autoregulatory) loopis capable of promoting cell differentiation.” In return, that helps to determine and control cell migration, prolif.
the producing cells may alter the composition of the matrix, eration, and differentiation.

The organic portion of the ECM of bone consists largely
- - -

l
*Part of this work was presented at the 17th Annual Meeting of of type I collagen together with a wide variety of nonco

the American Society for Bone and Mineral Research, Baltimore, lagenous proteins. This matrix, isolated from mature bone
Maryland, U.S.A., 1995. and partially demineralized, is capable of inducing ectopic
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endochondral bone formation in vivo when implanted into
a suitable host animal.'” A similar induction is also ob
served using the ECM prepared from at least certain os
teoblast-like cells grown in vitro." A major question that
arises from these observations is the identity of the factor or
factors within the ECM that is/are responsible for stimulat
ing endochondral bone formation and, by extension, pro
moting osteoblastic differentiation from less mature precur
sor cells. A very large body of information now strongly
suggests that growth factors found in the bone ECM and
belonging to the transforming growth factor (TGF-3) su
perfamily are probably responsible for these inductive ac
tivities.**) There are, however, data derived principally
from in vitro studies, indicating that the non-growth factor
components of the ECM may also play an important role in
promoting osteoblastic differentiation. Thus, for example, it
has been reported that type I collagen can promote the
appearance of the osteoblastic phenotype in some cell sys
tems as assessed by increases in alkaline phosphatase
(ALP) activity, osteocalcin, and osteopontin (OPN) synthe
sis and changes in cell morphology.”. In addition, a
number of the noncollagenous components of the ECM,
including fibronectin and laminin, have also been shown to
stimulate osteoblast differentiation."”

Given this spectrum of possible contributors to osteoin
duction, it seemed appropriate to undertake additional ex
periments designed to clarify further the role of the ECM in
the development of the osteoblast phenotype. To this end,
we took advantage of a multipotential, clonal cell line,
ROB-C26 (C26), originally characterized by this laborato
ry.” C26 has the capacity to differentiate into skeletal
muscle myotubes and adipocytes, but in the presence of
BMP-2 or retinoic acid (RA) it becomes distinctly more
osteoblastic.(*” In the case of high dose BMP-2, this
includes the synthesis of osteocalcin in relatively short pe
riods of incubation(*); in the case of RA treatment, it
involves, among other things, altering the expression of
various members of the TGF-B superfamily” and os
teopontin (see Results section). Osteopontin is expressed
earlier than osteocalcin in osteoblastic differentiation”
and may be involved in cell—matrix interaction.” Osteo
calcin mRNA is expressed by C26 cells in the presence of
RA but only at very low levels under the conditions de
scribed in the present study. However, most important from
the standpoint of the present study, RA-treated C26 cells
produce a matrix that when isolated is osteoinductive in
vivo and “osteostimulatory” in vitro (i.e., simulates the
appearance of the osteoblast phenotype).

As previously reported and documented more fully be
low, the response of C26 cells to the ECM is essentially
identical to that seen when RA is used to promote differ
entiation. Indeed, RA appears to work by altering the
composition of the ECM which the C26 cells themselves
produce. In the present study, we have compared the re
sponse of C26 cells exposed to either the ECM or RA with
that of cells cultured on type I collagen film. We focused on
type I collagen for two reasons: first, because type I collagen
is the major organic constituent in the C26 ECM'''); sec
ond, because, as noted above, previous studies indicate that
this molecule has the capacity to promote the appearance
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of the osteoblast phenotype, at least in some experimental
system.” Our data show on the one hand that while
type I collagen is capable of eliciting some of the responses
observed with the ECM or RA, it cannot replicate all of
them. On the other hand, inhibition of collagen synthesis by
cis-4-hydroxy-L-proline (cis-HP) negates the osteoblast dif
ferentiating activity of RA. Thus, type I collagen appears a
necessary but not sufficient component of the ECM in the
promotion of the osteoblast phenotype.

MATERIALS AND METHODS

Cell culture and ECM preparation
C26 cells were cultured at 37°C in a humidified atmo

sphere of 5% CO2 in air in alpha minimal essential medium
(o-MEM) supplemented with 10% fetal calf serum (FCS).
One hundred thousand cells were plated into 10 × 10 cm
culture dishes in four groups including culture with plastic,
culture with RA at 107*M, culture onto type I collagen film
(Vitrogen, Celtrix, Santa Clara, CA, U.S.A.), and culture
onto the ECM. The ECM is prepared as previously de
scribed in detail.” The culture medium is replaced every 2
days for a total incubation period of 3 or 6 days. Under the
various conditions used in the present experiments, the
difference in cell number at the latter two time points is
small and generally not significantly different. To measure
ALP activity, 24-well culture dishes are used. For some
studies, 3-aminoproprionitrile (BAPN), cis-HP, or p-nitro
phenyl-3-D-xylopyranoside (8-xyloside) (Sigma Chemical
Co., St. Louis, MO, U.S.A.) at 50 mg/ml, 1 mM and 1 mM, .
respectively, are added to the RA containing medium to
alter the ECM synthesis or assembly. L-proline (Sigma) is
added at 2 mM.

ALPActivity
ALP activity is established from triplicate samples of cell

extracts prepared after 3 or 6 days of culture. The cells are
lysed by incubation in 0.3 ml of double distilled water and
the residue recovered following the scraping of the surface
of the wells to release any attached material. The crude
extract is then mixed with a second washing of the well (0.2
ml of water) and ALP activity determined in the recovered
aliquots using an Alkaline Phosphatase Kit (Sigma). The
amount of p-nitrophenol released after 10 minutes of incu
bation at 37°C is measured spectrophotometrically at 404
nm, and the ALP activity is calculated as nanomoles of
reaction product per minute per cell. Cell number is indi
rectly determined by methylene blue dye uptake and sub
sequent spectrophotometric analysis.

Preparation of riboprobes
cDNA clones used in this study were obtained from Dr.

Stephen E. Gitelman (UCSF) and subcloned into pBlue
script or pGEM. Radioactively labeled complementary
RNAs (cRNAs) are synthesized in 20 pil reaction mixture
containing 250 puCi of [a-*P]-UTP (specific activity, >3000
Ci/mmol) evaporated to dryness, plus 4 pil of 5× transcrip
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tion buffer (40 mM Tris-HCl, pH 7.9, 10 mM NaCl, 6 mM
MgCl2, 2 mM spermidine), 2 ul of 100 mM dithiothreitol, 1
pil of 10 mM solution each of ATP, CTP, GTP, 1 pig of
recombinant plasmids linearized for synthesis of antisense
cRNA or sense cFNA with 15–20 U of either T3 RNA
polymerase, T7 RNA polymerase, or SP6 RNA polymerase,
and 40 U of RNAsin. The reaction mixture is incubated at
37°C for 30 minutes. An additional 15–20 U of RNA poly
merase is added and incubation is continued for a further
30-minute period at 37°C. The DNA template is subse
quently digested with 2 U of RNAse-free DNAse per mi
crogram of DNA at 37°C for 15 minutes in the presence of
an additional 40 U of RNAsin. Following digestion with
DNAse, 50 pig of yeast tRNA is added, and the mixture is
diluted to 100 pil with 1 × SSC (0.15 M NaCl, 0.015 M
Na-citrate) and immediately deproteinized with phenol and
chloroform-isoamyl alcohol as per standard methods.”
The RNA is precipitated overnight in 0.3 MNa-acetate, pH
6.0, and 2.5 equal volume of -20°C ethanol. The RNA is
collected by centrifugation, dried under vacuum at room
temperature, and dissolved in 50 pil of sterile 0.1% dieth
ylpyrocarbonate (DEPC)-treated distilled water. Low mo
lecular weight materials are removed by passage through a
Select-D (RF) column (5 Prime-3 Prime, Inc., Boulder, CO,
U.S.A.). The labeled cFNA is then recovered in a final
volume of 50 pul.

RNAse protection assay
A modified ribonuclease protection assay is used follow

ing Pape et al.'” and Haines and Gillespie,” as described
with the USB RNAse protection kit (United States Bio
chemical Corp., Cleveland, OH, U.S.A.). Briefly, [*P]-la
beled cFNAs are purified by electrophoresis in TBE buffer
(0.045 M Tris-borated, 0.001 M EDTA, pH 8.0) on a 4%
acrylamide gel prior to hybridization with total cell RNA
targets. The purified [**P]-labeled cKNA band, visualized
by autoradiography X-ray film, is extracted from the gel
over a 14–18 h period at room temperature in 500 pil of 20
mM Tris, 1 mM EDTA, 0.5 M NHa-acetate, 0.2% sodium
dodecyl sulfate (pH 7.0), containing 10 pig of yeast tRNA/
ml. A yield of about 5 × 10° cpm/ul of extraction buffer is
generally obtained. Solution hybridization is performed as
follows: to determine the abundance of phenotype, 30 pig of
total RNA is mixed with 10° cpm of a purified cKNA probe
in 2 M NHA-acetate in a final volume of 100 pil. An equal
volume of isopropanol is added at room temperature to
precipitate the RNA mixture, and the precipitated RNAs
are then dried under vacuum, dissolved in 27.6 pil of hy
bridization buffer (80% formamide, 40 mM PIPES, 1 mM
EDTA, pH 6.5) at 42°C, to which 2.4 pil of 5 M NaCl is
added, topped with mineral oil, denatured at 95°C for 5
minutes, then hybridized overnight at 50°C. Following hy
bridization, the mixture is digested at 30°C for 1 h with 10
U of RNAse T2 (Gibco BRL, Grand Island, NY, U.S.A.) in
300 pil of T2 solution (50 mM Na-acetate, 2 mM EDTA, 100
mM NaCl, pH 4.5). The samples are then electrophoreti
cally separated on 6% polyacrylamide DNA-sequencing gel,
and the gels dried and exposed to Kodak XAR-5 film for
1–5 days at −70°C. The base number is determined by
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FIG. 1. ALP activity in C26 cells after 6 days of incubation
under various culture conditions. Data are shown as the
ratio of enzyme activity to cell absorbance and represent the
mean of triplicate cultures. The apparent absence of error
bars is due to the very small deviation in results. Cells
cultured on plastic (marked C26) exhibit limited ALP ac
tivity unless incubated in the presence of 107* M RA
(marked C26 + RA). This stimulation of ALP activity is
closely matched by incubating C26 cells on an ECM
(marked C26 + ECM) obtained from RA-treated C26 cells.
There is no elevated ALP activity when C26 cells are cul
tured on type I collagen (marked C26 + col) or on PBS
washed type I collagen pretreated extensively with 107* M
RA (marked col + RA).

comparison to an RNA ladder marker, as indicated in the
figure legends. The density of protected bands is captured
by camera and analyzed by using Media Graber software.
The intensity of the bands is quantitated by using NIH
image software (version 1.42, NIH, Bethesda, MD, U.S.A.)
and normalized relative to the levels of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).

RESULTS

Stimulation of ALP activity in C26 cells
As previously reported,” ROB-C26 cells treated directly

with 107* M RA or incubated on an ECM harvested from
C26 cells previously treated with RA show markedly in
creased ALP activity levels compared with those found in
cells cultured in standard medium on plastic (Fig. 1). How
ever, this increase in ALP activity is not seen when the cells
are plated on the ECM obtained from cells not exposed to
RA (data not shown).” Similarly, no stimulation in ALP
activity is observed when C26 cells are cultured on a type I
collagen (Vitrogen) film or on a type I collagen film previ
ously exposed to 107* M RA for 6 days (Fig. 1). Because
the response to type I collagen film appears always to be the
same as that observed with the ECM isolated from un
treated C26 cells, only results obtained using type I collagen
film are presented in the experiments described below.
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FIG. 2. Quantitation of ALP mRNA levels in C26 cells
using the RNAse protection assay. We use 30 pig of total
RNA for each reaction, subsequent digestion with RNAse
T2, and electrophoresis on a 6% polyacrylamide gel.
mRNA size of a standard RNA ladder is marked on the left
side of the photographic insert. Lane 1 represents cells
cultured on plastic for 6 days; lane 2 are cells cultured with
10 * M RA for 6 days; lane 3 are cells cultured on a
Vitrogen (type I collagen) film for 6 days; lane 4 are C26
cells plated for 6 days on an ECM recovered from C26 cells
pretreated with 107* M RA for 6 days. Lane 5 is presented
only in the photographic insert and represents nonhybrid
ized [**P]-labeled cKNA probe. Levels of ALP mRNA
expression are calculated relative to RNAse T2 protected
GAPDH mRNA fragments. Error bars represent the stan
dard error among three measurements.

ALP, type I collagen, and OPN mRNA expression in
C26 cells

Incubating C26 cells in the presence of RA or on an
ECM or type I collagen substrate increases the abundance
of ALP (Fig. 2), type I collagen (Fig. 3), and OPN (Fig. 4)
mRNAs as measured by RNAse protection assay and stan
dardization against GAPDH mRNA levels. This increase is
typically at least 3X in excess of that observed in control
C26 cells cultured on plastic, with RA-treated C26 cells
showing the largest increase in abundance of these RNAs.
Note that in distinction to the absence of change in the level
of ALP activity in cells cultured on a type I collagen film,
the collagen substrate actually increases the abundance of
ALP mRNA.

TGF-31, TGF-32, and Vgr-1/BMP-6 expression in
C26 cells

In contrast to the general uniformity of response of ALP,
type I collagen, and OPN mRNAs to the several culture
conditions tested, only RA and the ECM from RA-treated
cells increase the abundance of the mRNAs for the growth
factors TGF-31 (Fig. 5) and -32 (Fig. 6) and Vgr-1/BMP-6
(Fig. 7). This increase is not seen in cells incubated on type
I collagen film (Fig. 7) or the ECM from untreated cells
(data not shown).

SHI ET AL.

1.25 - 998-, ****
. *::: *.*.

1 - 634-2, - …,
1 2 3 4.5

0.75

FIG. 3. Quantitation of type I collagen mRNA levels in
C26 cells. As in Fig. 2, we use 30 ug of total RNA for each
reaction, subsequent digestion with RNAse T2, and elec
trophoresis on a 6% polyacrylamide gel. mRNA size of a
standard RNA ladder is marked on the left side of photo
graphic insert. Lanes 1–5 are as shown in Fig. 2. Levels of
collagen mRNA expression are calculated relative to
RNAse T2 protected GAPDH mRNA fragments. Error
bars represent the standard errors among three measure
Inents.

1 -

0.75

o 5 -

o I

I 2 3 4
T I

FIG. 4. Quantitation of OPN mRNA levels in C26 cells.
The methods and lane identifications are as shown in Fig. 2.
Abundance of OPN mRNA expression is calculated relative
to RNAse T2-protected GAPDH mRNA fragments. Error
bars represent the standard error between three measure
ments. The absence of error bars is due to small deviation
in the results.

Collagen biosynthesis and ECM ALP stimulatory
activity in C26 cells

Of the several agents used to block various aspects of
ECM biosynthesis, only cis-HP is effective in inhibiting RA
stimulation of ALP activity (Fig. 8). This inhibition is re
versed by the addition of excess L-proline (Fig. 9), suggest
ing that the action of the cis-HP analog is specific. Neither
BAPN, an inhibitor of collagen cross-linking,” nor 3-xy
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344
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298–
**t -GAPDH
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- - --- " -

0.5 - T
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FIG. 5. Quantitation of TGF-31 mRNA levels in C26
cells. The methods and lanes identification are as shown in
Fig. 2. However, the sampling interval is at 3 rather than 6
days of incubation. Levels of TGF-31 mRNA expression
are calculated relative to RNAse T2-protected GAPDH
mRNA fragments. Error bars represent the standard error
among three measurements.

0.75

FIG. 6. Quantitation of TGF-32 mRNA levels in C26
cells. The methods and lane identifications are as shown in
Fig. 2. Levels of TGF-82 mRNA expression are calculated
relative to RNAse T2-protected GAPDH mRNA frag
ments. Error bars represent the standard error among three
measurements.

loside, an inhibitor of proteoglycan synthesis,” mimic
the action of cis-HP on RA-treated C26 cells (Fig. 8).
cis-HP is a potent inhibitor of collagen synthesis and
secretion.(?”)

DISCUSSION

The ECM of osteoblasts is actively involved in a number
of important functions including cell differentiation, the
regulation of gene expression, and, ultimately, mineraliza
tion.******) The principal organic component of bone
ECM is type I collagen, which has been reported to elicit
increased ALP activity in a human osteosarcoma cell line,”

1.25 -

0.75

0.5 -

0.25

re
4.

FIG. 7. Quantitation of Vgr-1/BMP-6 mRNA levels in
C26 cells. The methods and lane identifications are as
shown in Fig. 2. Levels of Vgr-1/BMP-6 mRNA expression
are calculated relative to RNAse T2-protected GAPDH
mRNA fragments. Error bars represent the standard error
among three measurements.

& º ! ! .

ALP ACTIVITY
(nmol/min/cell)

FIG.8. ALP activity in C26 cells after 6 days of incubation
in the presence or absence of ECM inhibitors. Data are
shown as the ratio of enzyme activity to cell absorbance and
represent the mean of triplicate cultures. Cells cultured on
plastic (marked plastic) exhibit limited ALP activity. When
cells are cultured with retinoic acid (marked RA), retinoic
acid with 3-aminoproprionitrile (marked RA/BAPN), and
retinoic acid with 3-xyloside (marked RA/XYL), ALP ac
tivities are elevated. However, cells cultured with RA in the
presence of cis-HP (marked RA/cis-HP) exhibit no stimu
lated ALP activity.

and OPN and osteocalcin mRNAs expression in osteoblas
tic cells.” Moreover, it has also been shown to play an
important role in signal transduction, affecting both recep
tors and proteins in osteoblast-like cells.“” Finally, and
very recently, it has been reported that type I collagen film
enhances the expression of the differentiated phenotype of
osteoblasts and accelerates mineralization of the matrix in
vitro, leading to the suggestion that type I collagen is in

C/C
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fºr
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+RA+cis-HP+proline -
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I T I T
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ALP ACTIVITY
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FIG. 9. Excess L-proline reverses ALP activity inhibition
by cis-HP in C26 cells. Cells cultured on plastic (marked
plastic), with proline (marked proline) or with retinoic acid
plus cis-HP (marked RA + cis-HP) show low ALP activi
ties. However, the latter effect is reversed after proline is
added to the cultures (RA + cis-HP + proline).

volved in mediating the signaling cascade associated with
the latter two important processes.”

In the present study, we sought to distinguish the role of
type I collagen from other ECM components in the stimu
lation of osteoblastic differentiation in the clonal cell line
ROB-C26. To this end, a comparative assessment of the
degree of differentiation was made of C26 cells cultured in
the presence of a maturational agent, RA, on an osteoin
ductive ECM recovered from RA-treated C26 cells or on a
type I collagen film. A number of preliminary studies indi
cated that the response of C26 cells to the ECM recovered
from untreated cells is the same as that seen with incubation
on a type I collagen film. Criteria of differentiation included
increases in ALP activity and the abundance of a number of
osteoblast-associated mRNAs (gene products) including
type I collagen, OPN, ALP, TGF-81 and -82, and Vgr-1/
BMP-6. Our data show that while type I collagen film can
elicit some of the changes associated with osteoblastic dif
ferentiation, it is less effective than either RA or the ECM
in evoking a full response. Thus, while both RA and the
ECM increase the abundance of all of the mRNAs as well
as ALP activity, the collagen substrate succeeded only in
increasing the levels of type I collagen, OPN, and ALP
mRNA. Moreover, even though type I collagen enhances
the abundance of ALP mRNA, this increase is not matched
by elevations in ALP activity, an effect seen with both RA
and the ECM. At present, we cannot account for why the
change in ALP mRNA abundance, associated with the
cultivation of cells on a type I collagen film, is not reflected
in changes in ALP activity. However, lack of correlation
between ALP activity and mRNA abundance has also been
reported in primary culture of osteoblasts on collagen
film.” Both our findings and Lynch et al.'s indicate that
post-transcriptional regulation plays an important role in
the control of ALP activity in osteoblastic cells.
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It is clear from the present study and other reports”.”
that type I collagen might be responsible for some of the
differentiation-promoting activities associated with the
ECM of osteoblastic cells. However, it is also clear from the
present results that type I collagen alone is not sufficient to
evoke osteoblast differentiation. Nonetheless, there are a
number of reasons for continuing to explore the contribu
tion of type I collagen in osteoblast differentiation and
osteoinduction. First, type I collagen is capable of eliciting
phenotypic change even when it is introduced as the sole
additional factor in various assay systems. Second, and con
sistent with this, cell binding to type I collagen can result in
the activation of the signal induction cascade."” Thus,
under appropriate circumstances, type I collagen can act as
an effector substance similar to a peptide hormone or
cytokine. Third, type I collagen is capable of serving as a
carrier for noncollagenous proteins (e.g., growth factors)
that are, in turn, also major participants in stimulating
osteoblastic differentiation. Indeed, we now have prelimi
nary evidence indicating that cross-linking TGF-31 to col
lagen film with proplyene glycol promotes the differentia
tion of C26 cells, an effect not generally seen when this
growth factor is simply added to the medium. Under phys
iological circumstances, TGF-B is sequestered in the ECM
by latent TGF-B binding protein (LTBP).” As assessed by
immunocytochemistry, C26 cells produce LTBP and de
posit it in the ECM (data not shown). Finally, and again
from preliminary studies, we find that even in the presence
of pre-existing type I collagen film, inhibition of collagen
synthesis blocks the action of RA in inducing the osteoblas
tic phenotype in C26 cells. Thus, collagen synthesis perse is
evidently essential for the osteoblast differentiation pro
cess. Further studies to elucidate the role of LTBP and
collagen synthesis, in particular, in the C26 system are
currently underway in our laboratory.
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