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The regulation of bone remodeling by TGF-3
by
Adrian Erlebacher

ABSTRACT

Transforming growth factor-B (TGF-B) has many potent effects on the
activities and differentiation of osteoblasts and osteoclasts, although the
physiological role of this growth factor during bone development and
turnover has remained unclear. I have generated transgenic mice that
overexpress TGF-B2 specifically in osteoblasts. These mice showed a
dramatic age-dependent loss of bone mass similar to that seen in osteoporosis
and other metabolic bone diseases, with surprisingly few defects in skeletal
development or growth. Mice with the highest level of transgene expression
had three major histological alterations: an increase in osteocyte density, an
increase in osteoblastic bone formation, and an increase in osteoclastic bone
resorption. These results suggested that TGF-B2 overexpression increases the
rate of bone remodeling by modulating the coordinated interactions of
osteoblasts and osteoclasts.

The three observed histological alterations provided a basis for
studying the skeletal physiology of TGF-B. To detect effects that required
osteoblastic responsiveness to TGF-B, I used transgenic mice that
overexpressed a dominant-negative type II TGF-B receptor in osteoblasts. To
detect effects that required osteoclasts, I used both c-fos knockout mice, which
completely lack osteoclasts, and alendronate, a specific inhibitor of bone

resorption. Surprisingly, I found that the increase in bone formation in
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transgenic mice was an indirect compensatory response to the increase in
bone resorption. In contrast, the increase in osteocyte density was a direct
effect of TGF-B2 on osteoblasts caused by an increase in their steady-state rate
of differentiation. Osteoclastic activity greatly stimulated this latter effect,
suggesting that TGF-B is important in coupling osteoblastic differentiation to
sites of bone resorption in vivo. Lastly, I found that the increase in bone
resorption did not correlate with increases in the number of osteoclasts or
their apparent activity assessed histologically and biochemically. Rather, the
increase in resorption required the direct effects of TGF-B on osteoblasts,
suggesting that osteoblasts can directly control rates of bone resorption.
These results shed new light onto the pathogenesis of osteoporosis in humans,

and implicate TGF-B as a mediator of high-turnover bone loss.
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Chapter 1:

Toward a molecular understanding of skeletal morphogenesis



Much of our initial knowledge about cartilage and bone has come from
descriptive anatomy, endocrinology, and cellular studies of bone turnover.
Recent work has led to the identification of local factors that regulate skeletal
morphogenesis. Molecular and biochemical studies of bone and cartilage
cells in vitro, gene inactivation in mice, and the identification of genes
responsible for mouse and human skeletal abnormalities have documented
the importance of specific growth and differentiation factors, extracellular
matrix proteins, signaling mediators and transcription factors in bone and
cartilage development. The successful convergence of mouse and human
genetics in skeletal biology is illustrated in this issue of Cell with two papers
which show that mutations in collagen type XI cause chondrodysplasia both
in cho/cho mice as well as in patients with Stickler syndrome (Li et al., 1995,
Vikkula et al., 1995).

In general, recent results emphasize the need to view skeletal
development at various integrated levels of organization and illustrate how
single gene products affect development at these different levels. Pattern
information determines not only the body plan of the early skeleton but also
the shape of each individual skeletal element. In addition, the sequence of
events during bone growth and development must be temporally and
spatially controlled to insure correct proportions of bony elements.
Positional information must also regulate the establishment of bone internal
structure throughout growth, while local homeostatic mechanisms must
maintain bone integrity throughout adult life. Lastly, a complex extracellular
matrix must generate skeletal tissues with specific biomechanical properties.

Ultimately, the morphogenesis of the skeleton derives from the

regulated differentiation, function, and interactions of its component cell



types. Three major cell types contribute to the skeleton: chondrocytes which
form cartilage, osteoblasts which deposit bone matrix, and osteoclasts which
resorb bone. Chondrocytes and osteoblasts are of mesenchymal origin,
whereas osteoclasts derive from the hematopoietic system. Once embedded
in bone matrix, osteoblasts mature into terminally differentiated osteocytes.
The activity and differentiation of osteoblasts and osteoclasts is closely
coordinated during development as bone is formed, and during growth and
adult life, as bone undergoes continuous remodeling. More specifically, the
formation of internal bone structures and bone remodeling result from
coupling bone resorption by activated osteoclasts with subsequent deposition
of new matrix by osteoblasts (Fig. 1). Bone remodeling also links bone
turnover to the endocrine homeostasis of calcium and phosphorus, since the
mineralized bone matrix serves as the major repository for these ions in the
body.

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

osteoclasts and osteoblasts are recruited to gradually replace the cartilage
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Figure 1. Bone remodeling. Activated multinucleated osteoclasts derived
from bone marrow monocytes resorb a discrete area of mineralized bone
matrix. Subsequently, capillary endothelial cells provide a microvasculature
and cuboidal osteoblasts and fibroblastic osteoprogenitor cells, which can
locally differentiate into osteoblasts, migrate and proliferate into the
resorption lacuna. The osteoblasts deposit new bone matrix, which is initially
unmineralized and called osteoid. Once embedded in osteoid, the osteoblasts

mature into terminally differentiated osteocytes.



capillary _———osteoprogenitor cell

o= @—osteoblut

newly synthesized
bone matrix (osteoid)

Il == mineralized bone matrix

................
---------------
................

.......
................
................
.................
..................
.........................

...................................................

...................................................



scaffold with bone matrix and to excavate the bone marrow cavity.
Longitudinal bone growth takes place through a similar pattern of
endochondral ossification in the growth plates located at the epiphyses (ends)
of long bones. In these epiphyseal plates, the calcified, hypertrophic cartilage
provides a scaffold for the formation of new trabecular bone. Ultimately, all
remaining cartilage is replaced by bone except at the articular surfaces of the

joints (Fig. 2).

Skeletal patterning.

Classical embryology has shown that three distinct embryonic lineages
contribute to the early skeleton. The neural crest gives rise to the branchial
arch derivatives of the craniofacial skeleton, whereas the sclerotome generates
most of the axial skeleton and lateral plate mesoderm forms the appendicular
skeleton. Transplantation studies have indicated that information regarding
the number and anatomic "identity" of derived skeletal elements already
resides in these lineages by the time of their appearance long before overt
skeletogenesis.

The family of transcription factors encoded by homeobox genes play a
central role in this aspect of skeletal pattern formation (reviewed in Morgan
and Tabin, 1993; Krumlauf, 1994). Specific homeobox genes are expressed in
distinct patterns at the time when the embryonic lineages initially form.
Furthermore, targeted inactivation or ectopic expression of these genes in the
mouse results in the deletion or addition of skeletal elements, or the
transformation of skeletal elements into shapes resembling other elements.
For example, the hoxa-2 gene is expressed in fourth rhombomere

neuroepithelium before the migration of neural crest cells and their
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Figure 2. Endochondral ossification center of a long bone. Longitudinal bone
growth occurs at the epiphyseal growth plate in which the chondrocytes
proliferate and mature, and the calcified matrix of the hypertrophic cartilage
provides a scaffold for new trabecular bone formation. In the epiphysis above
the growth plate, the cartilage of the secondary ossification center has already

been replaced with bone and bone marrow.
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subsequent differentiation into the skeletal elements of the second branchial
arch. Its localized expression combined with the results from transplantation
experiments suggests that this gene is required for the determination of
second branchial arch identity. Accordingly, inactivation of the hoxa-2 gene
results in the deletion of the craniofacial elements derived from the second
branchial arch and their replacement by elements resembling those derived
from the first branchial arch (Gendron-Maguire et al., 1993; Rijli et al., 1993).
Thus, in the absence of the hoxa-2 gene product, the skeletogenic neural crest
of the second arch defaults to a first arch identity. The same principles can be
demonstrated for the axial and appendicular skeleton using the hoxd-13
homeobox gene as an example. Hoxd-13 is expressed in the presomitic
mesoderm of the posterior region of the embryo before sclerotome formation
and appearance of the mesodermal skeletal lineages, as well as in the
posterior distal region of the limb bud mesenchyme. Inactivation of the hoxd-
13 gene results in a transformation of the fourth sacral vertebrae into a bone
resembling the third, and an assortment of deletions and additions of distal
limb skeletal elements (Dolle et al., 1993).

The well studied system of limb development has revealed the
additional importance of inductive interactions in regulating skeletal
patterning. Signals essential for limb patterning emanate from the zone of
polarizing activity (ZPA) which is located in the posterior limb mesoderm
underlying the apical ectodermal ridge (AER) of a developing limb bud.
Transplantation of the ZPA underneath the AER on the anterior margin of
another limb bud results in a mirror-image duplication of skeletal elements, a
phenomenon that also occurs when retinoic acid is applied at the same

anterior site. The secreted factor sonic hedgehog (shh) has been identified as a
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key inductive signal that mediates the activity of the ZPA (Riddle et al., 1993).
Shh induces fibroblast growth factor-4 (FGF-4) in the AER, which in turn also
regulates shh expression and serves as an ectodermal competence factor for
shh responsiveness in the underlying mesoderm (Laufer et al., 1994). These
inductive interactions may regulate limb skeletal patterning by establishing
the expression patterns of homeobox genes in the limb bud mesenchyme. For
example, shh induces the local expression of hoxd-13, which as mentioned
above is required for normal limb patterning. Shh also induces the local
expression of bone morphogenetic protein-2 (BMP-2), a TGF-B related factor
with cartilage-inducing activity. Similar inductive interactions are likely to
play an important role in skeletal patterning in other areas of the developing

embryo.

Local control of bone shape.

The individual shapes of skeletal elements are largely determined
during embryogenesis when their respective cartilage templates form from
localized mesenchymal condensations. The importance of paracrine factors
in regulating the process of mesenchymal condensation has been emphasized
by the recent characterizations of the mouse mutations short ear (se) and
brachypodism (bp) (reviewed in Kingsley, 1994). In these mutant mice, various
skeletal elements throughout the body have altered shapes and sizes. For
example, the se phenotype includes an altered shape of the sternum and the
external ear cartilage, whereas the bp mutation leads to a reduction in size of
appendicular long bones. These adult abnormalities can be attributed to
defects in size and shape already apparent in the mesenchymal condensations

of the affected skeletal elements. The se and bp mutations result from
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inactivation of the genes for BMP-5 and GDF-5, two members of the TGF-f
superfamily, respectively (Kingsley et al., 1992, Storm et al., 1994). The
developmental expression pattern of these two factors is consistent with their
potential role in the local control of patterns of mesenchymal condensations.
For example, BMP-5 is expressed in condensing mesenchyme which gives rise
to external ear cartilage, whereas GDF-5 is expressed in mesenchyme
surrounding limb condensations. Furthermore, the ability of BMP-5 and
other BMPs to induce cartilage and bone formation when injected into non-
skeletal sites in vivo further supports a role for these factors in the local
induction of cartilage. These factors may also be involved in fracture repair,
as suggested by the increased expression of BMP-4 at fracture sites (Nakase et
al., 1994) and the impairs fracture healing in se mice.

The current data on the regulation of skeletogenesis suggest a two-step
model for the specification of the pattern and shape of the embryonic
skeleton. First, the patterned expression of homeobox genes confers
information to cells of the early mesenchymal lineages that specifies the
overall pattern of the skeleton and the archetypal shape and identity of the
individual elements. Second, the shape of a skeletal element is further
defined through the local regulation of mesenchymal condensation by
secreted autocrine/paracrine factors. Evolution of the skeleton may result
from modifications of early cell-intrinsic patterning information and local

control of mesenchymal condensation by these differentiation factors.

Bone shape during growth.
Bone growth is regulated by various systemic factors. Skeletal growth

ultimately ceases when the growth plate is entirely replaced with bone, a

11



process that requires estrogen in both males and females (Federman, 1994,
Smith et al., 1994). The rate of skeletal growth until epiphyseal closure is
regulated by growth hormone which is released by the pituitary gland and
acts predominantly through the local and systemic expression of IGF-1. Mice
which lack IGF-1 as a result of gene inactivation (Baker et al., 1993) and
humans with reduced growth hormone levels resulting in hypopituitary
dwarfism, have a reduced size of the skeleton but with only small alterations
of the proportions between or within bones.

During growth, the shapes of individual bones and the relative
proportions of the skeleton are maintained likely as a result of a complex
process with multiple local mediators, as suggested by the wide spectrum of
clinical abnormalities related to disproportionate bone growth. In the skull,
the intramembranous bones grow by peripheral addition of new bone at
osteogenic fronts, which generate the suture lines. Osteoblastic differentiation
within the sutures and consequent bone deposition are intimately
coordinated with the growth of the skull and the timing of suture closure.
Deregulated coordination results in premature suture closure leading to
various skull abnormalities collectively known as craniosynostoses. In bones
which develop based on cartilage templates, endochondral ossification must
be coordinated with the simultaneous growth of the epiphyses, longitudinal
growth at the epiphyseal growth plate and the radial growth of the
periosteum. Achondroplasia, the most common cause of human dwarfism,
results from incomplete coordination of these processes and is characterized
by short, wide bones and overgrowth of the periosteumn relative to the

epiphyses.
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Recently, cell signaling by FGFs has been implicated in coordinating
proportional bone growth. At least nine members of the FGF family interact
with varying specificities and affinities to four transmembrane tyrosine kinase
FGF-receptors, FGF-R1 through FGF-R4 (reviewed in Givol and Yayon, 1992).
FGF-receptor signaling regulates various cellular processes, most notably the
proliferation and differentiation of cells of mesenchymal and neurectodermal
origin. Recently, several dominantly inherited human skeletal disorders have
been correlated with mutations in FGF-receptors. Mutations in the
transmembrane region of FGF-R3 in patients with achondroplasia suggests
that impaired ligand-induced receptor dimerization and signaling may be the
cause of this disease (Rousseau et al., 1994, Shiang et al., 1994). The expression
of FGF-R3 in resting chondrocytes and not in the periosteum (Peters et al.,
1993) may explain why achondroplasia results in abnormalities in only those
bones which develop based on cartilage templates and not in the
intramembranous bones of the skull. The craniosynostosis seen in Crouzon
syndrome has been correlated with mutations in the extracellular domain of
FGF-R2, which may affect ligand binding (Reardon et al., 1994). Finally,
patients with Pfeiffer syndrome and Jackson-Weiss syndrome, which have
craniosynostoses as well as limb defects, have similar mutations in FGF-R1
and FGF-R2 respectively (Jabs et al., 1994, Muenke et al., 1994). It is unclear
how different point mutations in FGF-R2 give rise to different skeletal defects
in Crouzon syndrome and Jackson-Weiss syndrome. The identification of
these mutations in these inherited skeletal disorders implies a local role of
FGF-mediated signaling in skeletal development and suggests transgenic
approaches to the characterization of the role of these factors in skeletal

development.
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The restricted expression patterns of the FGF-Rs and their ligands and
in vitro data on the effects of FGFs suggest that specific FGFs might regulate
intrinsic growth rates of distinct zones of the epiphysis, and that FGF-
mediated autocrine and paracrine interactions within and between these
zones control their relative growth. An internal network of local homeostatic
interactions via FGFs might then be integrated with effects of systemic factors
to control overall skeletal growth and proportions. Further evidence for such
an integration of signals and communication between different zones of the
epiphyseal plate comes from studies on parathyroid hormone-related protein
(PTHrP). While PTHrP is expressed in various locations throughout the
epiphysis, its receptor expression in growth plate cartilage is localized mainly
to the transitional zone between proliferating and hypertrophic chondrocytes,
suggesting that cells in this zone coordinate the rate of chondrocyte
maturation. In mice with an inactivated PTHrP gene, the reduced
proliferation and premature differentiation of chondrocytes in the epiphyseal
plate leads to a greatly increased rate of endochondral ossification, resulting
in a skeleton that is almost completely ossified by the time of birth (Amizuka
et al., 1994, Karaplis et al., 1994).

Possibly related to growth factor signaling in skeletal growth control is
the recent finding that diastrophic dysplasia can be ascribed to a defect in the
gene for a putative sulfate transporter (Hastbacka, et al., 1994). In this disease,
the undersulfation of proteoglycans may be responsible for the mechanical
defects in cartilage and bone matrix which result in a severely malformed
skeleton, progressive joint disease and dwarfism. The deformities in
diastrophic dysplasia and the FGF-related diseases described above share

some similarities. For example, in diastrophic dysplasia, the deformities in
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the short bones are similar to those seen in achondroplasia, the broad great
toes are similar to Jackson-Weiss and Pfeiffer syndromes, and the broad
thumbs are reminiscent of Pfeiffer syndrome. A mechanistic basis for the
relationship between these two types of diseases is also suggested by the
requirement of heparan sulfates for the high-affinity interactions of FGF with
its receptor (Yayon et al., 1991, Givol and Yayon, 1992. Whether the defect in
sulfation in diastrophic dysplasia decreases the availability of heparan
sulfates and impairs FGF signaling during skeletal development remains to
be tested.

The importance of transcription factors in the regulation of bone
growth is illustrated by the mutation in the msx2 homeobox gene in patients
with Boston type craniosynostosis (Jabs et al., 1993). Consistent with its
involvement in suture function and closure, msx2 mRNA is localized at the
sutures and various other sites during craniofacial development of the
mouse. Inactivation of the closely related msx1 further suggests that this class
of homeobox genes plays a role in normal growth of intramembranous bones
at osteogenic fronts (Satokata and Maas, 1994). The cleft palate in these mice is
due to failure of the palatal shelves to grow towards each other and fuse, and
is consistent with the expression of msx1 in the osteogenic fronts of the palatal
shelves. Remarkably, the expression of both msx1 and msx2 has been shown,
at least in developing teeth, to be controlled by BMP-4, a TGF-f related factor
with cartilage and bone-inducing activity (Vainio et al., 1993). Léstly,
mutations in SOX9, which encodes a putative transcription factor related to
SRY, have been shown to cause sex-reversal with associated campomelic

dysplasia, a congenital skeletal malformation syndrome with the prominent
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feature of bowed long bones (Foster et al., 1994). How this gene product is

involved in bone development is unknown.

Bone structure, modeling and remodeling.

The coordinated activities of osteoclasts and osteoblasts in bone
resorption and deposition form the internal structure of a bone. In long
bones, a tube of dense cortical bone encases the bone marrow space and is
capped by the two epiphyseal growth plates. The bone marrow cavity
contains a large number of bone spicules (trabeculae) arranged with
increasing density towards the epiphyseal plates (Fig. 2). The importance of
bone resorption in bone modeling is illustrated by the structural defects in
osteopetrosis, a disease associated with impaired osteoclastic function. While
the external shapes are normal, osteopetrotic bones are characterized by a
homogeneous dense trabeculation in the bone marrow space and a less
compact consistency of the cortical bone. In several mouse models, the
inactivation of specific genes results in impaired osteoclastic differentiation
and consequent osteopetrosis. In osteopetrotic op/op mice, osteoclast
differentiation is blocked at an early stage as a result of defective production
of CSF-1 (Wiktor-Jedrzejczak et al., 1990, Yoshida et al., 1990). The inability of
bone marrow transplantation to cure this form of osteopetrosis suggests that
CSF-1 is normally provided by cells external to the hematopoietic system. In
contrast, several other types of osteopetrosis in mice can be rescued by bone
marrow transplantation. For example, mi/mi mice develop osteopetrosis as a
result of a mutation in a putative transcription factor that contains a basic

helix-loop-helix ((HLH) domain and a leucine zipper domain (Hodgkinson et
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al, 1993). In addition, inactivation of the c-src gene results in a rescuable
osteopetrosis in which the multinucleated osteoclasts are present but lack
bone resorption activity (Lowe et al., 1993, Soriano et al., 1991). Finally,
inactivation of the c-fos gene also results in osteopetrosis, but in this case the
phenotype is due to a complete absence of differentiated osteoclasts
(Grigoriadis et al., 1994). The expression of c-fos in differentiating osteoclasts
and the rescue of the phenotype following transplantation of normal bone
marrow suggests that this transcription factor is required for early osteoclast
differentiation. Taken together, these mouse mutations not only emphasize
the importance of osteoclastic activity in both the resorption of trabecular
bone and the establishment of the definitive cortex, but also implicate several
factors in osteoclast differentiation and activity.

Mechanical tension can also alter local bone architecture by influencing
bone remodeling. The requirement for mechanical tension in the formation of
bony tubercles at sites of tendon insertions is elegantly demonstrated in mice
in which the genes for both myf-5 and myoD are inactivated (Rudnicki et al.,
1993). These mice lack bony tubercles presumably as a result of impaired
muscle development and therefore reduced mechanical tension at tendon
insertion sites. How tension is sensed by resident bone cells, and how such
signals contribute to the cellular and molecular control of bone remodeling
are major unresolved issues in skeletal biology.

Bone remodeling itself is a poorly understood process. While much is
known about the kinetics of bone turnover at the cellular level, little is
understood about the local regulation of bone remodeling at the molecular
level (reviewed in Canalis et al., 1991). Presumably, specific factors regulate

each step of a remodeling cycle, the coordination of remodeling with the local
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differentiation of osteoclasts and osteoblasts from their respective precursor
cell populations, and the integration of bone remodeling with the endocrine
control of bone turnover. Understanding these various levels of control is
important because deregulated bone remodeling lies at the basis of many
metabolic bone diseases. For example, osteoporosis is characterized by
reduced bone mass and is thought to result from an imbalance between bone
formation and resorption. While the association of this disease with
endocrinological imbalances such as reduced estrogen and increased
corticosteroids has long been apparent, how these systemic factors influence
the local regulation of bone remodeling is still not known. A recent example
of this dichotomy comes from the association of reduced bone density with
common alleles of the gene encoding the vitamin D receptor (Morrison et al.,
1994). Vitamin D stimulates osteoclast and osteoblast differentiation in vitro
and regulates bone mineralization and homeostasis in vivo, but how changes
in receptor expression lead to the cellular changes resulting in osteoporosis
remains unclear. A potentially fruitful new approach to the problem is to
establish appropriate transgenic mouse models to study the many paracrine
growth and differentiation factors that based upon cell culture studies have
been implicated in bone remodeling (see below). The initial success of this
approach can be seen with the demonstration that transgenic mice
overexpressing interleukin-4 develop osteoporosis due to impaired

osteoblastic function (Lewis et al., 1993).

The role of collagens.
Collagens represent the major proteins in bone and cartilage matrices

and play an important role in determining the size, shape and strength of

18



these tissues (reviewed in van der Rest and Garrone, 1991). Collagens form a
family of at least 25 members, several of which are expressed at defined times
and places during endochondral bone formation: collagen type II is the
principal protein of cartilage, collagen type X the major protein found in
hypertrophic cartilage, and collagen type I is the most abundant protein in
bone. All collagens contain globular domains at the amino and carboxy
termini and a triple-helical domain in between. Newly synthesized collagen
monomers éssociate into trimeric microfibrils, which, once secreted,
aggregate into larger structures. Based on their structure, the collagens can be
subdivided into six distinct categories. Among these, the fibrillar collagens
include types I, II, and XI, the fibril-associated collagens include type IX, and
the network collagens include type X collagen. The recent characterization of
collagen mutations in mice and man has provided insights into the function
of different collagens in cartilage and bone (reviewed in Tilstra and Byers,
1994).

The best characterized fibrillar collagen is the type I collagen, which
consists of two al1(I) and one a2(I) polypeptide chains. Mutations in the
corresponding procollagen genes cause osteogenesis imperfecta, a heritable
disorder resulting in decreased bone mass and bone fragility (reviewed in
Byers and Steiner, 1992, Willing, et al., 1993). In addition, a wide range of
clinical defects ranging from isolated osteoporosis to recurrent fractures and
death in utero are also associated with collagen type I mutations. Several of
the more than 100 molecular defects in procollagen type I genes characterized
in man have been reconstituted in transgenic mice with resulting bone
defects. Analysis of human and mouse mutations have shown that null alleles

give rise to mild phenotypes. Such mutations may result in altered mRNA
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levels or instability of the protein, perhaps through its inability to polymerize
with the wild type monomers. More severe phenotypes result from dominant
negative mutations that result in an aberrant protein still capable of
multimerizing with wild-type collagen type I fibrils. The severity of the
phenotype depends on the nature and location of the mutation, and its effects
on protein structure. In general, the impact of point mutations on the
phenotype decreases as the mutation shifts towards the N-terminal portion of
the molecule. The relationship between genotype and phenotype has been
reviewed elsewhere (Kuivaniemi et al., 1991).

Mutations in collagen type II, a homotrimer of a1(Il), have been
correlated with a variety of chondrodysplasias (reviewed in Vikkula, et al.,
1994)). This heterogeneous group of cartilage disorders may result in
dwarfism, joint deformities, and other skeletal anomalies. As with collagen
type I mutations, many different molecular defects have been reported, with
dominant negative mutations resulting in the most severe defects in cartilage
development and structure. The available transgenic mouse models with
defects in collagen type II should help clarify how such cartilage mutations
affect subsequent endochondral bone formation. Recently, a patient with
impaired chondrogenesis and with a documented dominant negative
mutation in the a1(II) gene was found to express collagen type I in
chondrocytes, suggesting a possible compensatory mechanism for aberrant
collagen type II expression (Freisinger et al., 1994).

In this issue of Cell, Li et al. (1995) and Vikkula et al. (1995) provide the
first insights into the role of another fibrillar collagen, collagen type XI, in
bone and cartilage formation. This minor component of cartilage collagen is

thought to play a role in the regulation of collagen fibril diameter and the
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association of proteoglycans with the collagen fibrillar network. Li and
colleagues report that a mutation in collagen type XI lies at the basis of
chondrodysplasia in cho/cho mice. In these mice, the absence of al(XI)
collagen expression results in severe abnormalities in cartilage of the limbs,
ribs, mandible and trachea and death at birth. At the epiphyses, the columnar
arrangement of chondrocytes is disordered and chondrocytic maturation is
delayed. In addition, the bones are wider but only about half the normal
overall length. The collagen fibrils are abnormally thick and the
proteoglycans are readily extractable, which is consistent with the purported
function of collagen type XI. Vikkula et al. (1995) correlate a dominant
negative mutation in the human COL11A2 gene encoding the a2(XI) chain
with a form of Stickler's syndrome, which is characterized by mild
spondyloepiphyseal dysplasia, osteoarthritis, and sensorineural hearing loss.
They also mapped a more severe autosomal recessive human
osteochondrodysplasia to the COL11A2 gene, and speculate that this disease
arises from a mutation resulting in a null allele. If this indeed proves to be the
case, then it will be interesting to determine why such a mutation is lethal in
the cho/cho mouse, but not in man: as Vikkula et al. suggest, alternate
collagen family members may be able to compensate for the null mutations in
man.

Collagen type IX is a prototype of another subset of collagens, the
fibril-associated collagens. This collagen localizes to the surface of collagen II
fibrils and was thought to play a major role in development. However,
transgenic overexpression of a dominant negative mutant of collagen IX
(Nakata et al., 1993) and gene inactivation in mice (Fassler et al., 1994) results

in surprisingly mild phenotypes, characterized by degenerative joint disease
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resembling human osteoarthritis and mild chondrodysplasia. Thus, collagen
IX may not play a major role in osteo- and chondrogenesis or in other human
osteochondrodysplasias.

Finally, collagen X, a prototype of short chain collagens, is exclusively
expressed in hypertrophic chondrocytes, where it forms distinct hexagonal
arrays. Although its specific role in hypertrophic cartilage is not known, it
may serve as a substrate for mineralization or vascular invasion. Some insight
into its function has been gained through analysis of transgenic mouse models
and characterization of human mutations (reviewed in Jacenko et al., 1994).
Mice with a mutant type X collagen transgene exhibit compression of the
hypertrophic growth plate cartilage and decreased bone formation in a
pattern that resembles spondylometaphyseal dysplasia and metaphyseal
chondrodysplasias in man. Subsequent analysis has confirmed that such
patients indeed bear collagen X mutations, which are all localized to the
carboxy-terminal, non-triple helical domain of the protein. The lack of
detectable abnormalities in mice with an inactivated type X gene suggests that
other collagens may compensate for its absence and emphasize again that null
alleles of collagens result in a less severe phenotype than overexpression of a

dominant negative mutant.

Mesenchymal differentiation.

The study of bone and cartilage cell differentiation in vitro provides an
important counterpoint to the study of these cell populations in vivo. For
example, experiments on cells derived from osteopetrotic mouse mutants will
continue to add to the in vitro characterization of osteoclast differentiation. In

vitro approaches have also made valuable contributions to our
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understanding of the differentiation of chondrocytes and osteoblasts. By
analogy with other cell types, chondrocyte and osteoblast differentiation
involves at least two distinct processes. First, precursor cells commit to the
cartilage or bone lineages. Since these lineages probably arise from the same
population of undifferentiated mesenchymal cells, these studies have mainly
concentrated on embryonic primary cultures and pluripotential
mesenchymal cell lines. Second, consecutive maturation events lead to a
fully differentiated phenotype, a process required in vivo for the constant
replenishment of cartilage and bone cells from their respective committed
precursor cell populations. Studies on the acquisition and modulation of the
differentiated phenotype have mostly relied on cultures of committed
precursor cells and tumor cell lines.

Members of the TGF-B superfamily of secreted growth and
differentiation factors have received considerable attention as potent
regulators of mesenchymal differentiation in vivo and in vitro. Several BMPs
are thought to regulate the early commitment of mesenchymal cells to the
chondrogenic and osteogenic lineages, as suggested by their ability to induce
ectopic cartilage and bone formation at non-skeletal sites such as muscle
(Wozney et al., 1988, Wozney, 1992). Accordingly, these factors can stimulate
osteoblastic differentiation of uncommitted mesenchymal cells in vitro
(Yamaguchi et al., 1991, Wozney, 1992) and can induce cells other than
osteoblasts to express osteoblastic markers (Katagiri et al., 1994). TGF-B itself
may regulate the further differentiation of committed precursor cells, as
suggested by its ability to induce cartilage and bone formation when
administered under the periosteum (Joyce et al., 1990), but not when injected

into non-skeletal sites (Centrella et al., 1993). TGF-B has also been shown to
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stimulate chondrocytic differentiation in vitro, but whether it modulates
osteoblastic differentiation is unclear due to differential responses of various
cell systems (reviewed in Centrella et al., 1993). The biological effects of
different TGF-P related factors together with their expression patterns during
cartilage and bone development suggest that distinct TGF-Bs and BMPs act
sequentially to drive successive stages of differentiation (Lyons et al., 1989).
Consistent with such a model, differentiating cells may alter their
responsiveness to these factors by modulating receptor levels (Centrella et al.,
1993) and the associated signal transduction mechanisms (Siddhanti and
Quarles, 1994).

In vitro work has also identified many other extracellular factors that
can modulate mesenchymal differentiation, including steroid and peptide
hormones, growth and differentiation factors, and collagens and other
extracellular matrix proteins. A full understanding of the effects of these
factors on mesenchymal differentiation, however, has been hampered by the
limitations of in vitro cell culture. One difficulty has been the lack of specific
phenotypic markers to follow successive differentiation events. Type II
collagen secretion is considered a major early marker of chondrocyte
differentiation, while the synthesis of alkaline phosphatase is an early marker
of osteoblast differentiation. Mature osteoblasts also produce osteopontin,
osteonectin, and osteocalcin, three extracellular matrix proteins deposited
together with type I collagen into mineralized bone matrix (Rodan and Noda,
1991). Unfortunately, only a few differentiation markers have been identified
and several of these, such as alkaline phosphatase, osteopontin and
osteonectin, are not specific for osteogenic differentiation, while others, such

as osteocalcin, are rarely expressed in vitro. In addition, mesenchymal cell
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lines and primary cultures of differentiating chondrocytes and osteoblasts
display a variable phenotype and are often a mixture of cell types at different
stages of differentiation. Finally, cells are typically cultured on plastic
without a substrate of extracellular matrix. Such conditions may not allow
complete differentiation since interaction with extracellular matrix proteins
and a three-dimensional structure may be required for full differentiation.

In vitro culture systems have also proven valuable in elucidating the
cell-type specificity of signal transduction and transcriptional regulation. In
this respect, mesenchymal cell lines are useful for the evaluation of osteoblast
and chondrocyte-specific transcription factors. Those belonging to the bPHLH
family are of particular interest because of their role in the commitment and
differentiation of many cell types. For example, factors of the muscle-specific
MyoD family are required for the differentiation of skeletal myoblasts and
can induce several cell types to express a skeletal muscle phenotype (Olson
and Klein, 1994). In the case of osteoblasts, no specific bHLH genes have as yet
been identified, yet indirect evidence suggests their existence. First, the
expression of Id, an antagonist of bHLH protein binding to the promoter, is
downregulated during osteoblast differentiation (Ogata and Noda, 1991,
Kawaguchi et al., 1992), and overexpression of Id inhibits osteoblastic
differentiation (Murray et al., 1992). Second, the promoter regions of several
genes expressed in osteoblasts contain E-boxes which can act as DNA binding
domains for bHLH proteins (Siddhanti and Quarles, 1994). Finally, induction
of osteoblastic differentiation is associated with increased binding of nuclear
extracts to E-boxes (Kawaguchi et al., 1992). Once specific transcription
factors are identified, studies assessing the interaction between these

transcriptional regulators and known secreted osteoinductive factors will be
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of great interest to understand the patterning and regulation of mesenchymal

differentiation in vivo.

In conclusion, recent studies of mice and humans with various skeletal
abnormalities have pointed to many genes important in bone and cartilage
development. In vivo and in vitro approaches have also led to an
understanding of some of the molecular mechanisms that control the activity
and differentiation of bone and cartilage cells. In the future, the convergence
of these various approaches should provide greater insight into the

morphogenesis of this complex organ system.
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Chapter 2:
The tissue physiology of TGF-$
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The transforming growth factor-p (TGF-B) superfamily of secreted
peptide growth factors has been implicated in a vast array of cellular
processes in the vertebrate animal. Besides the three TGF-B isoforms, TGF-B1,
-2, and -B3, which I will discuss here, the TGF-B superfamily includes the
bone morphogenetic proteins (BMPs), the activins and inhibins, and the
growth and differentiation factors (GDFs) (for a review see Kingsley, 1994).
With TGF-B1 as a prototype, great progress has been made in understanding
the molecular biology and biochemistry of these factors, and recently there
have been rapid advances elucidating the mechanisms by which they evoke
their cellular responses. Furthermore, the large literature on in vitro effects of
TGEF-B has provided substantial insights into potential cell-type specific
activities. In more recent years, transgenic methodologies have started to
reveal specific roles for the three TGF-P isoforms in development and tissue
morphogenesis, and it is from this perspective that I will discuss their biology
and tissue physiology. In keeping with this perspective, and because the
literature on the in vitro physiology of TGF-B is so massive, I will reserve my
citations of the primary literature generally to only those references that

concern in vivo data.

Molecular biology and biochemistry.

The biochemical structures of the three mammalian TGF- isoforms are
very similar even though they are encoded by three separate genes with
distinct patterns of expression (for a review see Derynck, 1994). TGF-B is
made as a precursor peptide of 390 amino acids (TGF-B1) or 412 amino acids
(TGF-B2 and -B3) that is composed of an N-terminal signal peptide, a large
pro-segment called the latency-associated polypeptide (LAP), and the 112
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amino acid C-terminal segment that constitutes the mature TGF-f monomer.
This segment is 70-80% identical between the three TGF-f isoforms. In the
golgi, mature TGF-B is cleaved from its pro-segment, however the two
fragments remain associated. Processed TGF-B is secreted as a disulfide-
linked dimer of the mature peptide associated non-covalently with two LAPs.

The extracellular physiology of TGF-B is quite complex (Derynck,
1994). Due to the binding of the LAPs, secreted TGF-f is inactive or "latent,"
since it cannot in this form bind cell-surface receptors. Furthermore, latent
TGF-B associates with another protein named latent TGF-B binding protein
(LTBP), which interacts through at least one disulfide bond with one of the
LAPs. The generation of mature active TGF-B in vivo is thought to require
the proteolytic processing of latent TGF-f to release the mature peptide, and
this reaction might involve participation of the LTBP. Activation presumably
occurs at the cell surface, where the mannose-6-phosphate-containing
carbohydrates linked to the pro-segments of TGF-f interact with mannose-6-
phosphate receptors, and appears to require the activity of type II
transglutaminase. The primary proteolytic activators of TGF-B in vivo are
thought to be plasmin and cathepsins, although other mechanisms, such as
acid-activation by osteoclasts, are also possible.

The binding of latent and active TGF-B to various extracellular matrix
components is thought to be important in regulating the storage of TGF- and
its presentation to cells (Derynck, 1994). Binding to the proteoglycans decorin
and biglycan inactivate TGF-B, while binding to thrombospondin,
fibronectin, and several collagens including type IV collagen may create a
sequestrated reservoir of active TGF-B. LTBP itself can be considered part of

the extracellular matrix, as it may serve as a structural matrix protein in bone
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(Dallas et al., 1995). Lastly, the high-affinity binding of a-2-macroglobulin is
thought to be important in the inactivation of active TGF-B, its scavenging

from tissues and plasma, and its ultimate hepatic clearance.

TGF-B receptor signaling.

TGF-B binds to the cell surface via three classes of high-affinity
transmembrane receptors (for a review see Derynck and Feng, 1997). On most
cell types, the type III receptor is the proteoglycan betaglycan, whereas on
vascular endothelial cells and several hematopoetic cell types, the type III
receptor is the glycoprotein endoglin. Both molecules are expressed as
homodimers with large extracellular domains but minimal cytoplasmic tails,
and so they are not thought to be directly involved in downstream TGF-8
signaling. However, type Il receptors are thought to be involved in the
presentation and binding of TGF-B to the signaling type I and II receptors.
This is particularly important in the case of TGF-B2, which has only a very
low affinity for the type II receptor in the absence of betaglycan, and may
explain the relative resistance of endothelial and hematopoetic cells to this
isoform (Ohta et al., 1987; Ottmann and Pelus, 1988; Merwin et al., 1991; Qian
et al., 1992). The extracellular domain of betaglycan can also be released from
the cell surface by plasmin, suggesting that this soluble form may bind and
sequestrate TGF-B in the extracellular matrix. Mutations in endoglin have
been shown to be the cause of hereditary hemorrhagic telangiectasia type I,
implicating defective TGF- signaling in the pathogenesis of this disease
(McAllister et al., 1994).

The signaling receptors for TGF-B are the type I and II receptors, called
TBRI and TRRII (Derynck and Feng, 1997). Both molecules are transmembrane
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serine and threonine kinases. The final TGF- signaling complex is thought to
be a heterotetramer of two type I and two type II molecules. While type I and
type II receptors might unstably associate with one another in the absence of
ligand, ligand binding stabilizes the receptor heteromer and allows for the
transphosphorylation of type I receptors by type II receptors, which are
constitutively active. Further downstream signaling is thought to occur
through the type I receptor, with lower levels of activation leading to the
transcriptional induction of extracellular matrix components and protease
inhibitors, and higher levels leading additionally to growth arrest responses
(see below).

Signaling downstream from the type I receptor is thought to occur via
interactions with the Smad family of proteins, although other cytoplasmic
proteins have been shown to interact with TGF-B receptors (Derynck and
Feng, 1997). Upon receptor activation, type I receptors are thought to
phosphorylate Smad2 and Smad3, which then are released from the receptor
complex to bind Smad4. This activated Smad complex then translocates to
the nucleus where it acts as a transcriptional activator, possibly in conjunction
with other nuclear factors. Since different Smads share overlapping
specificities for different receptors of the TGF-B superfamily, and inhibitory
Smads also exist, complex combinatorial control of Smad-receptor and Smad-
Smad interactions are likely to play a major role in integrating the cellular

responses to TGF-B and related factors.

Cellular responses to TGF-f.
TGEF-B has many potent effects on cells in tissue culture (for reviews see

Derynck, 1994; Roberts and Sporn, 1990). First, TGF-B regulates cell
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proliferation, as will be discussed below. Second, TGF-B regulates cell
differentiation in a highly cell type-specific fashion that also depends heavily
on culture conditions. Third, TGF-B regulates extracellular matrix (ECM)
turnover by inducing ECM components such as fibronectin,
thrombospondin, tenascin, osteopontin, osteonectin and several
proteoglycans and collagens, and by controlling the secretion and activation
of ECM proteases and their inhibitors. Fourth, TGF-B induces integrin
expression and therefore modulates cell-matrix interactions. Lastly, TGF- is
a potent chemoattractant for several cell-types, especially those involved in
inflammatory responses. Overall, the physiological relevance of these effects
towards normal development and tissue homeostasis has been unclear,
because virtually every cell type in tissue culture expresses TGF-B isoforms
and receptors, yet expression of these molecules is very restricted during
development and adult life. Rather, many tissue culture phenomena may be
analogous to effects induced by TGF-B during wound healing or tissue repair
processes. Indeed, the induction of TGF-B activity by disrupted cell-matrix
interactions and inflammatory mediators at sites of tissue damage is thought
to be a key aspect of the would healing response in vivo (Border and Noble,
1994).

In general, TGF-B inhibits the proliferation of epithelial and
hematopoetic cells, and stimulates the proliferation of mesenchymal cells (for
reviews see Derynck and Feng, 1997; Derynck, 1994). The inhibition of
epithelial cell proliferation is a direct effect of TGF-B that is thought to occur
primarily through the induction of several cdk inhibitors. The induction of
cdk inhibitors leads to the inactivation of corresponding G1 cdk/cyclin

complexes, which in turn prevents these complexes from
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hyperphosphorylating pRB. With pRB maintained in its
underphosphorylated form, the cell cycle arrests in late G1. In contrast, the
stimulation of mesenchymal cell proliferation is likely to be indirectly
mediated through the induction or enhancement of other stimulatory growth
factors or cell-matrix effects. In the case of smooth muscle cells, fibroblasts
and chondrocytes, low concentrations of TGF-B induce the endogenous
production of PDGF-AA, which acts in an autocrine fashion to stimulate cell
growth. Interestingly, this stimulation is not seen at higher concentrations of
TGF-B due to its concomitant down-regulation of PDGF receptor o subunits.
These kinds of complex bimodal effects might be relevant to development

and tissue morphogenesis.

Requirements for TGF-B during development.

Mice with inactivated alleles of the three TGF-B isoforms or the type II
TGF-P receptor have provided substantial insights into the requirements for
these factors during development. The lethal defects seen in TGF-f1
knockout mice (Shull et al., 1992; Kulkarni et al., 1993) occur either early in
development or during postnatal life, with embryonic survival determined
by interactions with other strain-specific loci (Bonyadi et al., 1997).
Embryonic death occurs at around embryonic day 10.5, due to defective
hematopoiesis and endothelial differentiation in the extraembryonic yolk sac
(Dickson et al., 1995). These defects are nicely corroborated by the identical
abnormalities seen in mice with targeted disruption of the type II receptor
(Oshima et al.,, 1996). Postnatal death in TGF-B1 deficient mice occurs by
about three weeks of age due to a multifocal lymphocyte-mediated
inflammatory response (Diebold et al., 1995), showing that TGF-B1 is normally
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required for the endogenous suppression of immune responses, as suggested
by previous in vitro data (Derynck, 1994). Since the inflammatory defect in
TGEF-B1 knockout mice can be prevented by crossing the targeted allele onto a
severe combined immunodeficiency (SCID) background (Diebold et al.,
1995), analysis of other tissue pathologies caused by TGF-B1 deficiency
should now be possible (e.g. see the discussion of epidermal cell proliferation
below).

TGF-B3 knockout mice show perinatal lethality due to a defect in
secondary palate fusion and a delay in embryonic lung morphogenesis, two
processes that involve epithelial-mesenchymal interactions (Kaartinen et al.,
1995; Proetzel et al., 1995). Interestingly, overexpression of TGF-f1 during
lung morphogenesis in transgenic mice inhibits the differentiation of the
pulmonary epithelium (Zhou et al., 1996), suggesting that the positive
requirement for TGF-B3 may be restricted to earlier stages of lung
development.

Lastly, targeted disruption of TGF-B2 leads to perinatal lethality with
abnormalities in heart, lung, eye, inner ear and urogenital development
(Sanford et al., 1997). Mice also show hypoplasia of several cranial,
appendicular and axial skeletal structures, suggesting a role for TGF-B2 in
early bone and cartilage development. Many of the perturbed developmental
processes require epithelial-mesenchymal interactions or neural crest cell
contributions. Surprisingly, the defects seen in TGF-B2 knockout mice are
almost entirely non-overlapping with those seen in the TGF-B1 and TGF-B3
knockouts, showing that the three TGF-B isoforms have very distinct

functions during development.



The role of TGF-f in tissue morphogenesis and homeostasis.

Whereas knockout experiments have revealed the absolute
requirements for the specific TGF-B isoforms during development, several
issues have clouded the assessment of TGF-f physiology during later tissue
development. First, functional redundancy may prevent the identification of
sites of TGF-B action other than those affected in single knockout experiments.
Furthermore, the embryonic and perinatal lethality of knockout mice
precludes analysis at later stages of development, and early developmental

“defects may alter the appearance of later defects. Finally, analysis of TGF-B1
knockout mice surviving to adulthood is complicated by the need to
distinguish systemic responses from local primary effects.

Instead, transgenic models using tissue-specific promoters to drive the
overexpression of either TGF- ligands, for gain-of-function analysis, or
dominant-negative TGF- receptors, for loss-of-function analysis, promise to
reveal important aspects of TGF-B physiology in mature tissues. Indeed, two
general themes have already emerged from this approach, both which bear
out predictions from cell culture work. First, TGF-B is both necessary and
sufficient for inhibiting the proliferation of a number of epithelial cell types.
Besides the transgenic studies discussed below, in vivo evidence comes from
the observations that mutations in type II TGF-P receptors are associated with
a number of human epithelial cancers (Markowitz and Roberts, 1996), and that
defects in DPC-4, the human homologue of Smad4, are present in the majority
of pancreatic cancers (Hahn et al., 1996). The second general theme is that
TGF-B induces inflammatory processes associated with fibrosis, as first
observed in vivo following injection of TGF-f1 (Roberts et al., 1986).

However, these effects have not been consistently seen in TGF-f
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overexpression experiments, and it is possible that they instead reflect
physiological or enhanced tissue repair responses to other primary
pathologies. Besides those discussed below, examples of this phenomenon
potentially include the hepatic fibrosis, arteritis, myocarditis, glomerulo-
nephritis and glomerulosclerosis seen in mice overexpressing high levels of
bioactive TGF-B1 from the albumin promoter, which leads to systemic levels
of TGF-P1 activity (Sanderson et al., 1995; Kopp et al., 1996), and the
overproduction of extracellular matrix following injury-induced astrogial
activation in transgenic mice overexpressing TGF-B1 in astrocytes (Wyss-
Coray et al., 1995).

In the epidermis, TGF-B1 overexpression from the K1 keratin promoter
causes neonatal lethality associated with a strong inhibition of basal
keratinocyte proliferation, and a reduction in the number of hair follicles
(Sellheyer et al., 1993). Reciprocally, overexpression of a truncated
(dominant-negative) type II TGF-B receptor in the epidermis from the loricrin
promoter causes an increase in basal and suprabasal keratinocyte
proliferation, and a hyperplastic and hyperkeratotic phenotype (Wang et al.,
1997). Similarly, TGF-B1 knockout mice show increased basal keratinocyte
proliferation, and loss of TGF-B expression during epidermal carcinogenesis
correlates with hyperproliferation and a high risk for malignant conversion
(Glick et al., 1993). Lastly, TGF-B1-null keratinocytes initiated by the v-rasta
oncogene rapidly progress to squamous cell carcinoma when transplanted
onto nude mice (Glick et al., 1994). Together, these results strongly suggest
that a major role of TGF-B in the skin is to suppress keratinocyte proliferation.
Interestingly, overexpression of TGF-B1 from the epidermal K10 promoter

inhibits the increase in basal keratinocyte proliferation caused by treatment of
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adult mice with the tumor promoter TPA, as would be expected, but
stimulates proliferation in the uninduced state (Cui et al., 1995). Growth
inhibition correlates with the TPA-induced upregulation of type II TGF-§
receptors. Furthermore, these and related mice are resistant to the induction
of benign skin tumors by chemical carcinogenesis, but their malignant
conversion rate is greatly increased (Cui et al., 1996). One possibility that
might explain these seemingly contradictory results is that TGF-B stimulation
of the underlying dermis indirectly induces keratinocyte proliferation
through a secondary signal. Indeed, the proliferation of TGF-B1-null
keratinocytes is reduced when they are transplanted along with TGF-f1-null
stromal cells (Glick et al., 1994). Thus, TGF-B produced by keratinocytes
might inhibit keratinocyte proliferation as a direct autocrine effect, but TGF-8
produced at either high levels by the epidermis, or within the dermis itself,
induces the dermal production of a secondary factor that stimulates
keratinocyte proliferation.

In the mammary gland, TGF-B1 overexpression from the whey-acidic
protein (WAP) promoter prevents the formation of the secretory mammary
epithelium that develops during pregnancy and that is required for lactation
(Jhappan et al., 1993). Transplantation experiments showed that this is a direct
autocrine effect of TGF-B1 on the epithelium itself, and is associated with an
increase in the rate of epithelial cell apoptosis and a decrease in the rate of
epithelial cell proliferation (Kordon et al., 1995). Significantly, these mice
show no defects in mammary duct development. In contrast, overexpression
of TGF-B1 from the MMTV enhancer/promoter inhibits ductal development,
associated again with a decrease in the proliferation of the epithelium (Pierce

et al., 1993). Furthermore, its expression markedly suppresses mammary
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tumor formation caused by coexpression of a MMTV-TGF-a transgene
(Pierce et al., 1995). Interestingly, MMTV-TGF-B mice show no defects in the
outgrowth of the secretory mammary epithelium during pregnancy (Pierce et
al., 1993). Since expression of the WAP promoter is restricted to mammary
epithelial cells committed to a secretory state and is upregulated during
pregnancy, the differential effects of the WAP-TGF-B1 versus MMTV-TGF-B1
transgenes may correlate with their patterns of expression, indicating a very
local mode of action for secreted TGF-B (Kordon et al., 1995).

Lastly, overexpression of TGF-B1 in the pancreas from the insulin
promoter suppresses acinar cell proliferation and causes an inflammatory cell
infiltration and a progressive fibrosis to eventually replace all of the exocrine
pancreas (Lee et al., 1995). Islet cell mass, however, is not affected.
Reciprocally, expression of a dominant-negative type II TGF-B receptor from
the metallothionein 1 promoter, which led in this experiment to transgene
expression in acinar cells, causes an increase in the proliferation and
apoptosis of acinar cells, and potentially their dedifferentiation into ductular
cells (Bottinger et al., 1997). Acinar cells were progressively replaced with
adipose tissue and intralobular fibrosis. The fibrosis was explained as the
result of a compensatory upregulation of TGF-$1 and TGF-B3 by acinar cells,
inducing extracellular matrix production by the surrounding stroma.
Together, these transgenic mice suggest that TGF-p is required for the
suppression of acinar cell proliferation and the maintenance of their
differentiated state.

In conclusion, transgenic methodologies have begun to allow the
assessment of the roles of the multifunctional growth factor TGF-f in tissue

development and homeostasis. Experiments overexpressing either TGF-B
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ligands or dominant-negative TGF-B receptors have provided significant
insights into the functions of TGF-B in three epithelial tissues in particular:
the epidermis, mammary gland and pancreas. The work presented in this
dissertation applies this kind of transgenic approach towards understanding

the actions of TGF-B in the skeletal system.
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Chapter 3:
Increased expression of TGF-B2 in osteoblasts results in

an osteoporosis-like phenotype
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ABSTRACT

The development of the skeleton requires the coordinated activities of
bone-forming osteoblasts and bone-resorbing osteoclasts. The activities of
these two cell types are likely to be regulated by TGF-B, which is abundant in
bone matrix. We have used transgenic mice to evaluate the role of TGF-f2 in
bone development and turnover. Osteoblast-specific overexpression of
TGF-B2 resulted in progressive bone loss associated with increases in
osteoblastic matrix deposition and osteoclastic bone resorption. This
phenotype closely resembles the bone abnormalities seen in human
hyperparathyroidism and osteoporosis. Furthermore, a high level of TGF-B2
overexpression resulted in defective bone mineralization and severe
hypoplasia of the clavicles, a hallmark of the developmental disease
cleidocranial dysplasia. Our results suggest that TGF-B2 functions as a local
positive regulator of bone remodeling and that alterations in TGF-2
synthesis by bone cells, or in their responsiveness to TGF-2, may contribute

to the pathogenesis of metabolic bone disease.
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INTRODUCTION

Normal skeletal morphogenesis relies upon the coordinated activities
of multiple cell types. The principal cell types in bone are osteoblasts, which
are of mesenchymal origin and synthesize bone matrix, and osteoclasts, which
are derived from the hematopoietic system and resorb bone. During
development and adult life, osteoblasts and osteoclasts continuously replace
old bone with new bone through a process termed bone remodeling
(reviewed in Parfitt, 1994). Bone remodeling occurs through discrete cycles
of localized resorption followed by new bone synthesis in resorbed areas. The
coordinated nature of these cycles implies the existence of mechanisms that
couple osteoblastic bone formation to osteoclastic bone resorption in a site-
specific manner and link the remodeling cycle to the local differentiation of
osteoblasts and osteoclasts from their respective precursor populations. By
matching resorption with formation, bone remodeling normally maintains
skeletal integrity and preserves bone mass and shape.

The failure to coordinate osteoclastic bone resorption with osteoblastic
bone deposition results in metabolic bone disease. In many cases, such as
osteoporosis and hyperparathyroidism, this failure leads to a progressive net
loss of bone mass with time. The nature of the bone remodeling defects
observed in various bone diseases suggests that distinct components of the
remodeling cycle, including the frequency and extent of osteoclastic bone
resorption, as well as the rate of osteoblastic bone deposition, are actively
regulated (Parfitt, 1983). Several systemic hormones are known to influence
bone turnover, and it is likely that they act through local factors present

within bone (Mundy, 1993). How these factors control bone development and
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remodeling by locally regulating the activity, differentiation and interactions
of resident bone cells, is largely unknown.

Several lines of evidence have suggested that the secreted polypeptide
transforming growth factor-B (TGF-B) could be involved in the local
regulation of skeletal development and turnover (reviewed in Centrella et al.,
1994). High concentrations of all three TGF-f isoforms (TGF-B1, TGF-B2 and
TGF-B3) can be extracted from mineralized bone matrix and TGF- is
synthesized by osteoblasts and osteoclasts in vivo (Seyedin et al., 1985; Robey
et al., 1987; Sandberg et al., 1988; Pelton et al., 1991). TGF-B has potent effects
on bone cells in vitro and in vivo. Local injection of TGF-B under the
periosteum stimulates cartilage and bone formation (Noda and Camilliere,
1989; Joyce et al., 1990), and systemic injection of TGF-B2 leads to a
generalized increase in osteoblastic activity (Rosen et al., 1994). In vitro,
TGF-B induces extracellular matrix secretion by osteoblasts, inhibits matrix
mineralization, and modulates osteoprogenitor cell proliferation and the
expression of osteoblastic differentiation markers (reviewed in Bonewald and
Dallas, 1994; Centrella et al., 1994). Results, however, have varied
substantially depending upon the cell system. The effects of TGF-B on
osteoclast differentiation and bone resorption are also complex and may be
indirectly modulated through non-osteoclastic cell types (Hattersley and
Chambers, 1991). Neonatal and fetal organ culture studies have generally
indicated that TGF-f inhibits osteoclast differentiation from bone marrow
monocytes, yet stimulates bone resorption by differentiated osteoclasts
(Tashjian et al., 1985; Chenu et al., 1988; Pfeilschifter et al., 1988; Dieudonné et
al., 1991; Hattersley and Chambers, 1991).
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The normal role of TGF- in bone development has been hard to infer
from these studies. Besides its complex and variable effects on bone cell
populations in vitro and in vivo, a given experimental result with TGF-B may
be potentially relevant to many different aspects of skeletal morphogenesis,
including the generation of bone shape, bone growth, or bone remodeling.
Furthermore, the exogenous application of TGF-B does not mimic its route of
production within bone. Osteoblasts produce TGF-p largely as a bone
matrix-bound latent complex that may be unable to induce cellular responses
unless first released from mineralized bone during osteoclastic bone
resorption (Pfeilschifter and Mundy, 1987). Lastly, the short term nature of
TGF-f administration in both in vitro and in vivo experiments precludes an
evaluation of the skeletal actions of TGF-P at steady-state.

To gain more direct insight into the role of TGF- in bone
morphogenesis, we generated transgenic mice that overexpress active TGF-f2
specifically in bone. Increased synthesis of TGF-B2 in osteoblasts leads to a
dramatic, age-dependent loss of bone mass. This phenotype is attributed to a
primary defect in bone remodeling, associated with increased activities of
both osteoblasts and osteoclasts. Our results implicate TGF-B and more
specifically TGF-B2 as an important local regulator of bone remodeling in
vivo and raise the possibility that altered TGF-B2 expression or
responsiveness may underlie the local pathogenesis of osteoporosis,

hyperparathyroidism, and other metabolic bone diseases.



MATERIALS and METHODS

Expression plasmid. PCR mutagenesis was performed on the human TGF-2
cDNA (de Martin et al., 1987) to replace cysteine codons 226 and 228 in the
TGF-B2 precursor with codons TCT and AGC for serine, and to introduce a 5'
EcoRlI site (preceding nucleotide 178) and a 3' BamHI site (following
nucleotide 1426) to allow subcloning. The resulting fragment was sequenced
to confirm that no other point mutations were introduced during PCR
amplification. The expression plasmid pOc-f2C2S2, cloned into pcDNAII
(Invitrogen), consisted of a 1.8 kb fragment of the rat osteocalcin promoter
(Baker et al., 1992), followed by a 0.65 kb fragment spanning the rabbit
B-globin second intron (O'Hare et al., 1981), the mutated 1.3 kb TGF-B2 cDNA
fragment and a 0.63 kb fragment of the human growth hormone gene to allow
polyadenylation. Mature human TGF-B2 expressed by pOc-f2C25S2 has 97%
amino acid sequence identity to mouse TGF-B2 (Miller et al., 1989). To verify
that this plasmid could express TGF-B2, it was transfected into ROS 17/2.8
osteosarcoma cells using the CazPOy4 precipitation method. As a control, cells
were transfected with a plasmid expressing B-galactosidase under control of
the osteocalcin promoter. Tissue culture supernatant was collect 72 h after
transfection, concentrated 10-fold on a Centricon C-10 column (Amicon), and

assayed by TGF-B2 ELISA (Amersham).

Transgenic mice. DBA2 x C57BL/6 F1 (B6D2 F1) mice (Jackson Laboratories)
were used to generate transgenic mice using standard techniques (Hogan et
al., 1986). We injected the osteocalcin-TGF-B2 expression insert excised as a

4.4 kb BamHI fragment from pOc-p2C2S2, and purified by Geneclean (Bio
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101). Transgenic mice were identified using Southern blot analysis of tail
DNA (Laird et al., 1991) using the B-globin intron fragment as a hybridization
probe. Transgenic lines were established and maintained on a B6D2 F1
background, and subsequent generations of transgenic animals were
identified by non-radioactive dot blot using either the B-globin intron or
growth hormone poly(A) fragments as probes. Non-radioactive hybridization
reagents were purchased from Boehringer Mannheim and used as described

(Engler et al., 1993) .

RNA analysis. Total bone RNA was isolated from 4-5 week-old animals.
Femurs and humeri were dissected and cleaned of soft tissues. Epiphyses
were cut off, and the bone marrow was flushed out with PBS. Bones were
then crushed in a mortar in liquid nitrogen, and further homogenized on ice
in a Omni 200 tissue homogenizer (Omni International) for 30 s in 4 ml
Ultraspec RNA isolation reagent (Biotecx). RNA was purified according to
the manufacturer's instructions, and treated with RQ1 DNAase (Promega)
before further analysis. One mouse typically yielded 25-40 ug total bone
RNA.

Total bone RNA from two mice from each transgenic line was analyzed
for the presence of spliced transgene mRNA by reverse-transcriptase PCR
(RT-PCR). Reverse-transcriptase (RT) reactions were performed on 500-800 ng
RNA in a 20 pl of 1X PCR buffer (Gibco-BRL), 2.5 mM MgClz, 1 mM dNTPs,
100 pmol random hexanucleotides (Pharmacia), 1 mM DTT, 0.5 pl RNasin
(Promega), and 1 ml MMTV reverse transcriptase (Gibco-BRL). Control
reactions without reverse transcriptase were done in parallel. RT reactions

were incubated for 10 min at room temperature, 30 min at 37°C, 30 min at
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42°C, and then stored directly at 4°C. To detect the spliced transgene cDNA
by PCR, the 5' primer (5'-TCCTGAGAACTTCAGG/CTCCTG-3') spanned
the rabbit B-globin intron splices sites and the 3' primer (5'-CCTTGGCG-
TAGTACTCTTCGTC-3") was located within the TGF-B2 cDNA, to yield an
expected product of 378 bp. 1 pl of RT reaction was amplified by PCR
cycling in a 50 pl reaction volume containing 1X PCR buffer (Gibco-BRL), 3
mM MgClz, 0.2 mM dNTPs, 0.1% Triton X-100, 10 pmol each primer, and 0.25
ul Taq polymerase (Gibco-BRL). 20 pl of the reaction was run on a 2% TBE
agarose gel stained with ethidium bromide. To confirm that the resulting
DNA bands corresponded to TGF-B2 cDNA, we performed Southern blot
hybridization using a human TGF-f2 cDNA fragment as probe. As a control
for RNA quality and successful RT reactions, 1 pl of each RT reaction was

amplified using primers specific for the osteocalcin gene (Araki et al., 1993) in

1.5 mM MgCl,.

Preparation of bone extracts. Bone extracts were prepared as described
(Finkelman et al., 1991) with modifications, from 35 day-old transgenic and
non-transgenic females. Femurs and humeri were cleaned of soft tissue and
the epiphyses and bone marrow were removed. Bones were stored at -70°C.
To prepare bone powder, bones were crushed in a mortar in liquid nitrogen
and fat was removed as described (Finkelman et al., 1991), yielding 15-30 mg
bone residue. Bone powder was then extracted for 36 h at 4°C in 300 pl
extraction buffer (4 M guanidine hydrochloride, 10% EDTA, 30 mM Tris-HCl
pH 7.4) containing 5 pg/ml aprotinin, 5 pg/ml leupeptin, and 1 mM PMSF,

with constant rotation. After removal of the debris by 15 min centrifugation,
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supernatants were collected and stored at 4°C and assayed for protein
concentration using the Bradford assay (Biorad).

Determination TGF-B protein concentrations. TGF-B1 and TGF-B2
concentrations were quantitated using TGF-B1- and TGF-B2-specific ELISA
kits (R&D Systems and Amersham, respectively), according to the
manufacturers' instructions. All bone samples were assayed in duplicate.

In bone samples, TGF-f was already activated due to the protein
extraction in guanidine-HCl and did not require further acid-activation prior
to ELISA. However, to assay TGF-B in culture media and plasma, samples
were acid-activated (Lawrence et al., 1985) by addition of 1/10th volume of 1.2
N HCI at room temperature and neutralized after 20 min by addition 1/5th
volume 0.72 N NaOH, 0.5 M Hepes. 80 pl of plasma were assayed per mouse,
with two mice per test group, and five control mice. Active and latent TGF-
B2 levels in cell culture media were assayed using duplicate samples either

treated or untreated with acid.

Serology, body weights. Serum was collected by eye bleeds from 3 sex-
matched transgenic and 3 non-transgenic littermates per age group. Calcium,
phosphorous, total protein, and creatinine were determined by automated
protocols (California Veterinary Diagnostics, Inc., West Sacramento, Ca.).
Heparinized tubes were used for the collection of plasma. Weights of
juvenile mice were measured from several groups of 2-3 transgenic and non-

transgenic sex-matched littermates.

X-ray analysis. After sacrifice by CO; inhalation, radiographs were taken on
a Hewlett-Packard faxitron model 43805 N, using Kodak X-OMAT TL film.
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Exposure was for 1 min at 35 kVp. For 35 day old mice, a total of 16 D4, 7 D5
mice and 13 control littermates were analyzed. For 5 to 11 month old males
and virgin females, a total of 7 D4 and 8 D5 mice, as well as 20 control
littermates and non-littermates were analyzed. Consistent results were

obtained from mice of the same line and age.

Histology and TGF-f2 immunohistochemistry. For paraffin-embedded
sections, bones were fixed at 4°C in 2% paraformaldehyde/PBS, and
decalcified for 4 h in 22.5% formic acid, 10% sodium citrate at room
temperature. 5 pm sections were stained with hematoxylin and eosin for
routine analysis using established procedures (Sheehan and Hrapchak, 1980).
For each age group, 2 to 3 bones per mouse from at least 2 to 5 mice of each
line were analyzed. Serial cross sections of tibia were standardized in
reference to the hypertrophic cartilage-metaphyseal junction, defined as the
cross section with an area occupied by 50% hypertrophic cartilage and 50%
primary spongiosa.

Anti-TGF-B2 immunohistochemistry was performed as modified from
Pelton et al. (1991) using rabbit anti-TGF-B2 (kindly supplied by Dr. Leslie
Gold, NYU Medical School) at a concentration of 2.5 pg/ml. An HRP-
conjugated donkey anti-rabbit secondary antibody (Amersham) was used at a
1:100 dilution. Diaminobenzidine was used as substrate for the HRP reaction
and the sections were counterstained with hematoxylin.

For osteoclast detection using histochemical staining for tartrate-
resistant acid phosphatase (TRAP) activity, femurs fixed in 2%
paraformaldehyde/PBS were decalcified for 3 d at 4°C in 10% EDTA, 0.1 M
Tris pH 6.95, embedded in Tissue-Tek OCT compound, and sectioned at 10
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um. After equilibration in 0.2 M sodium acetate, 50 mM sodium tartrate pH
5.0 for 20 min at room temperature, sections were incubated for 17 min at 37°C
in the same buffer containing 0.5 mg/ml naphthol AS-MX phosphate (Sigma)
and 1.1 mg/ml Fast Red Violet LB salt (Sigma). Sections were counterstained
in methyl green.

To detect bone mineralization, 4 pm undecalcified longitudinal
sections of the tibia (see below) were stained by the von Kossa technique

(Sheehan and Hrapchak, 1980) and counterstained with toluidine blue.

Quantitative and kinetic analyses. Trabecular surface density was
calculated by a stereological method using transverse lines superimposed
upon bone section micrographs (Weibel, 1969). From longitudinal sections of
the proximal tibial metaphysis, data were collected from the entire area of the
bone marrow cavity 200-1800 pm from the growth plate for 35 day old mice,
and 0-1600 pm from the growth plate for 7-11 month old mice. Values
represent the mean +/- standard deviation of the surface density calculated
from at least 3 non-consecutive sections per mouse from 3 D4, 2 D5, and 3
non-transgenic littermate 35 day old mice, and 2 D4, 2 D5, and 4 control 7-11
month old mice.

Data for osteocyte density, and osteoblast and osteoprogenitor cell
number were taken from cortical bone cross sections of the proximal tibia, 2.5-
3.1 mm from the growth plate. Osteocyte density was calculated as the 3/2
power of the two-dimensional density in cross section, and osteoblast and
osteoprogenitor cell number was calculated as the square of the one-
dimensional density on the endosteal surface. Values represent the mean +/-

standard deviation of 30-70 measurements per group of 2 D4 and 3 littermate
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control mice. Standard deviations maintain the same percent error of the
original lower-dimensional value. The rate of osteocyte differentiation was
calculated as the product of the osteocyte density and the bone volume
produced per day in a mm? unit area (the mineral apposition rate multiplied
by the mm? unit area).

For the kinetic analyses, 31 day sex-matched transgenic and non-
transgenic littermates were given intraperitoneal injections of 2.5 mg/kg
calcein, followed by similar injections of 25 mg/kg tetracycline three days
later. Mice were sacrificed at day 35, and their bones were fixed in 70%
ethanol at 4°C. Prior to processing for undecalcified sectioning, bones were
prestained using the Villanueva bone stain (osteochrome stain, Polysciences
Inc.) for 3 d at 4°C. Matched bones were dehydrated and embedded with
identical orientation in methylmethacrylate, sectioned at 4 um, and viewed
under UV light.

Since there was virtually no trabeculation in bones from D4 animals,
including the vertebrae, data for the mineral apposition rate and
mineralization lag time was taken from epiphyseal and diaphyseal endosteal
surfaces of the tibia. Individual measurements for the mineral apposition rate
were calculated as the distance between the double fluorochrome labels
divided by three days, and for the mineralization lag time as the osteoid seam
width divided by the mineral apposition rate at the same location. Values
represent the mean +/- standard deviation of 40-80 measurements per group

of 2 D4 and 2 littermate control mice.

Cleared skeletal preparations. Cleared skeletons stained with alizarin red or

alcian blue staining of were prepared as adapted from Kaufman (Kaufman,
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1992). We analyzed four litters of D4 males x B6D2 F1 females crosses, giving
a total of 19 transgenic and 16 non-transgenic embryonic day 15.5 and 2 day

old offspring.
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RESULTS

TGF-B2 expression under the control of the osteocalcin promoter

We designed the plasmid pOc-B2C252 to drive the osteoblast-specific
expression of biologically active TGF-B2 in transgenic mice (Fig. 1a). Among
the three isoforms of TGF-B, we elected to express TGF-B2 because it is
normally expressed by osteoblasts and is thought to be more active than
TGF-B1 in inducing cartilage and bone formation (Seyedin et al., 1985; Joyce
et al., 1990). TGF- is normally made in a latent or biologically inactive form
due to non-covalent interactions between its large precursor segments and the
mature TGF-f homodimer (Centrella et al., 1994). To assure the secretion and
availability of active TGF-B2, we introduced two point mutations that
resulted in the replacement of cysteines at positions 226 and 228 in the TGF-f2
precursor segment by serines. Similar mutations of the corresponding
cysteines in the TGF-B1 precursor (at positions 233 and 235) have been shown
to lead to the spontaneous activation of a fraction of the TGF-p secreted by
transfected cells in culture, presumably as a result of destabilization of the
interactions between the precursor segments and the active TGF-f dimer
(Brunner et al., 1989).

To achieve specific transgene expression in bone, we used a 1.8 kbp
fragment of the rat osteocalcin promoter previously shown to direct
osteoblast-specific expression (Baker et al., 1992). Osteocalcin is an abundant
bone matrix protein specifically expressed by mature osteoblasts, but not by
osteoprogenitor cells (Bronckers et al., 1985; Groot et al., 1986). We verified
the expression of TGF-B2 from pOc-B2C2S2 following transfection of the

plasmid into the osteocalcin-expressing osteosarcoma cell line ROS 17/2.8.
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Figure 1. Generation and biochemical characterization of transgenic mice.
(A) Schematic presentation of the plasmid pOc-B2C2S2 expressing the human
TGF-B2 with cysteines at positions 226 and 228 within the precursor segment
replaced by serines. The direction of transcription and the position of the
primers for RT-PCR analysis are indicated.

(B) RT-PCR analysis of transgene mRNA expression from bone RNA. The RT-
PCR generated cDNA fragment was subjected to Southern blot analysis using
a human TGF-B2 cDNA probe. The four lines that express the transgene
mRNA are shown, and (a) and (b) represent two different mice of each line.
Abbreviations: NT, non-transgenic; RT, reverse-transcriptase.

(C) Quantitation of TGF-B2 levels in bone matrix of 35 day old female mice.
TGF-B2 concentrations were measured by TGF-B2 ELISA and normalized to
total extracted protein concentration. The graph represents the mean and

standard deviations of duplicate measurements of two animals per transgenic

line and four non-transgenic littermates.
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The double cysteine to serine mutation caused spontaneous activation of

about 10% of the total amount of secreted TGF-B2 (data not shown).

Transgenic mice overexpressing TGF-B2 in osteoblasts

We established eight independent transgenic lines in which the
transgene of pOc-f2C252 was stably integrated into the genome (data not
shown). Four of these lines expressed the transgene mRNA as evaluated by
RT-PCR of bone mRNA (Fig. 1b). The two mouse lines with the highest
mRNA levels, D4 and D5, were chosen for detailed characterization. In
contrast to the D5 line, we were unable to generate homozygous D4 animals,
presumably as a result of intrauterine or perinatal death. We assessed
transgene expression at the protein level using a specific ELISA to quantitate
the TGF-B2 extractable from bone. Bone powder extracts from hemizygous
D4 and D5 mice contained 16- and 2.5-fold more TGF-B2 than bone extracts
from non-transgenic mice, as normalized to total extracted protein (Fig. 1c).
The use of guanidine hydrochloride, which activates TGF-B2 in this extraction
procedure, did not allow us to determine what fraction of the extracted
TGE-B2 was active in situ. A TGF-B1-specific ELISA revealed that control
bones contained 7.5-fold more TGF-B1 than TGF-B2 (data not shown). The
level of TGF-B1 was unaltered in extracts of D5 bones, but was about 40%
lower in D4 bones.

To localize the cellular sites of synthesis of TGF-B2 within bone, we
stained longitudinal sections of the tibia of 35-day old D4 mice with a TGF-
B2-specific antibody. Sections of transgenic bone showed a distinct increase
in the TGF-B2 immunoreactivity of osteoblasts as compared with control

sections (Fig. 2). The increased immunoreactivity was very pronounced in
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Figure 2. Immunohistochemical detection of TGF-B2 expression in bone.
Sections are through the proximal epiphysis of the tibia from 35-day old non-
transgenic littermate (A) and D4 transgenic (B, C) females. (C) serves as a
control of (B) in which the primary antibody against TGF-B2 is omitted from
the staining procedure. The use of diaminobenzidine as a substrate results in
brown staining for TGF-B2. Sections are counterstained with hematoxylin
(blue). Transgenic bone shows strong TGF-B2 immunoreactivity in
osteoblasts lining the endosteal surfaces (open arrows) in contrast to the low
level of immunoreactivity within similar osteoblasts in non-transgenic bone
(A). Endogenous TGF-B2 staining is seen in articular chondrocytes (a) and
megakaryocytes (closed arrows). A low level of staining is seen in the bone
marrow of both sections. Note also the increased number of plump, mature
osteoblasts lining the surfaces of transgenic bone (B). Scale bar shows 100 pm.

Abbreviations: a, articular chondrocytes; b, bone.
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the osteoblasts lining epiphyseal bone surfaces (Fig. 2b, open arrows), but not
in osteoblasts within the metaphysis (data not shown). In accordance with the

osteoblast-specific expression of the osteocalcin promoter, there was no

increase in the low level of endogenous TGF-B2 staining in bone marrow cells.

In addition, both transgenic and control sections showed similar levels of
strong endogenous TGF-B2 immunostaining in megakaryocytes (Fig. 2a and
b, arrows), osteoclasts and articular chondrocytes, and moderate

immunostaining in hypertrophic chondrocytes (Fig. 2 and data not shown).

Macroscopic evaluation of the skeletal phenotype
X-ray analysis revealed multiple skeletal defects in young mice of the

high-expressing D4 line (Fig. 3). At 35 days of age, hemizygous D4 mice had a
dramatic decrease in bone density (osteopenia) compared to normal
littermates, as revealed by the generally radiolucent appearance of the entire
skeleton (compare Fig. 3b and d with a and c) and the dramatic reduction in
trabecular bone particularly evident in the metaphyses of long bones (Fig. 3a
and b, arrows). Furthermore, the cortices of long bones were thinner than
normal and frequently contained multiple internal radiolucent defects (Fig.
3b, arrowheads). Fracture calluses were regularly observed in long bones
(Fig. 3b, asterisk), and callus-like focal lesions were frequently observed in the
extremities, particularly at the distal ends of the radius, ulna, tibia, and fibula
(data not shown). Based on their location and ultimate healing with time,
these distal lesions most likely corresponded to stress fractures. The increased
fragility of transgenic bones was also evident by the ease with which they
were broken during dissection. By 7 months, hemizygous D4 mice were

extremely osteopenic, with a glassy appearance of the entire skeleton
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Figure 3. X-ray analysis of transgenic mice.

(A) and (B) Radiographs of the pelvis, tibia and femur of 35-day old non-
transgenic littermate (A) and D4 transgenic (B) males. Transgenic bone is
generally more radiolucent, and long bones show a dramatic reduction of
metaphyseal trabeculation (arrows) and thinned cortices pockmarked with
multiple radiolucent defects (arrowheads). There is also a fracture of the tibia
and fibula (asterisk), with a clear fracture callus formed around the tibia.
Scale bar shows 0.4 mm.

(C and D) Radiographs of the upper thorax of 35-day old non-transgenic
littermate (C) and D4 (D) males. Only distal vestiges of clavicles are visible in
the transgenic skeleton (arrows). As with (B), transgenic bone is more
radiolucent than normal, and intracortical defects in the humerus are also
apparent. The wild-type mouse shows an anterior arch of the atlas, a variable
feature of normal mice. Scale bar shows 0.5 mm.

(E-G) Radiographs of the pelvis, proximal tibia, and femur of 7 month old
non-transgenic (E) and D4 (F) and D5 transgenic (G) males. D4 bone (F) has an
overall glassy appearance with a virtual absence of metaphyseal
trabeculation, markedly reduced epiphyseal trabeculation and a thinned
cortex. Radiographic changes are much milder in D5 mice than in D4 mice
and only a marked reduction in metaphyseal and epiphyseal trabeculation is
apparent (G). Arrows show areas of metaphyseal trabeculation in the distal

femur. Scale bar shows 0.4 mm.
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(compare Fig. 3f with 3e), a virtual absence of trabecular bone inside long
bones (arrows), and a strikingly lower level of trabecular bone in the
vertebrae. Soft tissue calcifications were apparent in the necks of aging D4
mice (1 yr old). Lastly, whereas all other bones had generally normal shapes
and sizes, all D4 mice lacked normal clavicles and only small vestiges of their
distal ends were apparent (Fig. 3c and d, arrows). This aspect of the D4
phenotype will be described in more detail below.

The D5 line had a considerably milder phenotype than the D4 line,
consistent with its much lower level of TGF-B2 overexpression. Young (35 d)
hemizygous and homozygous D5 mice did not have any obvious defects
detectable by X-ray analysis; however, by 7 months of age, hemizygous D5
mice had a dramatic reduction of trabecular bone in the metaphyses of long
bones (Fig. 3g, arrow) and in the vertebral bodies, particularly of the lower
thoracic and upper lumbar regions (data not shown). The skeletal
abnormalities in both lines were similar in males and virgin females.

Aside from these abnormalities, transgenic mice appeared generally
healthy. The mortality rate and fertility of transgenic animals was similar to
wild-type. All visceral organs appeared grossly normal at autopsy. Thirty
five day old mice had normal body weights, tooth eruption was not delayed,
and teeth appeared normal. Importantly, the lengths of long bones, an
indication of longitudinal growth, were also normal. Only with increasing
age did the body weight of D4 mice decrease in comparison to normal
littermates (approximately 60% of normal in 6 month old D4 mice).

Based on various blood serum tests, there was no indication of a
general metabolic disease in the high overexpressing D4 line. No differences

in serum calcium and phosphorus levels were apparent between 35-day old
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transgenic and control mice, while 6 month old transgenic animals had
normal serum phosphorus, low serum calcium and normal serum protein
levels (data not shown). These results indicate that D4 mice did not have
primary hyperparathyroidism or a humoral hypercalcemia syndrome yet had
a low circulating calcium level at older ages. Normal serum creatinine levels
at 6 months of age excluded renal failure. Plasma TGF-B2 levels were normal
in D5 mice, but were elevated three- to four-fold in 35-day old D4 mice, to
about 2 ng/ml. At this level, circulating TGF-f is not physiologically
relevant since it is inactivated by the abundant serum protein o2-
macroglobulin (O'Connor and Wakefield, 1987; Huang et al., 1988). Taken
together, our analyses support the notion that the observed skeletal
abnormalities resulted from the localized overexpression of TGF-B2 and not
from a general endocrine disturbance. It is likely that the hypocalcemia, low
body weight and soft tissue calcifications observed in the older D4 mice were

secondary manifestations of prolonged bone disease.

Histological appearance of transgenic bone

The progressive loss of bone mass in our overexpressing lines noted by
X-ray was also apparent histologically (Fig. 4). When compared to sections of
non-transgenic littermate controls at 35 days (Fig. 4a), longitudinal sections
through the proximal tibia of D4 mice (Fig. 4b) revealed a thin cortex and a
dramatic loss of trabeculation. In the metaphysis, trabecular surface density
was reduced 70%, from 13.6 (+/- 1.4) mm2/mm3 in controls to 4.2 (+/- 2.5)
mm?2/mm3. Surprisingly, the epiphyseal growth plate, which is responsible
for longitudinal growth, appeared normal. Similar longitudinal sections of

the tibia from 7-month old D4 mice revealed a complete absence of
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Figure 4. Age-dependent changes in histological appearance of transgenic
bone.

(A-C) Longitudinal sections through the proximal tibia of 35 day old wild-
type (A), D4 (B), and homozygous D5 (C) males. As compared with non-
transgenic bone (A), D4 bone shows a thinned cortex and reduced
trabeculation, dramatically in the metaphysis and moderately in the
epiphysis (B). In the metaphysis, transgenic trabecular bone is apparent only
in the immediate area of the growth plate, whereas in non-transgenic bone it
extends down the length of the bone marrow cavity towards the diaphysis
(arrows). In contrast to D4 bone, D5 bone (C) appears histologically normal at
this age. The epiphyseal growth plates in both the D4 and D5 sections appear
normal.

(D-F) Longitudinal sections through the proximal tibia of 7 month old wild-
type (D), D4 (E), and hemizygous D5 (F) males. Cortical bone thinning and
the extreme reduction in trabecular bone mass at this age is evident in D4
bone (E), as compared with non-transgenic bone (D), with a complete loss of
trabeculation in the metaphysis and a dramatic reduction of trabeculation in
the epiphysis. The residual growth plate cartilage is also more eroded in the
D4 section (arrow) than in non-transgenic bone. In contrast to the normal
phenotype in D5 bone at 35 days, 7 month old bone shows a complete loss of
metaphyseal trabeculation and a moderate reduction in epiphyseal
trabeculation (F), although clearly not as severe as in D4 bone.
Abbreviations: e, epiphysis; g, growth plate; m, metaphysis; d, diaphysis; c,
cortical bone. Decalcified, paraffin-embedded sections were stained with

hematoxylin and eosin. Scale bar shows 400 pm.
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metaphyseal trabeculation (with a reduction in surface density from 5.2 (+/-
1.3) mm2/mm3 in controls to 0 mm2/mm3), very little remaining epiphyseal
trabeculation, and extremely thin cortical bone (compare Fig. 4e with 4d). In
contrast to the D4 line, hemizygous and homozygous D5 mice had only very
mild alterations in phenotype at day 35 (Fig. 4c, with a metaphyseal surface
density similar to controls at 15.1 (+/- 1.8) mm2/mm3), yet 7-month old
hemizygous mice showed a complete absence of metaphyseal trabeculation
(0 mm2/mm3 surface density), and dramatically reduced epiphyseal

trabeculation (Fig. 4f).

The histological appearance of transgenic bone suggested an increase :: :’:::
in osteoclastic resorption. The epiphyseal plates of 7 month old D4 mice were E EE.:: L
more eroded than those of control mice (Fig 4e, arrow). At 35 days, IE :ﬁ: :
corresponding cross-sections of the tibia at equivalent distances from the o :'),
growth plate (Fig. 5) showed that cortical bone was more porous than normal :: "":‘:‘ ¢
and contained large resorption lacunae lined by osteoblasts (Fig. 5b, arrows). -~
Furthermore, endosteal resorption was more pronounced, and periosteal i J;‘.‘;
resorption, characteristic of the metaphysis, was apparent in more diaphyseal "E :”} ;:':, ‘
sections of transgenic bone (Fig. 5b and d). In equivalent diaphyseal sections é ':.,:':}

e e

of normal bone, the periosteum had already assumed its characteristically

x
3

quiescent appearance (Fig. 5a and c). Surprisingly, no striking differences in
the number of osteoclasts were observed between normal and D4 mice, as
assessed by the osteoclast-specific histochemical stain for tartrate-resistant
acid phosphatase activity (Fig. 6).

Histological sections of 35 day old D4 bone (Fig. 5d) also revealed
marked increases in osteocyte density (a three-fold increase from 62,000 (+/-

14,000) cells/mm3 to 197,000 (+/- 34,000) cells/mm3) and osteoprogenitor cell
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Figure 5. Histological appearance of transgenic bone.

(A and B) Cross sections of the tibia of 35 day old non-transgenic littermate
(A), and D4 transgenic (B) males, 3.0-3.1 mm distal to the proximal epiphyseal
growth plate. In contrast to smooth endosteal and periosteal surfaces
characteristic of diaphyseal bone in non-transgenic bone, D4 bone shows
extensive periosteal and more pronounced endosteal resorption. In addition,
cortical bone is more porous than normal (arrows), and the periosteal and
endosteal surfaces of D4 bone are extremely fibrotic. Scale bar shows 400 pm.
(C-E) Cross sections of the tibia of 35 day old non-transgenic (C), and D4 (D),
and homozygous D5 (E) males, 3.0-3.1 mm distal to the proximal epiphyseal
growth plate. Sections show equivalent areas of the tibia; (C) and (D) are high
power views of areas in (A) and (B). The dramatic increase in cellularity of
D4 bone (D) as compared with normal bone (C) is evident from the increased
density of osteocytes within bone matrix and the increased number of
fibroblastic osteoprogenitor cells (op) which give rise to the osteoblasts (ob)
lining the endosteal and periosteal surfaces. Abundant extracellular matrix
contributes to the fibrotic appearance of the endosteum and periosteum. A
resorption lacuna extending deep within cortical bone is marked (closed
arrow). Areas of prior resorption refilled with new bone matrix (light pink)
are apparent at the bone surface under the periosteum, where a scalloped
cement line demarcates new from old bone (open arrow). Similar areas are
also apparent deep within cortical bone and on non-resorbed endosteal
surfaces. In contrast to D4, D5 bone (E) shows no detectable histological

alterations from wild-type. Scale bars show 100 pm.
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Abbreviations: b, cortical bone, m, bone marrow, e, endosteum, p,
periosteum. Decalcified, paraffin-embedded sections were stained with

hematoxylin and eosin.
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Figure 6. Histochemical identification of osteoclasts.

Sections of metaphyseal trabeculation and growth plate of femurs from 35
day old non-transgenic littermate (A) and D4 (B) females, stained for tartrate-
resistant acid phosphatase activity (red), an osteoclast-specific marker. The
numbers of osteoclasts in sections of control and transgenic bone are similar.

Sections are counterstained with methyl green. Scale bar shows 200 pm.
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number (a five-fold increase from 22,000 (+/- 8,000) cells/mm?2 bone surface to
120,000 (+/- 47,000) cells/mm2), suggesting increased rates of osteoblastic
differentiation and osteoprogenitor cell proliferation. The increased cell
number along with the associated increase in extracellular matrix gave many
cortical bone surfaces a distinctly fibrotic appearance. Osteoblast cell
number itself remained constant at 28,000 (+/- 7,000) cells/mm2 bone surface
in transgenic bone compared to 25,000 (+/- 6,000) cells/mm?2 in controls. On
epiphyseal and trabecular surfaces, however, osteoblasts appeared more
cuboidal than their non-transgenic counterparts (Fig. 2b, open arrows),
consistent with active bone matrix synthesis. Osteocyte density was also
increased in bone from 7 month old mice, however bone surfaces at this age
were not fibrotic.

The mineralization of D4 bone was also abnormal. Bone matrix
synthesized within resorption lacunae frequently appeared lightly stained in
decalcified sections of cortical bone from both 35 day (Fig. 5b and d) and 7
month old mice. This matrix was unmineralized, as shown by undecalcified
sections stained serially with hematoxylin or by the von Kossa technique,
which reveals calcium deposits as dark brown or black (Fig. 7). Large pockets
of unmineralized matrix extended deep within cortical bone (light blue areas
in Fig. 7b), and probably corresponded to the radiolucent intracortical defects
noted by X-ray analysis. In addition, the osteoid seam, i.e. the new, as yet
unmineralized layer of bone matrix deposited by osteoblasts, was wider on
many non-resorbed endosteal surfaces in the epiphysis and diaphysis (see Fig.
8d). In contrast, the mineralization appeared normal in metaphyseal
trabecular bone, where osteoid seams were absent in both transgenic and

wild-type sections (Fig. 7c and d). Under polarized light, unmineralized
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Figure 7. Mineralization of transgenic bone.

Undecalcified sections of tibia from 35-day old non-transgenic littermate (A,
C) and D4 (B, D) females, stained by the von Kossa technique for calcium
deposits (dark brown or black), and counterstained with toluidine blue.
Longitudinal sections through the diaphysis reveal large unmineralized areas
of cortical bone (osteoid, light blue) in transgenic bone (B), whereas wild-type
bone is entirely mineralized (A). However, there is no difference in the
minimal amount of osteoid present in the metaphyseal trabeculation adjacent
to the growth plate (C, D). Scale bar shows 100 pm for (A) and (B), 50 um for
(C) and (D).
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matrix displayed the typical pattern of birefringence associated with lamellar
collagen fiber arrangement (not shown).

The histological alterations seen in the long bones of D4 mice were also
evident in cross sections of parietal bones of the skull, which develop via
direct ossification rather than endochondral ossification (data not shown). In
contrast to the D4 line, skeletal sections of hemizygous and homozygous D5
mice showed no microscopic histological alterations (see Fig. 5e for a
histological section of 35 day old bone), except for a slightly more porous

appearance of cortical bone (not shown).

Kinetic analysis of bone turnover

We performed a kinetic analysis of bone turnover to directly assess the
synthetic activity of osteoblasts in D4 bone. Two fluorochromes that
incorporate into bone matrix at sites of mineralization were injected into
young mice: calcein at 31 days of age, and tetracycline three days later,
followed by sacrifice of the animal the next day. Undecalcified bone sections
viewed under UV light visualized the incorporated fluorochromes as green
and yellow fluorescent lines labeling sites of mineralization at the times of
their injection. The distance between the two lines is thus a measure of the
mineral apposition rate, which correlates with the local rate of bone matrix
deposition by osteoblasts (Parfitt, 1983). Counterstaining of the sections with
the Villanueva bone stain simultaneously visualized unmineralized osteoid
by its red fluorescence.

In long bones of 35 day old control mice, the two fluorochrome labels
formed smooth, contiguous and sharp lines (Fig. 8a and c). In contrast, labels

in transgenic bone were diffuse and irregular, and frequently interrupted by
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Figure 8. Kinetic analysis of bone turnover.

Undecalcified longitudinal sections of tibia from 35 day old non-transgenic
littermate (A, C) and D4 (B, D) males viewed under UV light. Injection of
calcein on day 31 and tetracycline on day 34 stains sequential sites of
mineralization green and yellow, respectively. Counterstaining the sections
with the Villanueva bone stain reveals unmineralized osteoid as bright red.
(A, B) Longitudinal sections through cortical bone of the diaphysis. Unlike
the homogenous appearance and complete mineralization of non-transgenic
bone (A), transgenic bone has many pockets of unmineralized osteoid (B,
bright red). These areas are not bordered by either fluorochrome label,
indicating that they were not mineralizing over the course of the experiment.
In contrast, the non-resorbed endosteal surfaces of both transgenic and non-
transgenic bone are mineralizing as revealed by the their double labels
(arrows). Note the increased distance between the fluorochrome labels in
transgenic bone. Scale bar shows 100 um.

(C, D) Higher power view of longitudinal sections through the epiphysis
adjacent to the growth plate (gp, deep purple). Fluorochrome labels in the
transgenic section (D) are diffuse and irregular as compared with their
smooth appearance in non-transgenic bone (C). The distance between the
labels as well as the width of the unmineralized osteoid layer (bright red,
arrowheads) is increased over the entire length of the transgenic bone surface,

indicating increased osteoblastic activity. Scale bar shows 100 um.
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osteoid-filled resorption lacunae (Fig. 8b and d). The distance between the
two labels on many surfaces was also distinctly increased in comparison to
normal bone (compare Fig. 8a and b (arrows), and Fig. 8c and d),
corresponding to a 1.7-fold increase in the mineral apposition rate (from 2.3
(+/- 0.3) pm/day in controls to 4.0 (+/- 1.0) pm/day). 'Almost all non-
resorbed endosteal surfaces of normal bones were labeled with both
fluorochromes, reflecting the overall growth of the skeleton at day 35, and the
extent and distribution of these surfaces was similar in bones from D4 mice.
However, the pockets of unmineralized matrix within cortical bone were not
labeled with either fluorochrome, indicating a severe mineralization defect of
the new bone matrix synthesized within resorption lacunae (red areas, Fig,
8b). While the unmineralized osteoid seam at endosteal surfaces was wider
than normal (Fig. 8d, arrowheads), correlation of the osteoid seam width with
the mineral apposition rate did not reveal a significant change in lag time of
mineralization following osteoid deposition (2.2 (+/- 0.7) days in controls, 2.4
(+/- 1.0) days in transgenic animals). Thus, the mineralization defect was

restricted to matrix synthesized within resorption lacunae.

Absence of clavicles and delayed ossification.

To further evaluate the skeletal development of D4 mice, we prepared
cleared skeletons at different stages of development (Fig. 9). Skeletons were
stained with alizarin red to visualize mineralized bone, or alcian blue to
visualize cartilage. At embryonic day 15.5, D4 clavicles were already clearly
hypoplastic compared to normal embryos (compare Fig. 9d and a, arrows).
Since clavicle development initiates at day 14-14.5 (Tran and Hall, 1989), this

difference indicates a primary defect in clavicle formation, rather than
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Figure 9. Cleared skeletal preparations of embryos and newborn mice.
Non-transgenic littermate (A-C) and D4 transgenic (D-F) embryos and
newborns stained with alizarin red to visualize mineralized bone or alcian
blue to visualize cartilage.

(A, D) Neck area of embryonic day 15.5 non-transgenic (A) and transgenic (D)
embryos stained with alizarin red to reveal mineralized bone. Clavicles are
fully formed in the wild-type embryo but appear as only distal rudiments in
the transgenic embryo (arrows). m, mandible.

(B, E) Neck area of 2 day old non-transgenic (B) and transgenic (D) pups
stained with alcian blue. Mineralized bone is white and cartilage is blue. No
cartilage rudiment links the hypoplastic clavicle in the transgenic pup with
the sternum. Arrowheads show the cartilage cap at the proximal end of the
clavicle, which arises through a secondary induction event (Tran and Hall,
1989). s, sternum.

(C, F) Forelimb paws of 2 day old non-transgenic (C) and transgenic (F) pups
stained with alizarin red. The delay in ossification of the transgenic skeleton
is apparent when corresponding ossification centers are compared in
transgenic and non-transgenic paws. Furthermore, other skeletal elements
have started to ossify in the control paw but not in the transgenic paw

(arrows).
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secondary resorption. As expected for the normal pattern of clavicle
development through intramembranous rather than endochondral
ossification (Tran and Hall, 1989), no cartilage rudiment was observed
connecting the clavicle vestige with the sternum (Fig. 9b and e).

Alizarin red staining also revealed a general delay in mineralization of
the D4 skeleton, as illustrated by the ossification pattern in the hands of 2-day
old mice (Fig. 9c and f). Whereas the lengths of corresponding digits were
identical in transgenic and control mice, the mineralization of individual
transgenic bones clearly lagged behind corresponding bones of normal mice.
In addition, some bones of transgenic mice were not yet mineralized when
compared to control counterparts (arrows). Importantly, the cartilaginous
skeleton of transgenic embryos appeared normal, as evident from alcian blue
stained preparations. With the exception of the clavicles, all other bones of D4

mice appeared normal in size and shape.
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DISCUSSION

TGEF-B is deposited in bone matrix and all three TGF- isoforms are
expressed by bone cells in vivo. In vitro and in vivo studies have shown that
TGF-B can affect the activity of both osteoblasts and osteoclasts. However, the
complexity of these results has made it difficult to define the normal role of
TGF-B in bone development and turnover. To provide a physiological
context to study the skeletal actions of TGF-B, we generated transgenic mice
in which TGF-B2 is overexpressed specifically by osteoblasts. We
characterized two independent lines: D5 with a 2.5-fold and D4 with a 16-fold
increase in the amount of TGF-B2 extractable from bone matrix.

The primary phenotype of both lines was progressive, age-dependent
loss of bone mass, and the severity of the phenotype correlated with the
expression level of the transgene. D5 mice had no reduction of bone mass at
day 35, but showed a complete loss of metaphyseal trabeculation and
dramatically reduced epiphyseal trabeculation by 7 months. In contrast, bone
loss in the D4 line was already striking at day 35 and extreme by 7 months.
These mice also showed a defect in clavicle development, a generalized delay
in the ossification of the skeleton, and a severe mineralization defect of newly
synthesized bone matrix. Skeletal integrity was so compromised in the D4
line that spontaneous fractures occurred. Our inability to generate
homozygous mice of this line may be related to its severe phenotype.

The progressive, age-dependent nature of the bone loss phenotype
suggested a defect in bone remodeling. This was substantiated by
histological and kinetic analyses of the D4 line indicating increased activities

of both osteoblasts and osteoclasts in transgenic bone. The increases in
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mineral apposition rate and osteoid seam width on many bone surfaces
indicated an increased rate of bone matrix deposition by osteoblasts.
Osteocyte density and osteoprogenitor cell number were also increased,
consistent with an increased proliferation of osteoprogenitor cells and an
increased rate of osteoblast differentiation. Based on the osteocyte density
and mineral apposition rate, we estimate that the rate of differentiation of
osteoblasts into osteocytes is increased 5.6-fold in transgenic bone, from about
140 cells/day/mm?2 bone surface in controls, to 790 cells/day/mm?2. Since
bone matrix within resorption lacunae did not mineralize over the time
course of the fluorochrome labeling experiment, we could not directly assess
the rate of its production. However, it is likely that this matrix is produced at
a rate equal to, if not greater than the matrix produced on non-resorbed
surfaces, because refilled lacunae usually appeared flush with the level of
neighboring non-resorbed surfaces. Increased osteoclastic activity was
apparent from the increased size of cortical resorption lacunae, the
pronounced degree of periosteal and endosteal resorption, and the thinned
epiphyseal plates of older mice, and can be inferred from the age-dependent
overall decrease of bone mass in the presence of increased osteoblastic

activity.

The role of TGF-B in bone development and turnover

Our analysis indicates that overexpression of TGF-B2 increases the
activities of osteoblasts and osteoclasts with a consequent increase in bone
turnover. These results strongly suggest that TGF-B, or specifically TGF-B2, is
a positive regulator of bone remodeling in vivo. Unlike the heterogeneous

results of previous in vitro and in vivo studies, our transgenic model shows

83



that the activities of both cell types increase at steady-state when TGF-B2 is
deposited into bone matrix in analogous fashion to endogenous TGF-B. The
phenotype also shows that the increase in bone turnover results in a net
imbalance between bone resorption and formation, resulting in progressive,
age-dependent bone loss, and therefore suggests that TGF-p may regulate the
coordination of osteoblast and osteoclast activities. Lastly, the mineralization
defect observed in these mice suggests that TGF-B2 may negatively regulate
bone matrix mineralization in vivo.

Based on the documented responses of osteoblasts and osteoclasts to
TGEF-B in vivo and in vitro, the increased turnover likely results from the
independent actions of TGF-f on both cell types. It is therefore unlikely that
TGF-p drives only one step of bone remodeling; instead, we speculate that
TGF-B increases the rate of remodeling by potentiating the actions of other
molecular mechanisms that directly coordinate progression through the
remodeling cycle. Spatial variations in endogenous TGF-B expression levels
may contribute to regional or developmental differences in remodeling or
local rates of mineralization within a bone.

A priori, it was not clear that overexpression of TGF-B2 in osteoblasts
would lead to a defect in bone turnover. Skeletal development and
maintenance involve multiple levels of spatial and temporal control (Frost,
1985), and one might expect an individual growth and differentiation factor to
affect several of these levels. Emerging evidence, however, suggests that the
role of individual growth factors may be restricted to specific levels of
skeletal organization. For example, fibroblast growth factors coordinate
proportional bone growth, while the TGF- related factors BMP-5 and GDF-5

are required to determine the shape of several skeletal elements (reviewed in
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Erlebacher et al., 1995). Although TGF-B expression levels during
chondrogenesis could indirectly modify bone shape, TGF-B2 overexpression
by osteoblasts does not affect bone growth, the skeletal proportions, or bone
morphogenesis per se (except the clavicle).

TGF-B2 from bone matrix was increased 2.5-fold in D5 mice. Since
TGF-B2 is about 7.5 times less abundant than TGF-B1 in normal bone matrix,
the progressive bone loss of these mice suggests that bone turnover may be
sensitive over the long term to only minimal changes in total TGF-f content.
Additionally, TGF-B2 may induce different cellular or more potent responses
than TGF-B1. This latter possibility is consistent with the higher activity of
TGF-B2 in inducing cartilage and bone formation (Joyce et al., 1990). Such
differences in the actions of TGF-B2 and TGF-B1 could correlate with

differential receptor binding or expression in bone cells.

Regional differences in the bone phenotype

The histological changes varied depending on the area of bone. Based
on the kinetic analysis and the von Kossa staining, osteoblastic activity was
most perturbed in the epiphysis and diaphysis, yet appeared normal in the
metaphysis. These local differences likely result from differences in the local
level of expression of the TGF-B2 transgene. Indeed, endogenous osteocalcin
expression in osteoblasts is higher in the epiphysis and diaphysis than in the
metaphysis of long bones (Bronckers et al., 1985; Vermeulen et al., 1989), and
expression from the transgenic promoter is accordingly higher in the
diaphysis than in the metaphysis (Baker et al., 1992). As a result, increased
osteoblastic expression of TGF-B2 in transgenic bone was more prevalent in

the epiphysis than in the metaphysis. The spatial correlation between
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transgene expression and its phenotypic effects strongly suggests that the
actions of TGF-B2 on osteoblasts are restricted to its site of production within
bone. Furthermore, the observation that defective mineralization was
restricted to the matrix within resorption lacunae supports the hypothesis that
the TGF-B within bone matrix exerts its localized effects on osteoblasts after
release and activation during osteoclastic resorption (Pfeilschifter and
Mundy, 1987).

In contrast to osteoblasts, the increase in osteoclastic activity in
transgenic bone showed less regional differences. Trabecular bone mass in
the metaphysis was dramatically decreased even though transgene expression
was considerably less there than in the epiphysis and diaphysis. This suggests
that osteoclastic activity is induced at lower local TGF-B2 concentrations than
osteoblastic activity. The similar numbers of osteoclasts in normal and
transgenic bone further suggests that increased resorption was due to
increased resorbing activity per osteoclast, a possibility consistent with the

large size of resorption lacunae in transgenic bone.

Relationship of the transgenic phenotype to human bone diseases
Cleidocranial dysplasia:. A notable feature of D4 mice is their defect in clavicle
development and general delay in ossification. Impaired clavicle
development is a hallmark of the human autosomal dominant disorder
cleidocranial dysplasia (Marie and Sainton, 1897; Jones, 1988) as well as the
cleidocranial dysplasia (Ccd) mouse mutation (Sillence et al., 1987). The Ccd
phenotype also includes delayed ossification of a number of bones, and
although the developmental basis of human cleidocranial dysplasia has not

been well studied, delayed mineralization of the sutures and pubic bone has

86



been noted. The severe hypoplasia or absence of clavicles in all three cases
stands in contrast with the normal appearance of most other bones. However,
clavicles are remarkable in that they are the onl'y bones outside the skull
which develop via intramembranous ossification and not through cartilage
templates (Tran and Hall, 1989). Furthermore, clavicle development strongly
depends upon mechanical stimulation, which may in turn depend upon the
articulation of the clavicle with the sternum (Pai, 1965; Hall, 1986). Thus,
clavicle development may be uniquely sensitive to delayed ossification or to
a TGF-B2-induced perturbation in nearby muscle development (Massagué et
al., 1986; Olson et al., 1986). The increased osteoblastic expression of TGF-p2
in D4 transgenic mice may provide a starting point to study the
developmental abnormalities associated with human cleidocranial dysplasia
and the mouse Ccd phenotype.
Hyperparathyroidism: The phenotype of the high TGF-B2 expressing D4 line
showed a remarkable similarity to the skeletal abnormalities associated with
hyperparathyroidism, a disease resulting from increased circulating levels of
parathyroid hormone (PTH) (Malluche and Faugere, 1990; Kronenberg, 1993).
Common features include generalized osteopenia, increased density of
osteocytes, increased osteoclastic resorption, and high turnover kinetics.
Increased amounts of unmineralized osteoid apparent in our transgenic mice
are also commonly seen in hyperparathyroidism, especially when associated
with renal failure (renal osteodystrophy), and fibrotic bone surfaces reflect a
severe hyperparathyroid state termed osteitis fibrosa.

PTH is thought to maintain systemic calcium homeostasis in part by
regulating osteoclastic bone resorption via an indirect mechanism involving

osteoblasts (Rodan and Martin, 1981; McSheehy and Chambers, 1986;
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Kronenberg, 1993). How increased PTH levels lead to the skeletal defects in
hyperparathyroidism is unknown. The similarity of the D4 phenotype with
hyperparathyroidism may link the local effects of TGF-B2 to the systemic
actions of PTH. The osteoblast-dependent PTH stimulation of osteoclastic
activity in vitro is simulated by TGF-p (Hattersley and Chambers, 1991), and
PTH induces TGF-B expression by osteoblasts (Oursler et al., 1991). In
addition, PTH alters the response of osteoblasts to TGF-B in culture, perhaps
by altering the TGF-B receptor expression pattern of these cells (Centrella et
al., 1988). Conversely, TGF-B upregulates the expression of PTH receptors in
osteoblasts (Schneider et al., 1992; Seitz et al., 1992), raising the possibility that
increased TGF-P expression mimics the histological phenotype of
hyperparathyroidism by sensitizing osteoblasts to physiological levels of
PTH. It is highly unlikely that the severe D4 phenotype resulted from
increased levels of PTH or PTH-related peptide, since transgenic mice
showed no evidence of hypercalcemia or hypophosphatemia (Kronenberg,
1993; Strewler and Nissenson, 1993).

Osteoporosis.  Finally, the mild phenotype of the D5 line, with its progressive,
age-dependent bone loss with little or no alteration in the microscopic
appearance of bone, closely resembles osteoporosis, a prevalent disease
thought to result from an imbalance between osteoclastic and osteoblastic
activities during bone remodeling (reviewed in Manolagas and Jilka, 1995). In
addition, bone from 7 month old D4 mice were extremely osteoporotic, aside
from the increased osteocyte density and mineralization defect, which are
strictly speaking not features of osteoporotic bone. Furthermore, a hallmark

of osteoporosis is the increased propensity towards fracturing. Spontaneous
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fractures were indeed commonly seen in D4 mice, and we infer that D5 mice

may therefore be more prone to fractures as well.

Despite the association of osteoporosis with changes in the hormonal

regulation of bone turnover, such as reduced estrogen in the postmenopausal

state, the local mediators which alter bone remodeling and lead to the
imbalance between osteoclastic and osteoblastic activities at the histological
level remain largely unknown. Considering the epidemiological and
histological heterogeneity of osteoporosis (Meunier et al., 1980; Parfitt et al.,
1980; Whyte et al., 1982), and the multiplicity of cy{okines and growth factors
that affect osteoblasts and osteoclast function in vitro (Mundy, 1993), it is

likely that several factors influence bone turnover and contribute to the

pathogenesis of osteoporosis. Thus, transgenic overexpression of interleukin-

4 by T-cells leads to an osteoporotic phenotype with decreased osteoblastic
function, suggesting that this factor could play a role in low-turnover
osteoporosis (Lewis et al., 1993). Furthermore, mice deficient mice in
interleukin-6 (IL-6) expression have revealed a requirement for this cytokine
in the bone loss that follows ovariectomy, which resembles postmenopausal
osteoporosis (Poli et al., 1994). Interestingly, IL-6 deficient mice have an
increased rate of bone turnover but no discernible bone loss prior to
ovariectomy.

Our transgenic mice show that increased osteoblastic expression of
TGF-B2, a normal product of osteoblasts in vivo, causes both an increase in
bone remodeling and an imbalance in osteoclastic and osteoblastic activity
leading to progressive bone loss, a phenotype similar to high-turnover
osteoporosis. A potential link between postmenopausal osteoporosis and

TGF-B has previously been made with the finding that ovariectomy in rats
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leads to a 40% specific reduction in TGF-B extractable from bone matrix
(Finkelman et al., 1992). However, it is unclear how this reduction is causally
related to the high turnover state following ovariectomy (Wronski et al., 1985;
Wronski et al., 1986), since we see a similar reduction in TGF-B1 content of
bone matrix in our mice overexpressing a high level of TGF-B2. The
remarkable association of an osteoporosis-like phenotype with only a mild,
i.e. 2.5-fold increase in TGF-B2 expression by osteoblasts that only minimally
affects the total TGF-B content of bone, suggests that small alterations in the
expression of TGF-B in bone, or in the responsiveness of bone cells to TGF-8,
could contribute to the remodeling defects underlying osteoporosis and

other metabolic bone diseases.
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