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PREFACE

v

The skeleton is a complex multifunctional system. In addition to its mechanical/
structural support function, it contains the marrow in which blood cells are made and,
therefore, is a critical part of the circulatory and immune systems. Also, in that it is the
major reservoir for the essential element calcium, a critical component of intracellular
signaling pathways, the skeleton is an integral component of the endocrine system.
Furthermore, the skeleton is a dynamic system that is subject to modification (remodel-
ing) throughout life under the influence of both intrinsic (chemical) signals and extrinsic
(mechanical) signals. Therefore, it is axiomatic that properly regulated crosstalk between
the biochemistry and physiology of the skeleton and the chemical biology of the organism
is of critical importance both in the complex processes of development and the mainte-
nance of physiologic homeostasis. Thus, gaining insight in the nature and regulation of
these interactions is of considerable interest to researchers and clinicians in a broad
spectrum of biomedical disciplines.

Bone is formed during embryonic life and grows (formation exceeds resorption) rap-
idly through childhood. In humans, growth peaks around 20 yr of age. Thereafter, the
skeleton enters a prolonged period (lasting approx 40 yr) when bone mass remains rela-
tively stable. During this period, resorption and reformation (remodeling) of both cortical
and trabecular bone occur continuously and contemporaneously, resulting in an annual
turnover of approx 10% of the adult skeleton with essentially no net effect on bone mass.
The maintenance of skeletal mass is regulated through a balance between the activity of
cells that resorb bone (osteoclasts) and those that form bone (osteoblasts). Unfortunately,
the balance between resorption and formation degenerates with age and, if uncompen-
sated, can have debilitating consequences.  For women, the balance terminates at meno-
pause. Bone loss also occurs in men, but usually later in life. Clinical disorders in which
bone resorption exceeds formation are common and include osteoporosis, Paget’s dis-
ease of bone, and bone wasting secondary to such cancers as myeloma and metastatic
breast cancer. Osteoporosis is the most common bone resorption disorder. It affects one
in three women after the fifth decade of life. The pathophysiology of this condition
includes genetic predisposition and alteration of systemic and local hormone levels
coupled with environmental influences. Treatment is based on drugs that inhibit bone
resorption either directly or indirectly: bisphosphonates, calcitonin, estrogens, and syn-
thetic estrogen-related compounds (SERMs—selective estrogen receptor modulators).
The search for more effective anti-osteoporosis drugs with fewer side effects continues.
In this regard, it is of both great interest and potentially enormous import to note that
recent evidence indicates that low bone mineral density (BMD) appears to protect women
over the age of 65 from primary breast cancer. It was reported that women in the highest
BMD quartile have approximately three times the risk of developing bone cancer than
those in the lowest quartile. Also, those with the highest BMD, obtained from measure-
ments of the wrist, forearm and heel, have almost six times the risk of advanced disease.

Less prevalent than disorders of bone loss are clinical disorders of reduced bone
resorption, such as osteopetrosis, and pycnodysostosis (owing to cathepsin K deficiency),
that are the consequence of genetic defects. Unfortunately, progress in the search for
effective treatments for these orphan diseases often is stymied by lack of support.



vi Preface

Significant insight into many aspects of vertebrate skeletal development has been
obtained through molecular and genetic studies of animal models and humans with
inherited disorders of skeletal morphogenesis, organogenesis, and growth. Morphogen-
esis, the developmental process of pattern formation and the establishment of the body
plan that is the template for the architecture of the adult form, is an exquisitely compli-
cated program. Our understanding of it contains many gaps. The information for the
pattern and form of the vertebrate skeleton emanates from mesenchymal cells during
embryonic development. Morphogenesis requires three key ingredients: inductive sig-
nals, responding stem cells and a supportive extracellular matrix. Within the vertebrate
morphogenetic program, skeletal development is controlled by sequence-dependent
activation/inactivation of specific genes that results in the distribution of cells from
cranial neural crest, sclerotomes, and lateral plate mesoderm into a pattern of mesenchy-
mal condensations at sites in which skeletal elements will develop. Condensation is the
earliest stage of organ formation at which tissue-specific genes are upregulated. It is
generated through interactions between molecules in the extracellular matrix such as the
cell adhesion molecules fibronectin, N-CAM and N-cadherin. Cell adhesion also is
mediated, albeit indirectly, via activation of particular CAM genes by the products of the
Hox genes, Hoxa-2 and Hoxd-13. Cells proliferate and differentiate, under the control of
transcription factors, into chondrocytes or osteoblasts forming, respectively, cartilage or
bone. Proliferation within the condensations is mediated through the activation of cell
surface receptors such as syndecan-3, a receptor for fibroblast growth factor 2 (FGF-2),
the antiadhesive matrix component, tenascin-C, a ligand for the epidermal growth factor
(EGF) receptor (EGFR), the Hox genes, Hoxd-11-13 and transcription factors such as
CFKH-1, MFH-1, and osf-2. Growth of condensations is regulated by BMPs, which
activate a number of genes including Pax-2, Hoxa-2, and Hoxd-11. Conversely, growth
is blocked via inhibition of BMP signaling by the BMP antagonist, Noggin. Defects in
the formation of specific bones and joints can occur through mutation of genes involved
in the control of bone and joint development. Information derived from ongoing and
future research focused on the identification of the genes/gene targets involved in skeletal
development and maintenance should open new avenues for the development of thera-
peutic measures for treating defects resulting either from mutation or trauma.

For most of the skeleton, bones develop from cartilage models comprised of assem-
blies of chondrocytes in an extracellular collagen-containing matrix that they secrete.
The replacement of cartilage by bone is the result of a genetic master program that
controls and coordinates chondrocyte differentiation, matrix alteration and mineraliza-
tion. During the conversion of the cartilage model into bone, the composition of the
matrix, including collagen types, is modified, ultimately becoming mineralized through
a process termed endochondral ossification and populated by osteocytes. Disruption of
the rate, timing, or duration of chondrocyte proliferation and differentiation results in
shortened, misshapen skeletal elements. In the majority of such disruptions, vasculariza-
tion also is perturbed. It has been proposed that vascularization plays a key role in the
synchronization of the processes involved in endochondral ossification. Bone formation
also occurs via intramembranous ossification, in which bone cells arise directly from
mesenchyme without an intermediate cartilage anlage. Data indicate that this process is
the result both of a positive selection for osteogenic differentiation and a negative selec-
tion against the progressive growth of chondrogenic cells in the absence of a permissive
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or inductive environment. In any case, through the processes of bone growth and remod-
eling, an adult skeleton is shaped and molded and continually remolded in response to
environmental alterations. In effect, the adult skeleton is not a static entity. Bone is
metabolically active throughout life and, under the influence of mechanical stress, nutri-
tion, and hormones, bone remodeling occurs continually. However, bone remodeling is
compromised as a function of both post menopausal hormonal changes and aging, result-
ing in health problems of increasing magnitude as the proportion of the aged in the global
population increases.

Mutations in genes encoding structural proteins of the extracellular matrix can perturb
the coordination of events necessary for normal skeletal development. The magnitude of
the disruption of the process of ordered skeletal development is dependent on both the
role of the mutated gene product in the developmental process and the degree of its
functional perturbation. The range of mutational consequences is broad, including dis-
ruption of ossification/mineralization and linear growth and the structural integrity and
stability of articular cartilage. Evidence indicates that osteochondrodysplasias resulting
from defects in structural proteins are inherited in an autosomal dominant manner and
that a spectrum of related clinical phenotypes can be produced by different mutations in
the same gene. In addition, as might be expected, haploinsufficiency of a gene product
usually produces a milder clinical phenotype than do mutations resulting in the synthesis
of highly structurally abnormal proteins. The synthesis of structurally abnormal protein
can produce a dominant-negative effect that is the primary determinant of phenotype.
Thus, inherited defects that interfere with post-translational modification of matrix pro-
teins such as hydroxylation, sulfation and/or proteolytic cleavage, can result in distinct
osteochondrodysplasias. In the future, it may be possible to identify genes and pathways
that can maintain, repair, or stimulate the regeneration of bone and joint structures at post
patterning stages of development.

In this regard, it is to be noted that metabolites of vitamin A, including retinoic acid
(RA), comprise a class of molecules that are of critical importance in development and
homeostasis. Retinoic acid functions through a class of nuclear hormone receptors, the
RA receptors (RARs), to regulate gene transcription. Retinoic acid receptor-mediated
signaling plays a fundamental role in skeletogenesis. In the developing mammalian limb,
RA induces the differentiation of a number of cell lineages including chondrocytes.
However, excess RA is a potent teratogen that induces characteristic skeletal defects in
a stage- and dose-dependent manner. Genetic analyses have shown that RAR deficiency
results both in severe deficiency of cartilage formation in certain anatomical sites and the
promotion of ectopic cartilage formation in other sites. In the developing limbs of
transgenic mice expressing either dominant-negative or weakly constitutively active
RARs, chondrogenesis is perturbed, resulting in a spectrum of skeletal malformations.
Recently, RA was reported to bind two circadian clock proteins, Clock and Mop4, and
may play a role in regulating circadian rhythms. Thus, it may be possible to utilize these
interactions to manipulate the body’s response to therapeutic drugs, which is entrained
in the circadian flow.

A number of growth factors interact with osteoblasts or their precursors during bone
development, remodeling or repair. Traditionally, morphogenetic signals have been stud-
ied in embryos. However, it was observed that implantation of demineralized adult bone
matrix into subcutaneous sites in a variety of species resulted in local bone induction. Not



viii Preface

only did this model system mimic the process of limb morphogenesis, it also permitted
the isolation of bone morphogenetic proteins (BMPs). The BMPs constitute a large
family of morphogenetic proteins within the transforming growth factor- (TGF- )
superfamily. It is to be emphasized that these morphogens and related cartilage-derived
morphogenetic proteins (CDMPs) that initiate, promote, and maintain chondrogenesis,
have actions on systems other than bone. Indeed, bone morphogenetic proteins are mul-
tifunctional growth factors involved in many aspects of tissue development and morpho-
genesis, including, for example, regulation of FSH action in the ovary.  The mechanism
underlying the phenomenon of bone matrix-induced bone induction is under intense
investigation by biomedical engineers and orthopedic researchers.

Growth/differentiation factor-5 (GDF-5), a BMP family member, has been shown to
be essential for normal appendicular skeletal and joint development in humans and mice.
It has been reported that GDF-5 promotes the initial stages of chondrogenesis by promot-
ing cell adhesion and increased cell proliferation. In the mouse GDF-5 gene mutant
brachypod, the defect is manifested early in chondrogenesis (embryonic day [E]12.5) as
a reduction in the size of the cartilage blastema. The defect is associated with a decrease
in the expression of cell surface molecules resulting in a decrease in cell adhesiveness
and, consequently, perturbation of cartilage model competence. Another member of the
family, BMP-6, has been shown to be overexpressed in prostate cancer and appears to be
associated with bone-forming skeletal metastases. In the United States, prostate cancer
became the number one cancer among white males in the mid-1980s and has increased
dramatically since then. A study of benign and malignant prostate lesions by in situ
hybridization showed that BMP-6 expression was high at both primary and secondary
sites in cases of advanced cancer with metastases. Does upregulation of BMP-6 promote
metastasis or is it involved in the body’s defense armamentarium? Is it a target for
therapeutics? Such questions are under active investigation by cancer researchers.

Two families of growth factors, the TGF- superfamily and the insulin-like growth
factors (IGF) superfamily, appear to be the principal proximal regulators of osteogenesis.
However, these growth factors are not specific for cells of the osteoblast lineage. The
mechanism by which skeletal tissue is specifically induced and maintained involves both
complex interactions among circulating hormones, growth factors, and regulators of the
activity of specific genes. For example, nuclear transcription factors such as core binding
factor a1 (Cbfa1), a transcription factor essential for osteoblast differentiation and bone
formation, and CCAAT/enhancer binding protein (C/EBP ), that function as regulators
of the expression/activity of specific bone growth factors and receptors, are activated in
response to glucocorticoids, sex steroids, parathyroid hormone (PTH), and prostaglandin
E2 (PGE2). Many environmentally available chemicals, both natural and man-made,
have either sex steroid or anti-sex steroid activity. Evidence suggests that such chemicals
have negatively impacted fish populations and other animals by interfering with the
mechanism of action of reproductive hormones. However, their impact on other mecha-
nisms such as growth have not been thoroughly investigated.

Members of the tumor necrosis factor (TNF) family of ligands and receptors have been
identified as critical regulators of osteoclastogenesis. Osteoprotegerin (OPG), a member
of the TNF receptor family, plays a key role in the physiological regulation of osteoclastic
bone resorption. OPG, a secreted decoy receptor produced by osteoblasts and marrow
stromal cells, acts by binding to its natural ligand, OPGL (also known as RANKL [recep-



tor activator of NF- B ligand]), thereby preventing OPGL from activating its cognate
receptor RANK, the osteoclast receptor vital for osteoclast differentiation, activation and
survival. In vitro studies have suggested that estrogen stimulates OPG expression whereas
parathyroid hormone (PTH) inhibits its expression and stimulates the expression of
RANKL. This construct provides a molecular mechanism for the regulation of the osteo-
clastic bone resorption and osteoblastic bone formation couple and basis for the bone loss
of postmenopausal osteoporosis, aging and pathologic skeletal changes (e.g., osteopetro-
sis, glucocorticoid-induced osteoporosis, periodontal disease, bone metastases, Paget’s
disease, hyperparathyroidism, and rheumatoid arthritis). Environmental toxicants and
endocrine disruptors also may perturb the normal balance between osteoclastic and os-
teoblastic activity by interfering with homeostasis and/or accelerating aging processes.
With regard to endocrine disruption, OPG has been linked to vascular disease, particu-
larly arterial calcification in estrogen-deficient individuals, the aged, and those afflicted
with immunological deficits.

During skeletogenesis, cartilage matures either into permanent cartilage that persists
as such throughout the organism’s life or transient cartilage that ultimately is replaced by
bone. How cartilage phenotype is specified is not clear. In vitro studies have shown that
Cbfa1 is involved in induction of chondrocyte maturation. In this regard, it is of interest
to note that transgenic mice overexpressing either Cbfa1 or a dominant-negative (DN)-
Cbfa1 in chondrocytes exhibit dwarfism and skeletal malformations. These phenotypes
are mediated through opposing mechanisms. In the former case, Cbfa1 overexpression
accelerates endochondral ossification resulting from precocious chondrocyte maturation
whereas in the latter, DN-Cbfa1 overexpression suppresses maturation and delays endo-
chondral ossification. In addition, mice overexpressing Cbfa1 fail to form most of their
joints and what would be permanent cartilage in normal mice enters the endochondral
pathway of ossification. In contrast, in DN-Cbfa1 transgenic mice, most chondrocytes
exhibit a marker for permanent cartilage. It may be concluded from these observations that
proper temporal and spatial expression of chondrocyte Cbfa1 is required for normal
skeletogenesis, including formation of joints, permanent cartilage, and endochondral bone.

Both gain-of-function and loss-of-function mutations in fibroblast growth factor re-
ceptor 3 (FGFR3) have revealed unique roles for this receptor during skeletal develop-
ment. Loss-of-function alleles of FGFR3 lead to an increase in the size of the hypertrophic
zone, delayed closure of the growth plate and the subsequent overgrowth of long bones.
Gain-of-function mutations in FGFR3 have been linked genetically to autosomal domi-
nant dwarfing chondrodysplasia syndromes in which both the size and architecture of the
epiphyseal growth plate are altered. Analysis of these phenotypes and the biochemical
consequences of the mutations in FGFR3 demonstrate that FGFR3-mediated signaling
is an essential negative regulator of endochondral ossification.

Thorough understanding of bone physiology and how it is modified throughout all
stages of life, from in utero development to advanced age, is of great current interest for
its potential application to the establishment of criteria for the achievement and mainte-
nance of bone health and the reestablishment of bone health following trauma and dis-
ease. Other clinical applications include:

• Establishment of criteria for the achievement of optimal bone strength throughout
life, its maintenance in such long-term microgravity situations as space travel, and the
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facilitation of readjustment to normogravity upon return to earth. This will require estab-
lishment of rapid and precise methods for distinguishing mechanically competent bone
from incompetent bone.

• Establishment of optimal conditions for the healing of fractures, osteotomies, and
arthrodeses.

• Understanding the mechanics of induction by falling of metaphyseal and diaphyseal
fractures of the radius in children, but primarily metaphyseal fractures in the aged.

• Improvement of the endurance of load-bearing implants.
• Understanding the mechanism(s) of osteopenia and osteoporosis and how and why,

during menopause, healthy women lose only bone adjacent to marrow.

Furthermore, because of the multifunctionality and interactions of the skeletal system,
biomedical researchers and practitioners of almost every clinical discipline have great
interest in bone biology. Even a cursory review of the bone biology literature will reveal
the depth of interest in the field. Publications emanate from a broad spectrum of biomedi-
cal areas that include: adolescent medicine, anatomy, anthropology, biochemistry, bio-
mechanics, biomedical engineering, biophysics, cardiology, cell and molecular biology,
clinical nutrition research, dentistry, developmental biology, endocrinology, enzymol-
ogy, epidemiology, food science, genetics, genetic counseling, gerontology, hematol-
ogy, histology, human nutrition, internal medicine, medicinal chemistry, metabolism,
microbiology, neurology, oncology, orthopedics, pediatric medicine, pharmacology and
therapeutics, physical and rehabilitation medicine, physiology, plastic surgery, public
health, radiology and imaging research, space and sports medicine, trace/essential ele-
ment research, vascular biology, vitaminology and cofactor research, women’s health,
teratology, and toxicology.

Bone biology is a diverse field, and our goal in developing The Skeleton: Biochemical,
Genetic, and Molecular Interactions in Development and Homeostasis was to provide
researchers and students with an overview of selected topics of current interest in bone
biology and to stimulate their interest in this fascinating and diverse field.

Edward J. Massaro
John M. Rogers
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Molecular Basis of Cell–Cell Interaction

and Signaling in Mesenchymal Chondrogenesis

Rocky S. Tuan

INTRODUCTION

Chondrogenesis, the first step in embryonic skeletal development, involves a series of highly reg-
ulated events, encompassing recruitment and condensation of mesenchymal chondroprogenitor cells
and subsequent differentiation into chondrocytes. This chapter deals with the molecular events con-
tributing to the above processes, specifically cell–cell interactions, cellular signaling pathways, and
regulation of gene expression.

PRECARTILAGE CONDENSATION
OF MESENCHYMAL CHONDROPROGENITOR CELLS

The cells that contribute to the skeletal elements of the embryonic limb are derived from the lateral
plate mesoderm. These cells migrate into the limb field and undergo a phenomenon termed “precar-
tilage condensation,” first described by Fell (1). These condensations are easily visualized using
standard light or transmission electron microscopy and appear as closely packed mesenchymal cells
in the chondrogenic regions when compared with the surrounding nonchondrogenic mesenchyme.
Another method of visualizing cellular condensations is by taking advantage of a characteristic speci-
fic to condensing, precartilage mesenchymal cells. These cells bind the lectin peanut (Arachis hypogaea)
agglutinin (PNA) that recognizes the glycosyl terminal of the disaccharide Gal( 1,3)GalNAc, thereby
demarcating cellular condensations during the development of skeletal tissues (2). Evidence sug-
gests that PNA binds to some cell-surface component(s) of the condensing mesenchymal cells (3,4).
After chondrogenic differentiation, these cells are no longer able to bind PNA, further illustrating the
utility of PNA binding as a method for identifying precartilage cells.

The appearance of precartilage condensations is one of the earliest morphological events in skele-
togenesis. This is a transient stage of skeletogenesis that provides the scaffold for the formation of
the endochondral skeletal elements. It is at this time that the shape, size, position, and number of
skeletal elements are established. Cellular condensations form as a result of altered mitotic activity,
failure of cells to move away from a center or, as in the limb, aggregation of cells toward a center. This
active cell movement causes an increase in mesenchymal cell-packing density, that is, an increase in
cells/unit area or volume without an increase in cell proliferation (2,5–9). Evidence supporting the
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importance of cellular condensation in chondrogenesis has come from both in vivo and in vitro obser-
vations. Many classical studies have demonstrated a high cell density requirement for chondrogene-
sis to occur (10), correlated the extent of cell condensation with the level of chondrogenesis (11,12),
demonstrated the initiation of gap-junction-mediated cell–cell communication in condensing mesen-
chyme (13,14), and described characteristic limb skeletal abnormalities in genetic mutants defective in
mesenchymal cell condensation (reviewed in refs. 2 and 15).

The process of mesenchymal cell condensation is directed by cell–cell and cell–matrix interactions
as well as secreted factors interacting with their cognate receptors. Before condensation, mesenchy-
mal cells present in the limb secrete an extracellular matrix (ECM) rich in hyaluronan and collagen
type I that prevents intimate cell–cell interaction. As condensation begins, an increase in hyaluronid-
ase activity is observed with a decrease in hyaluronan in the ECM. Hyaluronan is thought to facilitate
cell movement, and the increase in hyaluronidase and subsequent decrease in hyaluronan allows for
close cell–cell interactions (16–18). The establishment of cell–cell interactions is presumably involved
in triggering one or more signal transduction pathways that initiates chondrogenic differentiation. Two
cell adhesion molecules implicated in this process are N-cadherin and neural cell adhesion molecule
(N-CAM). Both of these molecules are expressed in condensing mesenchyme and then disappear in
differentiating cartilage (19,20) and later are detectable only in the perichondrium. Perturbing the func-
tion(s) of N-cadherin (21) or N-CAM (22) causes reduction or alterations in chondrogenesis both in
vitro and in vivo, further supporting a role for these cell adhesion molecules in mediating the mesen-
chymal condensation step.

In addition to cell–cell interactions, cell–matrix interactions also appear to play an important role
in mesenchymal cell condensation. One ECM component implicated in this process is fibronectin.
Fibronectin expression is increased in areas of cellular condensation (23,24) and decreases as cytodif-
ferentiation proceeds. Fibronectin may facilitate a matrix-driven translocation of mesenchymal cells
into cellular condensations, and this process may be mediated by the amino terminal heparin binding
domain (25,26). Recent studies in our laboratory have demonstrated that fibronectin mRNA under-
goes alternative splicing during chondrogenesis (27–29). The isoform containing exon EIIIA is present
during condensation but disappears once differentiation begins, suggesting that this isoform switch-
ing is important for cytodifferentiation to occur. Antibodies specific for the region encoded by exon
EIIIA of the fibronectin gene inhibited chondrogenesis of limb micromass cultures in vitro, and when
injected into chick limb buds in vivo, caused moderate to severe skeletal malformations (27,28).

CELL ADHESION IN MESENCHYMAL CELL CONDENSATION

Cell adhesion is mediated by two major groups of cell–cell adhesion molecules, the Ca2+-indepen-
dent and the Ca2+-dependent adhesion molecules (30–38). The Ca2+-independent group is composed
of the large immunoglobulin supergene family of membrane glycoproteins known as CAMs, and the
Ca2+-dependent group consists largely of a class of transmembrane glycoproteins called the cadherins.
Two adhesion molecules, N-cadherin and N-CAM, have been shown to have an important role dur-
ing the precartilaginous condensation phase during endochondral ossification (21,22).

N-Cadherin
The cadherin superfamily has many members and can be divided into six gene subfamilies based

on structural homology: classical cadherins type I (e.g., E-, N-, P-, R-cadherin), classical cadherins
type II (cadherin-6 to -12), cadherins found in desmosomes (desmocollins, desmogleins), cadherins
with a very short cytoplasmic domain or none (LI-, T-cadherin), protocadherins, and the more dis-
tantly related gene products, including the Drosophila fat tumor-suppressor gene, the dachsous gene,
and the ret-proto-oncogene (39).

The classical cadherins are a group of Ca2+-dependent, single transmembrane glycoproteins that
mediate cell–cell adhesion by homotypic protein–protein interactions through their extracellular domain.



Regulation of Mesenchymal Chondrogenesis 5

Classic cadherins are synthesized as precursor polypeptides and are then processed into their mature
form. The extracellular domain of the mature protein consists of five tandem repeat domains termed
cadherin repeats, each of which consists of approx 110 amino acids. The cadherin repeats form four
Ca2+-binding domains, and the N-terminal repeat confers the cadherin-specific adhesive property of
the molecule. Classic cadherins have a single transmembrane domain followed by a highly conserved
cytoplasmic domain responsible for binding to the actin cytoskeleton via the catenin molecules (Fig. 1;
ref. 40).

The cadherin family of molecules exhibit spatiotemporally unique patterns of gene expression (37)
and demonstrate homotypic binding through their extracellular domain, suggesting that cadherins
may function as morphoregulatory molecules during development. N-Cadherin, named for its initial
identification in neural tissues, was one of the first identified cadherins, and its functional involve-
ment in cell–cell adhesion and development has been extensively studied (41–48). N-Cadherin plays
a major role in neural development but has also been shown to be expressed in other mesodermal tis-
sues, including developing limb mesenchyme. N-Cadherin is expressed in the developing embryonic
limb bud in a manner suggestive of a role in cellular condensation (Fig. 2; ref. 21). Immunohistochem-
ical localization of N-cadherin in the embryonic chick limb reveals a sparsely scattered expression pat-
tern in the central core mesenchyme during the precartilage stage (Hamburger–Hamilton stages 17/18
through 22/23; ref. 49). Expression dramatically increases in the condensing central core at stage 24/25,
and by stage 25/26, the condensed central core region begins to lose N-cadherin expression, whereas
cells along the periphery of the limb bud begin to express N-cadherin. By stage 29/30, the mature
cartilage is completely devoid of N-cadherin whereas the condensing, perichondral cells surrounding
the forming cartilage still exhibit high levels of N-cadherin. As the limb bud continues to develop,
the cartilaginous core region continues to grow appositionally, and it is likely that the N-cadherin–
positive cells along the periphery contribute to this growth (21).

Fig. 1. Schematic of N-cadherin–catenin complex. N-cadherin is a Ca2+-dependent, single-pass transmem-
brane protein that mediates cell–cell adhesion by homotypic protein–protein interactions through its extracellular
domain. The extracellular domain is composed of five tandem repeats, termed cadherin repeats, that form four
Ca2+ binding sites. The fifth cadherin repeat confers its homotypic specificity by the HAV (histidine–alanine–
valine) amino acid sequence. The cytoplasmic domain binds the actin cytoskeleton via interactions with the cate-
nin family of proteins. The cytoplasmic domain binds / -catenin ( / -cat) directly, which in turn binds -catenin
( -cat). Subsequently, -cat binds the actin cytoskeleton directly or in conjunction with -actinin. Other proteins
also bind the cytoplasmic domain of N-cadherin, such as p120ctn and the nonreceptor protein tyrosine phospha-
tase 1B (PTP1B). Both of these proteins bind the cytoplasmic domain and regulate cell adhesion.
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In high-density micromass cultures in vitro, dissociated limb mesenchymal cells aggregate to form
cellular condensations that ultimately differentiate into cartilaginous nodules, separated by fibroblasts
and myocytes (10). N-Cadherin protein is synthesized by the aggregating (condensing) mesenchyme
by 12 h after initiation of the culture, whereas the cells outside of the condensation centers display no
evident N-cadherin expression. Expression of N-cadherin becomes more intense as a function of time
with maximal expression at 18 h. As the cells in the center of the condensations differentiate, they
lose their N-cadherin protein, and the cells along the immediate periphery of the forming nodules main-
tain N-cadherin expression. Thus, the expression pattern of N-cadherin in vitro recapitulates that in
the developing limb in situ (21).

N-Cadherin expression is localized to the prechondroblastic cells of the limb bud, and maximal
expression is seen during mesenchymal cell condensation, after which it is downregulated, suggest-
ing that cellular condensation is dependent on N-cadherin–mediated cell–cell interactions (19,21).
Evidence to support this theory comes from studies designed to perturb N-cadherin function. We (19)
were able to demonstrate a significant inhibition of cellular condensation and chondrogenesis in vitro
and in vivo using a function-blocking monoclonal antibody, NCD-2, directed against N-cadherin (42).
These findings correlate well with previous findings that exogenous Ca2+ significantly stimulates
chondrogenesis in vitro when added before condensation but has little effect when added after con-

Fig. 2. Spatiotemporal specificity of N-cadherin expression in the developing chick embryonic limb bud. A and
B, Hamburger–Hamilton Stage 24/25. NCD-2 immunofluorescent staining reveals N-cadherin expression to be
localized exclusively with the condensing mesenchyme (M; arrows). E, ectoderm. A, epifluorescent optics; B,
Nomarski optics. C and D, Stage 29/30. Mature cartilage (C) is formed and is negative for N-cadherin, whereas
the surrounding mesenchyme (M) remains positive. C, epifluorescent optics; D, Nomarski optics. Magnification:
bar = 100 µm. (Taken from ref. 21.)
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densation (11,12). In similar studies, the addition of transforming growth factor- family member,
BMP-2, to chick limb bud or the C3H10T1/2 murine multipotential cell line plated at high-density
micromass cultures stimulated chondrogenesis on the basis of Alcian blue staining, collagen type II,
and link protein expression and led to an increase in [35S]sulfate incorporation (50–53). Further inves-
tigation revealed that BMP-2 treatment of C3H10T1/2 cells stimulated N-cadherin mRNA levels four-
fold within 24 h and protein levels eightfold by day 5 in culture, whereas an N-cadherin peptidomimic
containing the His-Ala-Val sequence was able to inhibit chondrogenesis in a dose-dependent manner
(54). To specifically examine the influence of altered N-cadherin expression or activity on chondro-
genesis, C3H10T1/2 cells were stably transfected with N-cadherin wild-type or dominant-negative
N-terminal deletion constructs. Cells expressing the wild-type N-cadherin at a moderate level (two-
fold) increased chondrogenesis, whereas cells expressing a fourfold increase in N-cadherin or the dom-
inant-negative construct had an initial, inhibitory effect on BMP-2 stimulation of chondrogenesis
(54). In recent studies (55,56) we have further examined the functional role of N-cadherin by analyz-
ing the effect of transfecting chick embryonic limb mesenchymal cells with expression constructs
that encode for wild-type or amino-deleted/carboxy-deleted mutant forms of N-cadherin. Plasmid and
retroviral (RCAS) vectors were used for transient and stable misexpression, respectively. Our results
showed that N-cadherin is crucial in mediating the initial cell–cell interaction in mesenchymal conden-
sation and requires both the extracellular homotypic binding site and the intracellular site involved in
adhesion complex formation. However, proper chondrogenic progression requires a subsequent down-
regulation of N-cadherin and cell adhesion, such that prolonged overexpression of wild-type N-cad-
herin in the stable transfectants actually results in a significantly reduced level of chondrogenesis.
Taken together, these data strongly support a functional and activity-dependent role for N-cadherin
in cellular condensation and chondrogenesis.

N-CAM
The glycoprotein N-CAM is a member of the immunoglobulin superfamily (57). N-CAM is com-

posed of five immunoglobulin-like domains, each consisting of aprrox 100 amino acids folded into 
sheets usually linked by a disulfide bond (58). There is only one N-CAM gene; however, different
forms of N-CAM can be generated through alternative splicing of its mRNA as well as varying degrees
of glycosylation (sialic acid; refs. 59–61). The major mRNA splicing differences occur near the car-
boxy-terminal with some forms displaying altered cytoplasmic domains or missing the transmembrane
domain. Homotypic binding of N-CAM occurs near the amino terminal (62) and does not appear to
be affected by alternative splicing.

N-CAM expression in the developing chick limb follows that of the previously described N-cadherin;
however, the expression of N-cadherin mRNA occurs earlier than that of N-CAM mRNA (20). N-CAM
expression in vivo is observed in all limb bud cells by stage 22 (63). N-CAM expression increases
and is enriched in the condensing mesenchyme at stage 27. By stage 30, the cells in the center of the
condensations differentiate and N-CAM expression is lost in mature cartilage, but strong N-CAM
expression is maintained in the surrounding perichondrium (22,63,64). The in vitro N-CAM expression
pattern parallels that of the in vivo expression. In micromass cultures in vitro, N-CAM is expressed
after 1.5 d in the aggregating, precartilage condensations, with a zone of moderately N-CAM–express-
ing cells surrounding the condensations. By 4 d in culture, the condensations have differentiated into
cartilaginous nodules and lose the expression of N-CAM in their center but retain N-CAM expres-
sion at their periphery (22).

The functional role of N-CAM in cellular condensation and chondrogenesis was determined by
perturbation studies in vitro by using aggregation assays and micromass cultures. Aggregation of dis-
sociated stage 23 chick limb bud cells was reduced when incubated with anti-N-CAM antibodies in
suspension culture compared with cells incubated with nonimmune Fab fragments (22). In the presence
of anti-N-CAM antibodies, both the number and size of aggregates is reduced 50–60%. Micromass
cultures of chick limb bud mesenchyme demonstrated a reduction in both the area occupied by con-
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densations and the degree of cartilage differentiation when incubated with anti-N-CAM antibodies
compared with the control cultures incubated with nonimmune Fab or antifibroblast Fab. The effect
observed was dose dependent (22,63). Overexpression of N-CAM in micromass cultures results in
enhanced aggregation of mesenchymal cells, forming large cell aggregates that differentiate into car-
tilaginous nodules and are collagen type II positive (22).

A naturally occurring genetic mutation, Talpid, is an autosomal-recessive disorder that manifests
multiple skeletal disorders, including poly- and syndactyly (65). The limb buds exhibit abnormally
large precartilage condensations and the mesenchymal cells are shown to have greater adhesiveness
than control cells (66). Micromass cultures of Talpid limb bud cells revealed fused precartilage conden-
sations and a much greater amount of chondrogenesis compared with cultures from normal embryos. In
addition, anti-N-CAM antibodies reduced the size of cellular condensations and the degree of chondro-
genesis in the Talpid cultures, suggesting that the increased condensations and chondrogenesis observed
in the Talpid chicks appear to be at least partially mediated by an increase in N-CAM expression (64).

SIGNALING PROCESSES IN MESENCHYMAL
CONDENSATION AND CHONDROGENESIS: ROLE OF WNTS

Although cell–cell adhesion plays an integral part in the condensation stage of chondrogenesis, it
has been shown that a number of signaling molecules, such as growth factors (transforming growth
factor- s, growth differentiation factors [GDFs], fibroblast growth factors), and their downstream effec-
tors (homologs of Drosophilia Mothers Aganist Decapentaplegic [SMADs], mitogen-activated protein
kinases) are responsible for initiation and maintenance of the chondrogenic activity within the develop-
ing limb. Similarly, transcription factors, such as Hox, En, and LEF-1, also are important for limb
patterning, whereas members of the Wnt family may be involved in limb initiation and maintenance,
as well as chondrogenic differentiation and chondrocyte maturation. The current understanding of the
action of these signaling molecules is summarized below.

As stated previously, cadherin-dependent adhesion and function appear to be regulated in part via
the cytoplasmic associated proteins, -, -, -catenin, and the newly identified p120ctn (39,67–79).
Interestingly, -catenin is known to exist in three subcellular pools: membrane that is bound in asso-
ciation with adhesion molecules (39), a cytoplasmic pool where -catenin binds the adenomatous poly-
posis coli (APC) tumor suppressor protein through an internal repeat with amino acid homology to the
catenin binding region of E-cadherin (80,81), and a nuclear pool in association with lymphoid-enhanc-
ing factor and T-cell factors (LEF-1/TCF; refs. 82–84). Because of the apparent “promiscuity” of the

-catenin molecule and the plausible titration between various pools in either a signaling or adhesive
capacity, it is possible that mesenchymal condensation may also be dependent on the temporal and
spatial availability of -catenin, possibly through regulation via Wnt signaling.

Recently, it was determined that the interaction of APC with -catenin is regulated by glycogen
synthase kinase 3 (GSK-3b, a key mediator of the Wnt (Drosophila wingless: Wg) signaling path-
way (85,86). The Wnt family consists of at least 15 cysteine-rich-secreted glycoprotein members that
are involved in cell fate determination, induction of neural tissue, kidney tissue, and muscle and
mammary glands and have been shown to effect axis determination in early embryos (87,88). Wnt
signaling is mediated by interaction with its membrane receptor (Drosophila frizzled: DFz2; refs. 89
and 90), and after regulation of various intermediate effectors, functions to inactivate GSK-3 serine/
threonine kinase activity (91–93). In the absence of Wnt signal, GSK-3 phosphorylates APC, caus-
ing increased -catenin binding to the GSK-3 -APC complex (87), and this binding is quickly followed
by N-terminal phosphorylation of -catenin (94) via GSK-3 (86). The subsequent phosphorylation
of -catenin serves as a tag that targets the molecule for degradation by the ubiquitin/proteosome path-
way (Fig. 3; refs. 95–97).

Both GSK-3 and the ubiquitin pathway involved in degradation of -catenin are regulated by pro-
tein kinase C (PKC) activity (92,95,98), and serine/threonine phosphorylation of -catenin may be
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reversed by the protein phosphatase type 1 and 2 family of phosphatases (86). In the presence of Wnt
and an inactive GSK-3 , -catenin accumulates in the cytoplasm, presumably in a signaling capac-
ity, and eventually translocates to the nucleus via binding to nucleoporins (99), where it interacts with
LEF-1/TCFs in an active transcription complex (Fig. 3; refs. 82–84,100). The pool of -catenin avail-
able for Wnt signaling is considered to be of a very low level, and -catenin nuclear signaling also may
be regulated by adhesion molecules that sequester catenins (101).

Interestingly, Wnts may not be the only regulators of -catenin and LEF-1 activity. As mentioned
earlier, overexpression of ILK-1 is able to increase expression levels of LEF-1 and concomitantly to
downregulate E-cadherin in epithelial cells (102). The increased levels of LEF-1 caused transloca-
tion of -catenin to the nucleus and activation of LEF-1 responsive promoters. Although Wnts have
been identified as the primary candidates in regulation of -catenin, this recent evidence indicates that
at least one, and possibly more pathways, intersects with the -catenin-LEF-1 complex regulation.
While LEF-1/TCF- -catenin has been shown to have a positive regulatory effect on certain promoters
when present together, it has not been disproven that -catenin and LEF-1 in complex may also have
inhibitory qualities. Recently, it was determined that at times when there are low levels of -catenin
in the nucleus, the cAMP response element binding protein binding protein, a factor known exclu-
sively for its coactivation properties, binds and acetylates TCF, causing decreased affinity for -cate-
nin and inhibition of transcription from TCF-responsive promoters (103). LEF-1 and TCF-1 have
been identified in developing mouse limb bud mesenchymal cells and in tail prevertebrae (104) and
are induced by BMP-4 during murine tooth and hair development (105). Furthermore, the LEF-1- -
catenin complex has recently been shown to bind the E-cadherin promoter (83).

Fig. 3. Wnt-signaling pathway. Wnt signaling is mediated by its interaction with its membrane receptor frizzled
(Frz). Upon Wnt ligand binding, glycogen synthase kinase 3 (GSK-3 ) is inactivated by a series of kinases and

-catenin ( -cat) accumulates in the cytoplasm and translocates into the nucleus, where it interacts with Lef1/TCF
transcription factors, and initiates gene transcription. In the absence of Wnt binding, GSK-3 phosphorylates
adenomatous polyposis coli tumor suppressor gene (APC), causing an increased binding of -cat to the APC-GSK-
3 complex followed by phosphorylation of -cat. This complex is quickly degraded by the ubiquitin/proteosome
pathway.
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Wnt-1 in PC12 cells has been shown to increase cell adhesion through -catenin–cadherin interac-
tion (106,107) and has been found to cause skeletal abnormalities in developing mouse limb when
ectopically expressed in transgenic mice (108). Interestingly, some Wnts have been postulated to exert
antagonistic effects towards each other in regulation of embryonic responses, possibly through influ-
encing adhesion. Specifically, Wnt-5A appears to block Xenopus dorsalizing response to Wnt-1, caus-
ing decreased Ca2+-dependent cell adhesion, an effect mimicked by overexpression of a dominant-
negative N-cadherin (109). However, in this report, Wnt-5A was unable to block dorsalization induced
by injection of dominant-negative GSK-3  or -catenin, indicating that antagonism may occur before
the Wnt pathway reaches GSK-3 .

Various Wnts are found throughout the developing limb. Wnt-3, -4, -6, and -7B are expressed uni-
formly throughout the limb ectoderm, Wnt-5A is expressed throughout the distal mesenchyme (110,
111), and Wnt-7A, which is expressed in the dorsal ectoderm (110), appears to act as dorsalizing sig-
nal (110,112, 113) on the basis of the fact that mice lacking Wnt-7A develop ventralized paws (110).
Both Wnt-7A and Wnt-1 have been shown to inhibit chondrogenesis in chick limb bud micromass
cultures, and the inhibition by these Wnts occurs after induction of adhesion molecules and aggrega-
tion at the late-blastema/early-chondroblast stage apparently by inhibition of chondroblast differen-
tiation (114). Wnt-4 has been implicated in mesenchymal condensation in kidney development (115)
and Wnt-3A, which has been isolated in the apical ectodermal ridge (AER) (116,117), leads to induc-
tion of BMP-2 (116). Although the conserved nature of Wnt proteins implies that they act through
similar pathways, Wnt-7A was recently found to exert its dorsoventral influence through a pathway
other than the -catenin/LEF-1 complex, whereas Wnt-3A in the AER appears to use -catenin and
LEF-1 in signaling (116). Our recent findings provide further support for the functional involvement
of Wnt signaling in chondrogenesis. In high-density micromass cultures of chick embryonic limb
mesenchyme cells, expression of Wnt-3, -5A, and -7A is observed, with Wnt-7A expression showing
downregulation over the course of chondrogenesis (Woodward and Tuan, unpublished data). In addi-
tion, in cultures of the murine multipotent C3H10T1/2 mesenchymal cells, maintained as high-density
micromass to enhance cell–cell interaction and cellular condensation, Wnt-3 expression is upregulated
in response to the chondro-enhancer BMP-2 whereas the Wnt-7A message is downregulated upon
addition of BMP-2 to cultures (118,119). Furthermore, lithium, a Wnt mimetic by virtue of its inhi-
bition of GSK-3 , inhibits chondrogenesis in both embryonic chick limb mesenchyme (Woodward
and Tuan, unpublished data) and in BMP-2–treated C3H10T1/2 micromass cultures (120). In our
most recent study, retrovirally mediated misexpression of Wnt-7a in these cultures strongly suppresses
chondrogenesis, accompanied by prolonged expression of N-cadherin and stabilization of the N-cad-
herin/B-catenin adhesion complex (121). However, similar misexpression of Wnt-5a did not affect
chondrogenesis. It is noteworthy that a recent study suggests that Wnt-5a acts to regulate chondro-
cyte maturation and hypertrophy in the developing limbs in vivo (122).

Taken together, these observations strongly implicate the integral involvement of members of the
Wnt family of signaling factors in the regulation of cartilage development and limb formation. The
emerging information suggests that there are at least two groups of Wnt members that act at the early
stage of chondrogenic differentiation (e.g., Wnt-7a) and at the late stage of chondrocyte maturation
(e.g., Wnt-5a), respectively. The basis of this difference most likely lies in the cellular mechanism of
signaling, for example, involvement of -catenin/LEF vs intracellular [Ca2+] flux, perhaps mediated
via differential interaction between specific Wnt members and cognate, frizzled receptors. This area
is certainly worthy of further investigation.

CONCLUSION

The transformation of loosely packed mesenchymal cells into highly organized and patterned
skeletal structures requires the careful orchestration of cell–cell interaction and signaling events that
ultimately result in the regulation of gene transcription and function. This review highlights the key
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molecular and cellular components involved in these events, specifically their functional crosstalk.
The interconnected nature of these pathways underscores the effects of genetic and teratogenic pertur-
bations that result in skeletal birth defects. Analysis of the cellular and molecular basis of the mecha-
nistic steps initiated by cell–cell interactions and carried out via specific signal transduction pathways
should provide a rational basis for understanding normal skeletogenesis as well as determining the
cause of developmental defects of the skeleton.
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INTRODUCTION

Advances in the understanding of the molecular determinants of skeletal morphogenesis are facil-
itated by investigating growth and transcription factor regulation of cartilage patterning, chondro-
cyte cell fate determination, differentiation, and maturation (1). The development of the skeleton is
regulated by interacting signaling pathways composed of extrinsic and intrinsic factors. These factors
function in synergistic or antagonistic combinations, and some act as rate-limiting elements to regu-
late cellular development. An understanding of the mechanisms by which these multiple and diverse
pathways interact as networks contributes to early gene- or biomarker-based detection and diagnosis
of diseases and disorders that affect cartilage, such as osteoarthritis. Furthermore, the knowledge base
provides the necessary foundation for prevention and treatment strategies, such as gene therapy, tissue
engineering, and other orthopedic applications.

During skeletal morphogenesis, patterning of the skeletal elements is often mediated by differen-
tial segments of chondrogenesis and apoptosis. It is through chondrogenesis that skeletal elements
arise and differentiate, and it is through apoptosis that these elements are delineated and shaped into
templates that would allow them to undergo endochondral ossification into the bony skeleton. Certain
pieces of cartilage are maintained as cartilage in adulthood. In essence, chondrocyte cell fate determin-
ation impacts on the initial formation of the skeleton, as well as the maintenance of the cartilage pheno-
type. In this review, we compare and contrast how the craniofacial and limb skeleton is patterned and
developed through a combination of chondrogenic and apoptotic events and how mesenchymal cells
are fated toward these two divergent pathways.

PATTERNING FORMATION AND CELL FATE DETERMINATION

Patterning and cell fate determination are two independent yet interdependent processes that pro-
duce the intricate design of an organ in which multiple highly specific cell types are organized. Pat-
terning is the delineation of number, size, and shape of the tissue, whereas cell fate determination is the
commitment of multipotential cells into lineage specific differentiated cells. These processes culmi-
nate in the formation and establishment of tissue boundaries. A feed-forward mechanism of interac-
tions across tissue limits, for example, epithelial–mesenchymal interactions, reinforces the commitment
of tissue differentiation. Consequently, the establishment of structural integrity ensures functional
fidelity and performance.
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Development is loaded with exquisite models that exemplify patterning and cell fate determina-
tion. Asymmetric divisions of the blastomeres and the formation of the primary embryonic germ
layers are some of the earliest developmental events. The setting up of the body plan and segmenta-
tion that are associated with the manifestation of Hox gene expression reflective of a colinear code in
the chromosomes also reveal the beauty of fate determination. The arborization of the hematopoietic
cell lineages and the differentiation of highly specific cell types display the road map of the forma-
tion and maintenance of the hematopoietic system. Recently, cell fate determination of mesenchymal
stem cells into multiple lineages (e.g., bone, cartilage, muscle, fat, tendon, nerves) has been a focus
of research efforts in an attempt to define the precise morphoregulatory formulae that channel these
cells into lineage-specific progenitors. Among these models, skeletogenesis is particularly interesting
because the shaping of the skeleton is a sequence of events that on one hand lead to the birth of osteo-
and chondroprogenitor cells and, on the other hand, the death of mesenchymal cells, to define the
boundaries for skeletogenesis. Therefore, cell death, or apoptosis, becomes a significant differentia-
tion pathway of mesenchymal cells in addition to osteogenic and chondrogenic differentiation in the
system.

APOPTOSIS AND CHONDROGENESIS

Apoptosis, or programmed cell death, is a physiological process during which signal transduction
elicits cellular responses that result in cell death (2). It is a regulated event that is observed in many
developmental systems, most notably during the formation of the nervous system, craniofacial com-
plex, and limb in vertebrates (3,4). Apoptosis is applied in these embryonic systems for patterning
purposes (Fig. 1). Recurrent themes appear as we compare craniofacial and limb patterning. First, the
cellular origins for these structures are compartmentalized. Cranial neural crest cells populating the
craniofacial region arise from the posterior midbrain and the hindbrain that is segmented into eight
pairs of rhombomeres. The limb paddle contains intercalating segments of digital and interdigital
zones. Second, the delimitation of the structures is in part caused by alternating segments of apoptosis
and survival. Extensive apoptosis in rhombomeres 3 and 5 allows for the distinction of three major

Fig. 1. Alternating segments of chondrogenesis and apoptosis pattern the hindbrain and limb bud.
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migrating streams of neural crest cells, and apoptosis of the interdigital mesenchyme defines the
digits. Third, cells destined for apoptosis can be diverted away from their doom fate when isolated
and allowed to develop in vitro, suggesting that neighboring surviving segments play a significant
role in the determination of apoptosis. For example, when rhombomere 3 is isolated and cranial neural
crest cells are allowed to develop from the explants, most of the cells survive (5). Similarly, the inter-
digital mesenchyme is not predetermined to undergo apoptosis because the isolation of this tissue and
its development in vitro freed from adjacent digits allows it to produce cartilage (6,7). This also sug-
gests that cells at this patterning stage have tremendous plasticity and that their fates are regulated by
cell–cell interactions.

Bone morphogenetic proteins (BMPs) are key regulators of both apoptosis and chondrogenesis,
which are intimately related to each other during morphogenesis. Therefore, disruption to BMP sig-
naling often leads to developmental defects. The disruption can be at the level of the ligand, such as
mutations to the molecules that result in changes in binding specificity or affinity, or perturbations of
BMP-binding proteins that lead to changes in ligand presentation. Defects can also occur in any of
the downstream signaling components; receptors, cytoplasmic transducers, transcription factors, and
target genes that are regulated by or interact with BMPs. Because most of the adult skeleton arises
from endochondral ossification of a cartilaginous template, defects in BMP signaling that affect car-
tilage growth and development often result in skeletal defects. Enumerated in Table 1 are a selected
number of congenital skeletal diseases and disorders, many of which are related to BMP signaling.
One of these, Sox9, is a transcription factor that is the major regulator of chondrogenesis (8). Haplo-
insufficiency of human SOX9 causes campomelic dysplasia, which presents multiple skeletal defects
(9,10). BMPs also regulate the osteogenic transcription factor Runx2/Cbfa1 (11), Tbx5 (12), Msx2
(13), and Alx4 (14). Regulation of type II, IV, and XI collagens by BMP is mediated by Sox9 (8).
Noggin is a BMP antagonist that is also regulated by Sox9 (15). Other known genes that are associated
with major skeletal dysmorphic syndromes and many syndromes with yet-to-be determined molecu-
lar origins (Table 2) could also be targets of faulty BMP signaling.

A number of mouse models have been produced to identify and characterize the functions of
genes during cartilage formation (Table 1). Some of these models parallel homologous human muta-
tions and associated human congenital disorders. Others may reflect only a subset of the phenotype
observed in humans, suggesting that specific genetic modifiers are at work. Although these modifiers
may appear to be species specific, it does not preclude that human genetic variations may also con-
tain modifiers that augment or attenuate a particular mutation and its resultant deleterious outcome.
In support, different groups in the human population have different susceptibility levels and preva-
lence to many dysmorphic syndromes. In addition, an environmental influence on genetic expression
is a significant factor determining the outcome. Therefore, these mouse models prove to be invalua-
ble for the understanding of the etiology of human genetic disorders, and additional genetic and envi-
ronmental modifiers that may confer physiological susceptibility to the mutations.

BMP AND BMP SIGNALING

BMPs are a pleiotropic group of molecules first coined because of their ability to induce bone for-
mation when injected into muscular compartments of animals (16). BMP2 and BMP4 are mamma-
lian homologs of the Drosophila prototype, decapentaplegic. This family of secreted molecules has
at least 14 members to date, which in turn belongs to the transforming growth factor beta (TGF- )
superfamily of growth and differentiation factors (17). BMPs are key regulators in embryogenesis
and organogenesis of many systems, such as neurulation, limb patterning and outgrowth, mesoderm
patterning, somatogenesis, oogenesis, development of eye, and kidney (18–20). The pleiotropic func-
tions of BMPs can be dependent on time, site, and concentration (21). In tandem, BMPs are modu-
lated by BMP-binding proteins and other growth and differentiation factors, resulting in combinatorial
signaling and divergent outcomes depending on genetic or environmental modifiers (22,23). One of
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Table 1
Selected Genes Associated With Skeletal Diseases and Disorders

Human genea Human diseasesb Brief description of skeletal defects Animal models and citations

Progressive ankylosis Craniometaphyseal dysplasia, Cranial hyperostosis, wide nasal Autosomal-recessive ank mutation arose from animal stock.
gene; ANKH, dysplasia, autosomal bridge, diaphyseal sclerosis, Mutation causes protein truncation. Animal is a model for
5p15.2-p14.1 dominant (123000) metaphyseal dysplasia, arthritis. Decreased joint mobility in young mice that
(605145) metaphyseal broadening progresses rapidly with age. Animals die around 6 mo of

age from complete rigidity. Histological evaluation reveals
presence of hydroxyapatite crystals in joints, cartilage
erosion, osteophyte formation and joint fusion (166).

Aristaless-like 4; Parietal foramina 2, Persistent wide fontanel, cleft Targeted disruption. Decreased size of parietal plate of
ALX4, 11p11.2 autosomal dominant lip/palate, symmetrical, oval skull due to delayed ossification. Preaxial polydactyly
(605420) (168500) defects in the parietal bone, associated with the formation of an ectopic anterior zone

medial frontal bone defect, of polarizing activity in limb bud. Perinatal lethality due
cervical and lumbosacral spina to gastroschesis (167).
bifida occulta

Cartilage oligomeric Multiple epiphyseal Mild-to-moderate short stature, Targeted disruption. No detectable anatomical, histo-
protein; COMP, dysplasia I, autosomal mild short-limb dwarfism, ovoid logical, or ultrastructural abnormalities of skeletal
19p13.1 (600310) dominant (132400) vertebral bodies, mild irregularity development (168).

of vertebral endplates, late ossify-
ing epiphyses, small, irregular
epiphyses, osteoarthritis, short
femoral neck, metacarpals and
phalanges

Pseudoachondroplastic Short-limb dwarfism
dysplasia, autosomal identifiable during childhood
dominant (177170)

Cathepsin K; CTSK, Pycnodysostosis, autosomal Short stature, frontal and Targeted disruption. Mice are osteoporotic with excessive
1q21 (601105) recessive (265800) occipital prominence, persistent trabeculation of the bone-marrow space. Osteoclasts are

open anterior fontanelle and abnormally formed and their resorptive function severely
delayed suture closure, micro- impaired (169).
gnathia, hypoplasia of clavicle,
osteosclerosis, susceptibility to
fracture, wormian bone, dense
skull, brachydactyly, acro-
osteolysis of distal phalanges
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Collagen, type I, Osteogenesis imperfecta, Mainly characterized by multiple (1) Transgenic expression of partially deleted Col1a1.
alpha-1; COL1A1, Type I, (166200); bone fracture, slightly smaller A third of the animals exhibit extensive fractures, some
17q21.31-q22 Type II, (166210); stature to short limb dwarfism, are lethal. Femurs are significantly shorter and have
(120150) Type III, (259420); wormian bones, tibial and decrease in mineral and collagen content. Biomechanical

Type IV, (166220) femoral bowing, subtypes vary testing of femurs also shows increased brittleness (170).
in degree of severity in skeletal (2) Knock-in of G349C Col1a1 mutation by Cre-lox
defects and the presence and recombination. Animals exhibit classical phenotype of
absence of blue sclerae osteogenesis imperfecta, including bone deformity, fragility,

osteoporosis, and disorganized trabecular structure (171).
Collagen, type II, Spondyloepiphyseal Short-trunk dwarfism identifiable (1) Transgenic expression of an internally deleted COL2A1

alpha-1; COL2A1, dysplasia, autosomal at birth, malar hypoplasia, cleft gene. Phenotype resembles human chondrodysplasias, with
12q13.11-q13.2 dominant (183900) palate, kyphosis, scoliosis, 15% of animals presenting cleft palate. Older animals show
(120140) lumbar lordosis, ovoid verte- osteoarthritis (172).

bral bodies, absent ossification (2) Targeted disruption. The cartilage consists of disorga-
in pubic, talus and calcaneal nized chondrocytes with a complete lack of extracellular
bones, flattened epiphyses, fibrils. There is no endochondral bone or epiphyseal
diminished joint mobility at growth plate in long bones. However, skeletal structures,
elbows, knees, and hips such as the cranium and ribs were normally developed and

mineralized (173).
Stickler syndrome, type I, Marfanoid habitus, flat midface, (3) Heterozygous knockout of Col2a1. Animals are more

autosomal dominant depressed nasal bridge, cleft susceptible to osteoarthritis (174).
(108300) palate, skeletal defects similar to

spondyloepiphyseal dysplasia
Collagen, type III, Ehlers-Danlos syndrome, Short stature, hypermobility of Targeted disruption. Perinatal and early lethality due to

alpha-1; COL3A1, type IV, autosomal distal interphalangeal joints, yet unknown causes. Adult animals die of rupture blood
2q31 (120180) dominant (130050) acroosteolysis of hands and vessels from lack of type 3 collagen fibers, disrupted

feet, club foot fibrillogenesis and defective vessels (175).
Collagen, type V, Ehlers-Danlos syndrome, Similar to type IV Ehlers-Danlos Insertional mutation. Perinatal and early lethality as a

alpha-2; COL5A2, type I, autosomal syndrome, with narrow maxilla, result of spinal abnormalities and consequential respiratory
2q31 very close to dominant (130000) osteoarthritis difficulties. Animals also show skin and eye abnormalities
COL3A1, (120190) caused by disorganized collagen fibrils (176).

(continued)
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Table 1 (Continued)

Human genea Human diseasesb Brief description of skeletal defects Animal models and citations

Collagen, type IX, Multiple epiphyseal dysplasia Early osteoarthritis of knee (1) Transgenic expression of a truncated protein. Hetero-
alpha-1; COL9A1, related to COL9A1, leading to pain and stiffness, zygotes develop osteoarthritis of the knee, whereas homo-
6q13 (120210) autosomal dominant endplate irregularities, anterior zygotes develop mild chondrodysplasia (177).

(120210.0001) osteophytes in the thoraco- (2) Targeted disruption. Animals appear normal except for
lumbar vertebrae, including early onset osteoarthritis. After tooth extraction, there is
calcification of the interver- significantly disturbed the restoration and remodeling of
tebral disc trabecular bone with minimal effects on the cortical bone

(178,179).
Collagen, type X, Metaphyseal chondro- Mild-to-moderate short stature, (1) Transgenic expression of mutant protein that functions

alpha-1; COL10A1, dysplasia, Schmid type, lower rib cage flared, anterior as a dominant negative. Phenotype in animals is reminis-
6q21-q22.3 autosomal dominant cupping and sclerosis of ribs, cent of human pathological conditions, including compres-
(120110) (156500) irregular acetabular roof, sion of hypertrophic growth plate cartilage and decrease in

enlarged capital femoral newly formed bone (180).
epiphyses, femoral and (2) Targeted disruption. Appears normal (181). However,
tibial bowing, metaphyseal additional analyses revealed a that subset of animals
abnormalities of long bones present perinatal lethality and growth plate compression

within the proliferative zone (182).
(3) Targeted disruption. Phenotype resembles in part
human syndrome, including abnormal trabecular bone
architecture, coxa vara, reduction in thickness of growth
plate resting zone and articular cartilage, altered bone
content, and atypical distribution of matrix components
within growth plate cartilage (183).

Collagen, type XI, Marshall syndrome, Short stature, midface hypoplasia, Autosomal-recessive chondrodysplasia (cho) mutation in
alpha-1; COL11A1, autosomal dominant micrognathia, cleft palate, cal- Col11a1 gene in mice. Perinatal lethality. Abnormalities
1p21 (120280) (154780) varial thickening, absent frontal in cartilage of limbs, ribs, mandible, and trachea. Limb

sinuses, meningeal calcifications, bones of newborn mice are wider at the metaphyses than
mild platyspondyly, small iliac normal and only about half the normal length (184).
bonesepiphyseal dysplasias,
bowing of radius and ulnar

Stickler syndrome, type 2, Similar to Marshall syndrome,
autosomal dominant with normal stature and mild
(604841) spondyloepiphyseal dysplasia
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(continued)
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Fibrillin 1; Marfan syndrome, Disproportionate tall stature, Targeted mutation. Lethality around weaning because of
FBN1, 15q21.1 autosomal dominant dolichocephaly, malar hypoplasia, defective elastic fiber formation leading to cardiovascular
(134797) (154700) high arched palate, narrow palate, hemorrhages. Lung emphysema and bone overgrowth

micrognathia, retrognathia, pre- similar to patients with Marfan syndrome (185,186).
mature arthritis, kyphoscoliosis,
thoracic lordosis, spondylolisthe-
sis, long bone overgrowth, joint
hypermobility and contractures,
arachnodactyly

Fibrillin 2; Congenital contractural Contractural arachnodactyly, (1) Radiation induced shaker-with-syndactylism (sy)
FBN2, 5q23-q31 arachnodactyly, autosomal severe kyphoscoliosis, mutation that affects fibrillin 2. Syndactylism of the
(121050) dominant (121050) generalized osteopenia, flexion middle digits that is more severe with the hindlimbs than

contractures of fingers forelimbs (187).
(2) Targeted disruption. Bilateral syndactyly caused by
defective mesenchymal differentiation (188).

Growth/differentiation Brachydactyly, type C, auto- Syndromes are characterized by (1) Spontaneous brachypodism (bp) mutation in mice.
factor 5; GDF5, somal dominant (113100); multiple limb defects that vary Length and number of bones in the limbs of mice are
20q11.2 (601146) Acromesomelic dysplasia, in severity, brachydactyly, short altered but spares the axial skeleton (189).

Hunter-Thompson type, limb dwarfism, acromesomelia, (2) Targeted disruption. Disruption in the formation of
autosomal recessive severe malformations in distal more than 30% of the synovial joints in the limb, leading
(201250); Chondrodysplasia, limb skeleton. to complete or partial fusions between skeletal elements,
Grebe type, autosomal and changes in the patterns of repeating structures in the
recessive (200700) digits, wrists and ankles (190).

Heparan sulfate Schwartz-Jample syndrome, Short stature, osteoporosis, Targeted disruption. Embryonic lethality in 40% of
proteoglycan type 1, autosomal recessive delayed bone age, small homozygotes from defective cephalic development.
of basement (255800) mandible, kyphoscoliosis, Perinatal lethality in others exhibiting skeletal dysplasia
membrane; lumbar lordosis, coronal cleft characterized by micromelia with broad and bowed long
HSPG2, vertebrae, fragmentation and bones, narrow thorax and craniofacial abnormalities.
1p36.1 q flattened femoral epiphyses, Severe disorganization of the columnar structures of
(142461) widened metaphyses, slender chondrocytes and defective endochondral ossification.

diaphysis, anterior bowing of Reduced and disorganized collagen fibrils and glycos-
long bones, limb contractures aminoglycans. Proliferation of chondrocytes was reduced

and the prehypertrophic zone was diminished (191).
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Table 1 (Continued)

Human genea Human diseasesb Brief description of skeletal defects Animal models and citations

Dyssegmental dysplasia, Neonatal lethal, short-limbed
Silverman-Handmaker dwarfism, occipital skull defect,
type, autosomal recessive micrognathia, chondroosseous
(224410) morphology notable for short,

irregular, chondrocyte columns,
large, unfused calcospherites,
perichondral bone overgrowth
and patchy, mucoid degeneration
of resting cartilage, dyssegmental
dysplasia, anisospondyly, short,
bent long bones

Homeobox D13; Syndactyly type II, Syndactyly, polydactyly, hypo- (1) Spontaneous synpolydactyly homolog (spdh) mutation
HOXD13, autosomal dominant plasia of middle phalanges of in mice. Severe malformations of all four feet, including
2q31-q32 (186000) toes polydactyly, syndactyly, and brachydactylia (192).
(142989) (2) Targeted disruption. Skeletal defects were restricted to

distal parts of both autopods. Forelimbs show reduction in
the size of the digits and deformation of the phalangeal and
metacarpal bones, especially for digits ll and V. Additional
rudimentary digit present posteriorly. Similar alterations
were seen in hindlimbs where all metatarsal bones were
shortened and thicker (193).

Indian hedgehog; Brachydactyly, type A1, Short stature, brachydactyly, (1) Targeted disruption. Reduced chondrocyte proliferation,
IHH, 2q33-q35 autosomal dominant hypoplastic middle phalanges, maturation of chondrocytes at inappropriate position, and a
(600726) (112500) occasional terminal symphal- failure of osteoblast development in endochondral bones (194).

angism, short first digit (2) Targeted disruption. Ectopic branching of ventral
proximal phalanges pancreatic tissue resulting in an annular pancreas (195).

Muscle segment Craniosynostosis, type 2, Skull malformations, including (1) Transgenic expression of wild-type or gain-of-function
homeobox 2; autosomal dominant craniosynostosis and cloverleaf mutant. Mice exhibit precocious fusion of cranial bones
MSX2, 5q34-q35 (604757) anomaly and development of ectopic cranial bone (196).
(123101) Parietal foramina 1, Persistent wide fontanel with (2) Transgenic expression of large human DNA fragment

autosomal dominant oval defects in parietal bone, encompassing the gene. Perinatal lethality with multiple
(168500) cleft lip/palate, medial frontal craniofacial malformations, including mandibular hypoplasia,

bone defect, cervical and cleft secondary palate, exencephaly, and median facial
lumbosacral spina bifida occulta cleft (197).
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(3) Targeted disruption. Mice are viable, but displayed
pleiotropic defects of skeletal and ectodermal organs and
appendages. The calvarium of adult mutants contains a
large, midline foramen spanning the frontal bones. The
interparietal and supraoccipital bones are small and
abnormal in shape. Abnormal cartilage and endochondral
bone formation is observed, resulting in axial and appen-
dicular defects (198).

Noggin; NOG, Symphalangism, (185800); Autosomal-dominant syndromes, Targeted disruption. Defective sclerotome formation. Axial
17q22 (602991) multiple synostoses limb deformity, synostosis, skeletal defects that become more severe caudally; the

syndrome I (186500); absent, or accessory skeletal skull and cervical vertebrae are relatively normal, but the
Tarsal-carpal coalition elements in the limb, syndromes thoracic vertebrae are fused and malformed, and the lumbar
syndrome (186570) vary in specific elements and tail vertebrae are missing. Joint fusion at the elbow,

involved where the radius and humerus are joined by a continuous
ossification. Digits have secondary fusions and occasional
cartilaginous spurs, and lack joints (199,200).

Parathyroid hormone Metaphyseal chondrodysplasia, Severe short stature, brachycephaly, Targeted disruption. Mostly embryonic lethal. Others are
receptor 1; PTHR1, Jansen type, autosomal prominent supraorbital arches, perinatal lethal resulting from respiratory failure. Mice that
3p22-p21.1 (168468) dominant (156400) mild frontonasal hyperplasia, survived exhibit accelerated differentiation of chondrocytes

micrognathia, short ribs, generalized in bone (201).
osteopenia, fractures, thick skull
base, bowing of long bones,
especially lower limb, markedly
expanded cup-shaped metaphyses,
short, mildly broad diaphyses,
short tubular bones, clinodactyly,
short, clubbed fingers

Chondrodysplasia, Severe midface hypoplasia,
Blomstrand type, mandibular hypoplasia, short ribs,
autosomal recessive generalized sclerosis, advanced
(215045) skeletal maturation, micromelia,

marked metaphyseal flaring of
long bones, die at birth or shortly
after birth

(continued)
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Table 1 (Continued)

Human genea Human diseasesb Brief description of skeletal defects Animal models and citations

Receptor tyrosine Brachydactyly, type B1, Brachydactyly, hypoplastic Targeted disruption. Perinatal lethality probably caused by
kinase-like orphan autosomal dominant middle and terminal phalanges, cardiac spetla defects. Mice have shortened snout, limbs
receptor 2; ROR2, (113000) symphalangism, mild syndactyly, and tail, and cleft palate. All bones formed by endochondral
9q22 (602337) deformed thumbs and big toes ossification were foreshortened and misshapen, with a

tendency toward greater abnormalities more distally. The
digits were shortened and missing the middle phalanges (202).

Robinow syndrome, Short stature, macrocephaly,
autosomal recessive large anterior fontanel, frontal
(268310) bossing, micrognathia, flat

facial profile, rib fusion,
absent ribs, delayed bone age,
scoliosis, thoracic hemiverte-
brae, mesomelia, clinodactyly,
broad thumbs and toes, bifid
terminal phalanges

Runt-related Cleidocranial dysplasia, Moderate-to-short stature, (1) Targeted disruption. Animals die just before birth.
transcription autosomal dominant delayed fontanelle closure with Skeleton exhibits complete lack of intramembraneous and
factor 2; RUNX2, (119600) metopic groove, frontal and endochondral ossification (203). Tooth morphogenesis is
6p21 (600211) parietal bossing, calvarial also disrupted because of defects in ameloblast and odonto-

thickening, midface hypoplasia, blast maturation (204).
micrognathia, cleft palate, hypo- (2) Radiation induced ccd mutation that is a Runx2 deletion.
plastic clavicles, small scapula, Phenotype is similar to that resulting from molecular gene
short ribs, osteosclerosis, targeting (205,206).
wormian bones, spondylolysis, (3) Transgenic expression in osteoblasts. Animals have
scoliosis, kyphosis, delayed normal skeleton at birth and develop osteopenia later (207).
mineralization of pubic
bone, broad femoral head with
short femoral neck, hypoplastic
iliac wing, brachydactyly
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SRY-related HMG- Campomelic dysplasia, Short limb dwarfism, large Targeted disruption. Perinatal lethality. Skeletal defects in
box gene 9; SOX9, autosomal dominant anterior fontanelle, macrocephaly, all bones derived from endochondral ossification, include
17q24.3-q25.1 (114290) micrognathia, cleft palate, hypo- cleft secondary palate, hypoplasia and bending. Skeletal
(608160) plastic thoracic cage, missing abnormalities similar to those found in campomelic dysplasia

twelfth pair of ribs, hypoplastic, patients. Skeletal patterning was not affected. Premature
poorly ossified cervical vertebrae, mineralization of skeletal elements, including craniofacial
small iliac wings, short phalanges region and vertebral column. Hypertrophic zone of growth
for both hands and feet, anterior plate was thicker (208).
bowing of tibia, short fibula,
mildly bowed femur, absent
ossification of proximal tibial,
and distal femoral epiphysis

T-box 5; Holt-Oram syndrome, Vertebral anomalies, thoracic Conditional knockout. Embryonic lethality because of mal-
TBX5, 12q24.1 autosomal dominant scoliosis, absent or bifid thumb, formed heart tube. Elongated phalangeal segments of first
(601620) (142900) triphalangeal thumb, carpal forelimb digit and hypoplastic falciformis bones in the

bone anomalies, upper extremity wrist were present in multiple heterozygous mutant
phocomelia, radial-ulnar mice (209).
anomalies

Transforming growth Camurati-Engelmann Sclerosis of skull base, mandible Targeted disruption. Lethality around weaning due to
factor, beta-1; disease autosomal involvement, sclerosis of pos- massive inflammation lesions and tissue necrosis in
TGFB1, 19q13.1 dominant (131300) terior part of vertebrae, scoliosis, many organs (210,211).
(190180) progressive diaphyseal widening,

thickened cortices, narrowing of
medullary canal

Vitamin D3 receptor; Vitamin D-resistant rickets, Rickets Targeted disruption. Animals normal until after weaning.
VDR, 12q12-q14 autosomal recessive By 7 wk, null mice develop alopecia, flat face and short
(601769) (277440) nose. Severe bone malformation leading to growth retarda-

tion and 40% loss of bone density. Early lethality around
15 wk (212).

aHuman gene description includes gene name, symbol, corresponding OMIM number, and locus.
bHuman disease description includes disease name and corresponding OMIM number.
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Table 2
Human Genetic Disorders with As-Yet No Known Genetic Associations

Disorder name OMIM number  Gene location Brief description of skeletal defects

Acrocallosal syndrome; 200990 12p13.3-p11.2 Macrocephaly, large anterior fontanel, prominent occiput and forehead, hypoplastic
ACLS midface, cleft palate, tapered fingers, fifth finger clinodactyly, brachydactyly,

postaxial polydactyly, bifid terminal phalanges of thumbs, toe syndactyly,
duplicated halluces

Chondrocalcinosis 1; CCAL1 600668 8q (CCAL1) CCAL1; chondrocalcinosis, severe degenerative osteoarthritis
Chondrocalcinosis 2; CCAL2 118600 5p15(CCAL2) CCAL2; chondrocalcinosis, arthropathy, acute intermittent arthritis, ankylosis
Chondoma; CHDM 215400 7q33 Sacrococcygeal chordoma
Cohen syndrome; COH1 216550 8q22-q23 Microcephaly, maxillary hypoplasia, micrognathia, joint hyperextensibility,

narrow hands and feet, mild shortening of metacarpals and metatarsals
Craniometaphyseal dysplasia; 218400 6q21-q22 Cranial hyperostosis, facial palsy, prominent supraorbital ridges and mandible,

CMDR square profile, diaphyseal sclerosis, metaphyseal dysplasia, metaphyseal broadening
Otopalatodigital syndrome, 304120 Xq28 Prominent forehead, severe micrognathia, midface hypoplasia, cleft palate, sclerotic

type II; OPD2 skull base, bowing of long bones, small to absent fibula, subluxed elbow, wrist,
and knee, flexed, overlapping fingers, short, broad thumbs, postaxial polydactyly,
syndactyly, second finger clinodactyly, hypoplastic, irregular metacarpals

Craniosynostosis, 600593 4p16 Craniosynostosis, coned epiphyses of hands and feet, distal and middle phalangeal
Adelaide type; CRSA hypoplasia, carpal bone malsegmentation, phalangeal, tarsonavicular and calcaneo-

navicular foot fusions
FG syndrome; FGS1 305450 Xq12-q21.31 Macrocephaly, large anterior fontanel caused by delayed closure, plagiocephaly,

micrognathia, cleft palate, joint contractures, broad thumbs, clinodactyly, syndactyly,
broad halluces

Fibrodysplasia ossificans 135100 4q27-q31 Heterotopic ossification, especially of the neck, spine, and shoulder girdle,
progressiva; FOP malformed cervical vertebrae, short broad femoral necks, malformed big toes,

monophalangic big toes, short thumbs, fifth finger clinodactyly, severely restricted
arm mobility

Larsen syndrome; LRS1 150250 3p21.1-p14.1 Cleft palate, flattened frontal bone, small skull base, shallow orbits, dysplastic
epiphyseal centers, cervical vertebrae hypoplasia, scoliosis, spondylolysis, short
metacarpals and metatarsals, multiple carpal and calcaneal ossification centers with
delayed coalescence
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Otopalatodigital syndrome, 311300 Xq28 Prominent occiput and supraorbital ridges, cleft palate, absent frontal and sphenoid
type I; OPD1 sinuses, thick frontal bone and skull base, delayed closure of anterior fontanel,

steep clivus, dense middle-ear ossicles, short, broad distal phalanges, especially
thumbs, short third, fourth, fifth metacarpals, supernumerary carpal bones, fusion
of hamate and capitate, toe syndactyly, anomalous fifth metatarsal, extracalcaneal
ossification center

Pituitary dwarfism II 262500 5p13-p12 Acrohypoplasia, short limbs, delayed bone age, markedly advanced osseous
maturation for height and age

Russell-Silver syndrome; 180860 7p11.2 Micrognathia, skeletal maturation retardation, craniofacial disproportion, delayed
RSS fontanel closure, asymmetry of arms and/or legs, fifth finger clinodactyly, fifth

digit middle or distal phalangeal hypoplasia, syndactyly of second and third toes
Shwachman-diamond 260400 Costochondral thickening, irregular ossification at anterior rib ends, delayed skeletal

syndrome maturation, slipped capital femoral epiphyses, metaphyseal chondrodysplasia of
long bones

Sotos syndrome 117550 5q35 Macrocephaly, frontal bossing, prognathism, advanced bone age, large hands and
feet, disharmonic maturation of phalanges and carpal bones

Spastic paraplegia 9; SPG9 601162 10q23.3-q24.1 Skeletal abnormalities, short fifth finger, clinodactyly, delayed bone age, shallow
acetabulum, small carpal bones, dysplastic skull base

Syndactyly, type I 185900 2q34-q36 Syndactyly, complete or partial webbing between third and fourth fingers, fusion
of third and fourth finger distal phalanges, complete or partial webbing between
the second and third toes

Velocardiofacial syndrome 192430 22q11 Microcephaly, Pierre Robin syndrome, cleft palate
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the many functions of BMPs is to induce cartilage, bone, and connective tissue formation in verte-
brates (24,25). This osteochondro-inductive capacity of BMPs is highly promising for orthopedic
applications, such as skeletal repair and regeneration, and in dental applications, such as the treat-
ment of periodontal diseases (26–30). Since the discovery of BMPs over three decades ago, their abil-
ity to induce ectopic bone and cartilage formation remains a topic of intense investigation. In particular,
the characterization of the molecular mechanisms of BMP functions was reignited after the cloning
of the activin receptor, the first TGF- type receptor, in 1991 (31). Thereafter, the molecular pathways
to differentiation have been meticulously dissected and exposed.

BMP signals through heterodimeric serine–threonine kinase receptor complexes, containing type
I and type II receptors, each class having a number of subtypes (32,33). Both type I and type II recep-
tors are capable of low-affinity interaction with BMP but only when the ligand binds to both receptors
can result in high-affinity heteromeric ligand–receptor complex formation capable of BMP-depen-
dent signaling (34,35). Therefore, it is likely that the presence and number of different BMP receptors
determine the cellular responses to the many ligands. Evidence suggests that the subtype BMPR-IB
is essential for chondrogenesis for the entire developing skeletal system (36–39). However, target
deletion studies of the BMPR-IB receptor suggest otherwise (39,40). In these animals, the BMPR-IB
does appear to have an essential role to play during limb bud morphogenesis because the abnormali-
ties are located in the appendicular skeletal elements and not in the axial skeletal structures. Moreover,
in vitro studies show that BMPR-IB does not possess exclusive chondrogenic potential, suggesting
that other BMP type I receptors may exert redundant functions during chondrogenesis (41–43). Taken
together, the response to BMP signal is not solely defined by the identity of the type I receptor but
additionally by elements in the signal transduction pathways that lie downstream of the receptor. These
are the various cytoplasmic and nuclear transducers, both positive and negative.

Downstream from the receptors, Smads are the predominant effectors of TGF- /BMP signaling (44,
45). An important issue for BMP-dependent signaling is the type of Smad proteins involved in chondro-
genic differentiation and whether the Smads alone are sufficient to direct differentiation. Smads func-
tion as dimeric complexes and belong to three classes: regulatory, inhibitory, and common. The receptor-
regulated Smads (R-Smads) are further subdivided into two groups. Smad1, Smad5, and Smad8 are
directly phosphorylated and activated by BMP type I receptors. Smad2 and Smad3 are mediators of
activin or TGF- type I receptor signaling. A series of in vitro studies have shown that Smad1, Smad5,
and Smad8 may be involved in osteochondrogenic differentiation (46–49). These findings suggest that
different Smads or Smad combinations are engaged at different stages of mesenchymal cell differentia-
tion into osteoblasts and chondrocytes. However, in vivo manipulations of Smads have not resulted
in conclusive evidence because genetically engineered animal models targeted against Smads pro-
duce embryonic lethality (50). Nevertheless, a glimpse of in vivo Smad function can be observed in
Smad3 knockout animals, which manifest osteopenia and early onset osteoarthritis (51). The class of
inhibitory Smads (I-Smads) includes Smad6 and Smad7. They have been shown to inhibit the effect of
R-Smads by competing for binding to activated type I receptors (52–56). Indeed, I-Smads are potent
inhibitors of skeletogenic differentiation (48,57,58). The common Smad4 (Co-Smad) associates with
activated R-Smad complex, which translocates into the nucleus and participates in the regulation of
target genes (59). Smad4 functions as a tumor suppressor gene, and mutations of the human SMAD4
lead to pancreatic carcinoma and juvenile intestinal polyposis, further illustrating the significance of
TGF-  superfamily signaling and its regulation of cellular physiology (60).

BMP signaling can be channeled through Smad-independent pathways, such as the extracellular
signal-regulated kinase, Jun N-terminal kinase, Wnt, and p38 mitogen-activated protein kinase path-
ways (61–65). Therefore, crosstalk between the signaling pathways during chondrogenic differentia-
tion is inevitable. However, a detailed recount of these interactions is beyond the scope of this review.
Finally, BMP and other growth factor signaling can coactivate chondrogenic differentiation. For exam-
ple, fibroblast growth factor (FGF) signaling through mitogen-activated protein kinase promotes
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chondrogenesis by increasing the level of Sox9 expression as well as increases its binding affinity on
the type II collagen promoter (66). It is obvious that BMPs control of chondrogenesis is a highly regu-
lated developmental process that involves multiple pathways and checkpoints. This combinatorial
mode of signaling ensures fidelity in the patterning and timing of the cartilaginous template onto which
most of the bony skeleton is produced.

CRANIOFACIAL MORPHOGENESIS
AND CRANIAL NEURAL CREST CELLS (CNCCS)

CNCCs give rise to most of the craniofacial tissues (67–69). Interestingly, this cell population is
derived from the dorsal cephalic neural tube. During embryogenesis, the ectoderm at the midline over-
lying the notochord thickens to form the neural plate. Progressively, the flattened neural plate begins
to bend, creating elevations, called the neural folds, with a central depression the neural groove. As
neurulation proceeds, the bilateral neural folds oppose each other and fuse at the midline to form the
closed neural tube. At the time of neural tube closure and at the junction of where the thickened neuro-
ectoderm meets the non-thickened surface ectoderm, epithelial cells delaminate and emerge as mes-
enchymal cells into the underlying space. These are the neural crest cells (70). Neural crest cells are
formed along the entire length of the primary neural tube. CNCCs are formed from the neural tube at
the level of the forebrain, midbrain, and hindbrain.

Neural crest cells are multipotential, and they give rise to a number of cell lineages (71,72). Those
arising from the cranial region have different sets of potentials when compared with those arising in
the trunk. For example, trunk neural crest cells do not normally produce cartilage. However, recent
evidence from lineage tracing and transplantation strategies suggest that some trunk crest cells are
capable of differentiating into cranial cartilages when transplanted into the cranial region (73,74).
From a number of studies using various lineage tracing approaches, we have learned that neural crest
cells from the forebrain and midbrain contribute to the frontonasal mesenchyme for the formation of
the upper and midface structures, including part of the cranial base, nasal, and otic capsules (75–77).
CNCCs in the branchial arches are destined for skeletal, odontogenic, myogenic, neuronal, and con-
nective tissue lineages of the lower face and neck regions. Following the cartilage lineage in particular,
CNCCs in the first branchial arch contribute to form Meckel’s cartilage and the temporomandibular
joint cartilage. The hyoid is derived from CNCCs in both the second and third arches, and the fourth
and sixth arches in combination give rise to the thyroid, cricoid, arytenoid, corniculate, and cunei-
form cartilage (68,72,75,78–80).

BMP REGULATION OF CRANIOFACIAL
CARTILAGE DEVELOPMENT AND APOPTOSIS

The hindbrain is a segmented structure, each segment called a rhombomere (Fig. 1). In the verte-
brate head, there are eight pairs of rhombomeres and each gives rise to segment-specific CNCCs.
During the migratory phase of CNCC development, CNCCs converge into three major streams directed
toward the branchial arches in an orderly and patterned manner (81,82). Therefore, an early step in
the regulation of craniofacial cartilage differentiation is CNCC production and patterning within the
hindbrain. Similar to setting up the overall body plan, the hindbrain is patterned by a series of homeo-
box (Hox)- and homeobox-containing genes (83). The production of CNCCs from these rhombomeres
is in part regulated by their Hox genes. In addition, cell fate determination in the CNCCs is an orches-
trated process (84–86). CNCCs exert a “community effect” among themselves and cell–cell and/or
cell–matrix signaling in the group can maintain their segmental identity (87,88). In addition to this
“community” effect, it is also discovered that the isthmus, a region between the midbrain and hind-
brain, serves as a patterning center for the rhombomeres and the CNCC derivatives. The isthmus
expresses high levels of FGF8 that regulates the expression of the Hox genes in the rhombomeres.
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Transplantation experiments that include or exclude the isthmus yield different outcomes. The inclu-
sion of the isthmus during grafting allows the rhombomeres and CNCCs to maintain their original iden-
tity, whereas the exclusion of the isthmus renders CNCCs responsive to environmental cues (89). In
addition to the isthmus, CNCCs can be patterned by signals from the endoderm to give rise to distinct
pieces of craniofacial cartilages. Interestingly, this is only limited to CNCCs above the level of the
second rhombomere, the so-called Hox-negative cells. CNCCs expressing Hox genes are not respon-
sive to endodermal induction (90).

Although each rhombomere can give rise to CNCCs, it is observed that those of rhombomeres 3
and 5 contribute to a minority of the population. A large number of CNCCs within the rhombomere
undergo apoptosis, and only a small population migrate out. These cells join the major streams and,
thus, lateral to rhombomeres 3 and 5, the area appears relatively free of CNCCs (91–98). This may
serve to gauge the number of CNCCs being produced and to better delimit the migratory streams and
their eventual destination. Evidence suggests that CNCC apoptosis is regulated by BMP and Wnt
signaling. BMP4 is expressed coincidentally within rhombomeres 3 and 5. BMP4 induces the expres-
sion of Msx2 in these rhombomeres, and ectopic expression of Msx2 increases the number of apopto-
tic CNCCs (5,13,93,99). The lack of BMP signaling in even-numbered rhombomeres may be attributed
to the presence of the BMP antagonist, noggin (100). Taken together, these experiments suggest that
CNCC apoptosis is regulated by signals from BMP4 and is mediated by Msx2. Wnt signaling is signif-
icant in this cascade because of the expression of cSFRP2 in rhombomeres that have limited apoptosis.
cSFRP2 is an antagonist of the Wnt signaling and overexpression of cSFRP2 inhibits BMP4 expression
and rescues CNCC from apoptotic elimination. Consistently, inhibition of cSFRP2 or overexpression
of Wnt1 results in ectopic CNCC apoptosis (101). However, another Wnt family member; Wnt6, has
been recently shown to be necessary and sufficient for the induction of neural crest formation (102).
The use of different Wnt genes in combination that regulate CNCC formation is an elegant example
of the complexity of the system.

As CNCCs migrate from the neural tube towards the forming face, they converge into major streams,
migrating toward the respective branchial arches. Migration is largely governed by adhesive proper-
ties between cells and substrate, and a number of factors have defining roles in this developmental
event (103). During migration, the cells remain in an undifferentiated state such that they are allowed
to reach their destination before they expand further and undergo overt differentiation. Localization
studies reveal that premigratory CNCCs and a subpopulation of migrating CNCCs may already be par-
tially committed to the cartilage lineage by virtue of their expression of the key cartilage transcription
factor, Sox9 (104,105). However, these cells do not differentiate yet. Differentiation of these cells may
be suppressed by the coexpression of Msx2 in the Sox9-expressing cells. Msx2 may serve to main-
tain these cells in an undifferentiated state until migration is completed. Overexpression of dominant-
negative forms of Msx2 in these migratory cells inhibits normal Msx2 functions and leads to preco-
cious cartilage differentiation (105).

The mandible and maxilla arise from the anterior and posterior processes of the first branchial arch,
respectively. These structures receive extensive contributions of CNCCs from the posterior midbrain
and rhombomeres 1 and 2 of the anterior hindbrain. In addition to the lineages found in the other
branchial arches, CNCCs in the first arch also differentiate into tooth structures that are unique to this
arch (106,107).

Meckel’s cartilage formed within the mandibular process has a unique pattern. It consists of an
anterior, triangular piece at the midline, bilateral rod-shaped pieces that regress to form the sphenom-
andibular ligament, and posterior pieces that give rise to the malleus, incus, and temporomandibular
joint cartilage. The formation of Meckel’s cartilage is regulated by the mandibular epithelium through
epithelial-mesenchymal interactions (108,109). The instructive signal from the epithelium can be
substituted by epidermal growth factor (EGF), which sustains mesenchymal proliferation and delays
chondrocyte differentiation (110,111). Removal of the epithelium results in increased but dysmorphic
cartilage formation (112,113). Indeed, EGF and EGF receptors are endogenous to the mandibular
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process (114,115). Antisense oligonucleotide inhibition of EGF in the mandibular process results in
ectopic cartilage formation. In contrast, exogenous EGF reduces and disrupts cartilage formation
(46,115). Furthermore, targeted disruption of EGF receptor in the mouse results in Meckel’s carti-
lage deficiency as well (116). These defects are attributed to changes in matrix metalloproteinases
expression and its regulation of cartilage morphogenesis. Expression of matrix metalloproteinases is
regulated by EGF, and they function in multiple tissue morphogenesis, including that of the anterior
segment of the developing Meckel’s cartilage (117).

Within the mesenchyme, cartilage formation is further delimited by the expression of the tran-
scription factor Msx2, which is excluded from regions with chondrogenic potential (118). Antisense
oligonucleotide inhibition of Msx2 expression in the mandible results in disruption of Meckel’s car-
tilage formation (119). Furthermore, adenoviral expression of ectopic Msx2 also abrogates cartilage
formation (120). Interestingly, endogenous Msx2 expression is regulated by BMP expression and
that ectopic BMP signaling can alter Msx2 expression domain, leading to cartilage dysmorphogenesis
(120–122). Msx2 can also inhibit ectopic cartilage formation that is induced by BMP4 as a feedback
reaction. However, the competence of the mesenchyme to respond to BMP4 is dependent on local
signals and the key cartilage transcription factor Sox9, functions in antagonistic combination with
Msx2 to regulate cartilage formation (120).

LIMB MORPHOGENESIS AND LIMB MESENCHYME

The limb cartilage develops from paired primordial buds that appear on the embryo’s lateral sur-
face at specific levels along its anterior posterior body axis. At the early stages of limb development,
the buds exhibit a paddle shape and consist of undifferentiated mesenchymal cells derived from the
lateral plate and somitic mesoderm, and overlying ectoderm. At the distal tip of the bud, the ectoderm
forms a specialized thickened epithelial structure, known as the apical ectodermal ridge (AER). Pat-
terning along the proximal–distal axis depends in part on signaling molecules from the AER (123,
124). Instrumental to this process is the family of FGFs (125–130). The classic model of limb pat-
terning involves the determination of positional values along the proximal–distal axis specified by
instructive signaling from the AER to the subridge mesenchyme, known as the progress zone (131).
However, recent revolutionary interpretation of limb patterning describes the specification of distinct
proximal–distal segments of the limb early in development, with subsequent development involving
expansion of these mesenchymal progenitor before differentiation (128,132). The anterior–posterior
axis of the limb is patterned by the zone of polarizing activity (ZPA), which is located at the posterior
margin of the limb (124,133,134). The major morphogen from this organizing center is the sonic hedge-
hog (Shh) gene (135), which maintains anterior–posterior patterning in conjunction with other gene
products, such as the HoxD gene (136), and participate in regulatory feedback signaling with the AER
(137). Dorsal–ventral patterning is governed by ectodermally expressed Wnt7a and engrailed-1 pro-
teins and their coregulation of Lmx1b gene expression at the dorsal mesenchyme (138,139). Therefore,
patterning along the three axes is interlinked with each other.

The limb cartilage elements form in a temporal proximal-to-distal sequence but are initially con-
tiguous (36). Through the gradual recruitment of cells, the primary condensation of the stylopod
(humorous/femur) forms first, the zeugopod (radius-ulna/tibia-fibula) forms second, and the autopod
(carpals/tarsals and phalanges) forms last. There is considerable mixing of cells along the proximal–
distal axis within each future segment but not between segments. Positional information is expressed
by determinants of the Hox family of genes. The first part of the limb in which a subset of Hoxa and
Hoxd genes are activated is the posterior limb (140,141). Subsequently, the expression domains extend
anteriorly, in the distal part. In the final stage of limb morphogenesis, the mesenchyme in the distal
region of the limb bud (autopod) can have two different fates, chondrogenesis or apoptosis, depend-
ing on whether they are incorporated into the digital ray or into the interdigital regions. There is now
considerable evidence to indicate that BMPs are essential mediators in specifying mesenchymal cells
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undergoing either apoptosis or chondrogenesis and in the determination of digit identity (3,6,142–144).
This point will be elaborated further in the next section. Finally, in regions of the mesenchymal conden-
sation where joints from, condensed chondroprogenitors do not differentiate into chondrocytes but
instead become tightly packed and adopt a fate of apoptosis as part of the normal program (25,145,146).
Therefore, the orchestration of the apoptotic and chondrogenic response results in the formation and
delineation of the limb cartilaginous template. Failure of either process results in limb malformations
such as syndactyly or polydactyly of soft or hard tissues.

BMP REGULATION OF LIMB
CARTILAGE DEVELOPMENT AND APOPTOSIS

BMPs are instrumental to the formation of the limb and are intimately involved in multiple stages
of limb development, including patterning, outgrowth, AER regression, digit formation, digit identity,
and interdigital apoptosis. To function in multiple developmental events, BMPs engage in signaling
networks during limb morphogenesis and operate in concert with other key morphoregulatory factors,
such as FGFs and Shh. Furthermore, several BMPs are already present during early development.
BMP2, BMP4, and BMP7 are expressed in the limb mesenchyme in overlapping patterns before the
formation of precartilagenous condensation (20). The specificity of BMPs for multistep action during
limb morphogenesis is also reflected by different expression profile of the receptor subtypes trans-
ducing the BMP signal (38). BMPs at an early stage regulate mesenchymal condensation into carti-
lage nodules, as well as the induction of the AER (147). At later stages, BMPs are responsible for the
maturation of limb cartilage and the regression of the AER (148). In vitro evidence supports that exog-
enous BMP enhances chondrogenesis in limb mesenchyme after the condensation step (149). Through
their function in the maintenance of the AER and consequential regulation of limb outgrowth along
the proximal–distal axis, BMPs also relay information and participate in interdependent developmen-
tal processes, such as patterning along the dorsal–ventral axis (150). There is little genetic evidence to
support the role of BMPs in limb development because target mutation in animal studies of BMPs
and their receptors result in early lethality or lack of phenotype directly related to cartilage formation
(14,20,151). However, experiments using retroviral-mediated misexpression to simulate loss of func-
tion result in limbs that show a lack of Alcian blue stain cartilage elements (37,42). However, infec-
tion of the chick limb with retrovirus encoding BMP2, BMP4, or constitutively active receptor type
I to simulate BMP gain of function results in fusion and hyperplasia of the cartilage elements (37,152).
Mouse models show that BMP receptor type IB appears to be the necessary mediator of BMP-induced
chondrogenesis (39,40), although overexpression of the receptor or constitutive activation of the
receptor can also cause apoptosis (37,153).

In addition to driving chondrogenesis, BMPs are key regulators of interdigital apoptosis that leads
to the delineation of the digits. Among them, BMP2, BMP4, and BMP7 are expressed in the inter-
digital regions before and during the occurrence of apoptosis, suggesting a role in cell death (20).
Implantation of BMP4-soaked beads in interdigital regions accelerates interdigital cell death. In addi-
tion, BMP4 can also cause ectopic cell death when applied at the tip of the developing digit pad (154).
The apoptotic effect of BMP4 can be antagonized by FGF2 (155). Similarly, BMP2 and BMP7 are
potent apoptotic signals for the undifferentiated limb mesenchyme but not for the ectoderm or the
differentiating chondrogenic cells (156). Perturbations of BMP signaling through manipulation of
BMP receptors also result in aberrations in interdigital apoptosis. For example, overexpressing domi-
nant-negative BMP receptors in chick leg bud via replication-competent retrovirus to block endog-
enous BMP signals results in inhibition of apoptosis in the interdigital mesenchyme, which leads to
webbed chick feet (37). Taken together, these results indicate that BMP signaling is necessary for the
apoptotic cascade in the interdigital mesenchyme. Interestingly, in parallel with craniofacial apoptosis
as described in previous sections, Msx2 is also a mediator of BMP-induced interdigital apoptosis
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(157). However, it is still unclear as to how Msx2 expression is instructive or permissive to apoptosis.
Therefore, the totality of limb development and the emergence of its intricate design are dependent in
part on BMP signaling in the larger context of many other growth and transcription factor signaling
networks.

Of particular interest are the role of retinoic acid and its interactions with BMP signaling and their
coregulation of limb development. Retinoic acid is an endogenous morphogen at physiological levels
and a teratogen in excess. Endogenous retinoids serve to pattern the hindbrain and the limb bud (158).
Excessive retinoids lead to retinoic acid embryopathy characterized by craniofacial abnormalities
(159). There are three distinct aspects of how retinoic acid modulates BMP signals. First, retinoic acid
is well known for its ability to pattern the limb bud by virtue of its ability to substitute for the ZPA
and for its upregulation of Shh that is endogenous to the ZPA (160,161). In tandem, retinoic acid also
upregulates BMP expression that is needed for anterior–posterior patterning event (162,163). Second,
retinoic acid regulates interdigital apoptosis by activating BMP expression and activities (164). Third,
retinoic acid can also enhance chondrogenesis mediated by both BMP-dependent and BMP-indepen-
dent pathways (164,165). Therefore, the regulation of chondrogenesis and apoptosis by BMP may rest
on the ability of retinoic acid to divert BMP signaling to one pathway vs another, or the regulation by
retinoic acid on distinct cofactors of BMP signaling for different pathways.

SUMMARY AND FUTURE CHALLENGES

Studies from classical developmental models suggest that cell fate determination is a progressive
process that is dependent on combinatorial signaling of a repertoire of growth and differentiation fac-
tor networks. Signaling is modulated by restricted expression profiles of factors organized in precise
temporal and spatial arrays. Signaling is gauged by checkpoints where rate-limiting factors determine
the threshold for progression. Because BMPs are multifunctional factors, the challenge is to identify
the molecular basis for chondrogenic differentiation of mesenchymal cells. Functional studies should
establish the mechanisms of lineage commitment and diversification, and provide a platform for molec-
ular manipulations with predictable lineage outcomes. This knowledge will provide the molecular basis
for tissue engineering and biomimetics of mesenchymal cells.
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ENDOCHONDRAL OSSIFICATION: OVERVIEW

During the last decade, great progress has been made toward a better understanding of skeletal
development, cartilage, and bone formation. In particular, many mechanisms underlying a variety of
cellular and molecular processes that regulate growth and differentiation of chondrocytes, osteoblasts,
and osteoclasts have been elucidated. This chapter will review some of the molecular and genetic path-
ways known to regulate cartilage development. Skeletal formation occurs through both endochondral
and intramembraneous ossification. Flat bones and craniofacial bones are formed through intramem-
braneous ossification that relies on osteoblast differentiation directly from mesenchymal stem cells.
The axial and appendicular skeleton form through endochondral ossification, which requires the forma-
tion of a cartilage intermediate that forms a template for osteoid deposition and bone formation. During
endochondral bone formation, mesenchymal stem cells differentiate into both chondrocytes and osteo-
blasts. During development of the long bone, growth plates localize to either end of the skeletal element
and the region of cartilage is surrounded by a perichondrium that is composed of undifferentiated
mesenchymal cells. In the growth plates, chondrocytes undergo several stages of differentiation. One
of the important transitions is from proliferation to hypertrophy, an event that precedes mineraliza-
tion of the cartilage matrix (Fig. 1). Chondrocyte hypertrophy is characterized by profound physical
and biochemical changes, including a 5- to 10-fold increase in volume and expression of alkaline phos-
phatase, type X collagen, and MMP-13 (1,2). Type X collagen is a short-chain collagen found only in
the hypertrophic zone of the growth plate. Although its exact function remains unclear, mutations in
the colX gene have been found to cause Schmid metaphyseal chondrodysplasia (3), and transgenic
mice with disruption in the colX gene exhibit a mild alteration of the growth plate architecture (4).
Alkaline phosphatase is essential for calcification of the matrix and is present in high concentration
in matrix vesicles, which are small membrane vesicles released by budding from the surfaces of hyper-
trophic chondrocytes into the surrounding matrix (5). Matrix vesicles are the initial sites of mineral-
ization in the hypertrophic region of the growth plate and are critical components of the calcification
process. The calcified matrix subsequently serves as the template for primary bone formation. In paral-
lel, the perichondrium flanking the cartilage element differentiates into osteoblast-forming periosteum.

Primary bone formation is initiated at the center of the cartilage template and results in the subse-
quent formation of two separate regions of endochondral bone that develop at either end of the long bone.
The growth plate is responsible for longitudinal growth of bones. Both chondrocyte proliferation and
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hypertrophy contribute to lengthening of the limb (6,7). Because terminally differentiated hypertrophic
cartilage is continuously replaced by bone, the tight regulation of the various steps of chondrocyte dif-
ferentiation, particularly proliferation and hypertrophy, is critical for balancing the growth and ossifi-
cation of the skeletal elements.

Both local and systemic signaling molecules regulate endochondral ossification. Here we review
some of the factors that regulate chondrocyte maturation, including parathyroid hormone-related pep-
tide (PTHrP), Indian hedgehog (Ihh), transforming growth factor- (TGF- ), and bone morphogenetic
proteins (BMPs). Although these factors are also involved in the early stages of endochondral ossifi-
cation, such as chondrogenesis and differentiation of precursor mesenchymal cells in chondrocyte, we
specifically address their role in the precise transition of chondrocytes from the proliferative phase to
the hypertrophic phase (Fig. 1).

IHH/PTHRP SIGNALING LOOP:
A CLASSIC MODEL FOR CHONDROCYTE DIFFERENTIATIONS

The paradigm for regulation of endochondral ossification involves the Ihh gene. Ihh expression
delineates the zone of prehypertrophic chondrocytes. During limb development, secreted Ihh binds
to receptors located on perichondrial cells and influences the expression of PTHrP by periarticular
chondrocytes. PTHrP subsequently signals back to the growth plate and regulates the rate of chondro-
cyte differentiation (Fig. 2). It is still unclear whether Ihh controls PTHrP expression directly or in-
directly through TGF- superfamily members. Finally, it is possible that the role of Ihh in skeletal

Fig. 1. Regulation of chondrocyte maturation. Multiple factors control cell differentiation from mesenchymal
stem cells to hypertrophic chondrocytes, including members of the TGF- superfamily and their downstream
SMAD mediators, the homeodomain proteins and AP-1/CREB/ATF/Runx2 transcription factors. Phenotypic genes
corresponding to each step of chondrocyte maturation are also indicated.
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development is primarily during embryonic growth and is less important postnatally, as we subsequently
describe.

Hedgehog proteins are a conserved family of secreted molecules that provide key signals in embry-
onic patterning in many organisms. In vertebrates, there are three hedgehog genes: sonic hedgehog
(Shh), desert hedgehog (Dhh), and the aforementioned Ihh. Shh functions in embryonic development
by controlling the establishment of left–right and anterior–posterior limb axes, Dhh functions as a
spermatocyte survival factor in the testes, whereas Ihh is involved in endochondral ossification (8).
Hedgehog proteins signal through a transmembrane receptor called Patched (Ptc) and a transcription
factor called Gli. In vivo overexpression of Ihh in chicken limb bud through retrovirally mediated
infection leads to shorter and broader skeletal elements with a continuous cartilage core that lacks
hypertrophic chondrocytes (9). In contrast, Ihh-deficient mice exhibit premature hypertrophic differ-
entiation, reduced chondrocyte proliferation, and failure of osteoblast development (10).

The phenotype of Ihh misexpression in either chicken limb bud or in transgenic mice is similar
with the phenotype of PTHrP misexpression. Animals that overexpress PTHrP exhibit delay in chon-
drocyte terminal differentiation (11). Humans with an activating mutation in the PTH/PTHrP recep-
tor have Jansen’s metaphyseal chondrodysplasia, characterized by disorganization of the growth plate
and delayed chondrocyte terminal differentiation (12). In contrast, mice null for either PTHrP (13)
or its receptor (14) display accelerated chondrocyte differentiation and abnormal endochondral bone
formation.

Several lines of evidence indicate that Ihh and PTHrP interact in a negative feedback loop regulat-
ing the onset of hypertrophic differentiation. Ihh overexpression in the chicken limb bud leads to induc-
tion of PTHrP expression in the periarticular region (9), whereas lack of Ihh signaling in the Ihh-deficient
mice leads to lack of PTHrP expression (10). Additionally, limb explants of PTHrP knockout mice
treated with hedgehog protein in culture demonstrate that intact PTHrP signaling is required to mediate
the inhibitory effect of Ihh on chondrocyte differentiation (9). These findings established the following

Fig. 2. The role of Ihh/PTHrP in endochondral ossification. Chondrocyte cell differentiation is associated
with expression of specific genes involved in the regulation of chondrocyte maturation. Ihh is expressed in the pre-
hypertrophic chondrocytes and signals through TGF- 2 located in the perichondrium to enhance transcription of
the PTHrP gene in the periarticular region.
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mechanism for the Ihh/PTHrP regulation of chondrocyte differentiation: Ihh is produced by the pre-
hypertrophic chondrocytes, signals through Ptc and Gli in the adjacent perichondrium, and induces
expression of PTHrP in the periarticular region. In turn, PTHrP would diffuse across the growth plate,
bind to its receptor, which is expressed in the prehypertrophic chondrocyte, and subsequently delay
chondrocyte maturation.

One of the elusive aspects of this signaling pathway is the signals that are generated by Ihh-stim-
ulated perichondrium to influence PTHrP expression in the periarticular cartilage. Indeed, removal
of perichondrium causes inability of hedgehog signaling to delay chondrocyte hypertrophy (15). Other
studies have shown that removal of perichondrium results in an extended zone of cartilage expressing
colX and an extended zone of cartilage incorporating BrdU, indicating that perichondrium negatively
regulates both proliferation and hypertrophy of chondrocytes (16). Possible candidates as Ihh secon-
dary signals are the members of the TGF- superfamily, namely the BMPs and TGF- isoforms 1–3.

TGF- SIGNALING:
ROLE IN CHONDROCYTE DIFFERENTIATIONS

TGF- family members are considered possible mediators of Ihh signaling on PTHrP expression.
TGF- enhances PTHrP expression in both mouse metatarsal explants (17) and isolated chondrocytes
cultures (18,19). Similarly, intact PTHrP signaling appears to be required for of TGF- -mediated effects
on chondrocyte hypertrophy (17). Furthermore, transgenic mice overexpressing a dominant-negative
TGF- receptor exhibited a very similar phenotype to the PTHrP knockout mice. Both mouse models
present an accelerated chondrocyte differentiation (17,20). Finally, inhibition of TGF- signaling in
the perichondrium, with a dominant-negative type II receptor, also inhibits the effects of hedgehog
on chondrocyte differentiation and on induction of PTHrP expression (15). The dominant-negative
type II receptor inhibits all three TGF-  isoforms.

Alvarez et al. recently showed that treatment of mouse metatarsals cultures with hedgehog protein
leads to upregulation of TGF- 2 and TGF- 3 isoforms but not TGF- 1 in the perichondrium. Fur-
thermore, the effects of hedgehog protein signaling are specifically dependent on TGF- 2 because cul-
tures from TGF- 3-null embryos respond to hedgehog protein signaling but cultures from TGF- 2-
null embryos do not (15). Altogether, the evidence suggests that TGF- 2 acts as a signal messenger
between Ihh and PTHrP in the regulation of cartilage hypertrophic differentiation in embryonic devel-
opment. Although the phenotype of the dominant-negative type II TGF- receptor resembles the pheno-
types of Ihh and PTHrP knockout mice, the skeletal malformations are still less severe, suggesting
that, TGF-  may not be the only mediator of Ihh on PTHrP expression.

The role of Ihh/PTHrP signaling loop after embryonic development is not clearly established. It
has been suggested that this pathway is not operational in neonatal mice because of low or absent
levels of Ihh expression in the postnatal growth plate (21). Also for postnatal development, the physi-
cal distance between the periarticular region and the growth plate increases dramatically, and the
ability of PTHrP to diffuse to these tissues is questionable. A possible signaling scenario involving
TGF- and PTHrP in postnatal development has been defined by our group (22). All of the necessary
elements for a signaling pathway involving TGF- and PTHrP are existent in the growth plate, elimi-
nating the need for diffusion. The growth plate makes large amounts of TGF- and PTHrP expres-
sion is induced up to 20-fold in chondrocytes stimulated with TGF- (18). Because TGF- is secreted
in an inactive complex, a possible source for TGF- could be from hypertrophic cartilage during
remodeling. Matrix metalloproteinase 13 (MMP-13) is highly expressed in the hypertrophic region
and has been shown to activate latent TGF- (23). Another source is the zone of calcification as osteo-
clasts have been also been shown to activate TGF- (24). During matrix catabolism, TGF- is activated
from the latency-associated peptide (LAP) Activated TGF- then acts in an autocrine/paracrine man-
ner to stimulate the expression of PTHrP in the growth plate (18). The elevated expression of PTHrP
then slows the rate of chondrocyte differentiation. This leads to a decrease in the terminal differentia-
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tion and a fall in the activation of TGF- , which results in a reacceleration in the rate of chondrocyte
differentiation, with a subsequent increase in the release of active TGF- from the matrix. This positive
feedback loop between TGF- and PTHrP in the growth plate results in a cycling of differentiation
from an on or off state, similar to the effect of the Ihh/PTHrP signaling pathway during development.
Interestingly, although animals overexpressing dominant-negative TGF- receptors and the deletion
of Smad3, a critical transcription factor downstream of TGF- , both develop premature maturation, the
phenotype only becomes evident postnatally (25). This suggests that unique signals might be present
during limb development and postnatal growth and that TGF-  might be particularly important in this
latter process.

BMP REGULATION OF CHONDROCYTE DIFFERENTIATION

Similar to the TGF- family, BMPs are key regulators of organogenesis in early embryonic develop-
ment because they also play an active role in regulating cartilage formation and differentiation during
later stages. BMP-2, BMP-3, BMP-4, BMP-5, and BMP-7 all are expressed in the perichondrial cells
(26). Although BMP-4 and BMP-7 are expressed at low levels by chondrocytes undergoing maturation
(27), BMP-6 and BMP-7 are highly expressed by hypertrophic chondrocytes (9). Finally, BMP-2, BMP-4,
and BMP-7 are expressed in the precartilaginous mesenchyme (28) and were shown to enhance chondro-
genesis in vitro (29) and in vivo in chick limb buds (30). Regulation of BMP-2 and BMP-4 expression
by Ihh (31) further indicates that the interplay between these various signals in vivo increases the
intricacy by which chondrocyte growth and differentiation is regulated.

The role of BMP signaling in chondrocyte differentiation has been somewhat controversial because
of disparate effects that occur in vitro in isolated chondrocyte cell cultures and in in vivo in the chick
limb bud model. Cell culture studies in various models all demonstrate an induction in chondrocyte
maturation with gain of BMP signaling and a decrease in maturation with loss of function (32,33). In
contrast, in the chick limb bud, overexpression of activated type I BMP receptors inhibits chondro-
cyte maturation (26). However, our laboratory has recently demonstrated that activated BMP signal-
ing induces Ihh expression in chondrocytes, with a subsequent increase in PTHrP expression in the
periarticular region (34). This activation of the Ihh/PTHrP pathway likely explains the differential
effects of BMP signaling on isolated chondrocytes compared with the developing limb. Whereas BMPs
act to stimulate chondrocyte maturation directly, induction of Ihh/PTHrP signaling through paracrine-
mediated events has the opposite effect and inhibits maturation. The findings suggest that BMP sig-
naling is integrated into the Ihh/PTHrP signaling loop and that the ultimate effect is caused by a fine
balance of BMP signaling.

INTEGRATION OF MULTIPLE SIGNALING PATHWAYS:
COMBINATORIAL REGULATION OF CARTILAGE MATURATION

The growth factors and signaling molecules that control chondrocyte differentiation are intercon-
nected and center on interactions between the Ihh/PTHrP loop and the TGF- superfamily members.
Although a significant amount of information about their role in skeletal development is available,
less is known about the mechanisms by which their signaling pathways affect potential targets in the
growth plate. Recently, we and others have characterized some of the transcriptional mechanisms down-
stream of these pathways (35–38). It is indeed necessary to define how interactions between these
signaling events result in progression toward the hypertrophic phenotype.

PTHrP Signaling
PTHrP signaling increases cAMP and calcium levels in chondrocytes, with subsequent activation

of protein kinases A and C (PKA and PKC; refs. 39–41). Potential downstream targets of PKA/PKC sig-
naling are the transcription factors cAMP response element binding protein (CREB) and activator pro-
tein 1 (AP-1) CREB is a member of the ATF/CREB family of transcription factors, which is activated
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in response to cAMP/PKA signals. CREB binds constitutively to DNA at a consensus cAMP response
element primarily as a homodimer via a leucine zipper domain (42). Activation occurs secondary to
a phosphorylation event at Ser133. This results in the recruitment of the coactivator CBP (CREB-
binding protein) and activation of the transcriptional machinery. The AP-1 complex is formed through
dimerization between Fos and Jun family members. Subsequently, AP-1 binds DNA response elements
known as TPA response elements.

Although PTHrP does not alter CREB protein levels or DNA binding, it stimulates kinases that
activate CREB by stimulating phosphorylation at Ser133 (35). In addition, PTHrP induces c-Fos pro-
tein production and enhances AP-1 binding to its consensus element. This stimulation of CREB and
AP-1 signaling is associated with an increase in gene transcription while inhibition of their signaling
leads to inhibition of PTHrP effects on both proliferation and maturation of chondrocytes (35). Thus,
the transcription factor CREB has a role in skeletal development through involvement in PTHrP sig-
naling and direct regulation of chondrocyte differentiation.

In addition to PTHrP signaling through cAMP, several other growth factors, including insulin-like
growth factor, epidermal growth factor, TGF- , fibroblast growth factor, and platelet-derived growth
factor have also been shown to promote the phosphorylation of CREB family members (42,43),
suggesting a potential role for these factors in cell proliferation. Therefore, it is possible that CREB
can transduce signals of other signaling pathways and its role in skeletal development is more gener-
alized than just PTHrP signaling. This idea is supported by transgenic animal models exhibiting dis-
ruptions in the CREB gene. CREB-null mice targeting all isoforms (44) have been generated and are
smaller than their littermates and die immediately after birth from respiratory distress. This is similar
to the fate of PTHrP knockout animals, which are runted and also die in the neonatal period of respira-
tory distress. Nevertheless, the skeleton of the CREB-null mice has not been analyzed and the causes
for the observed dwarfism are not yet investigated. The function of CREB in skeletal formation also
was assessed through the generation of transgenic mice in which a dominant-negative form of CREB
(A-CREB; ref. 45) was driven by the cartilage-specific collagen type II promoter/enhancer in the growth
plate chondrocytes (46). A-CREB transgenic mice show short-limb dwarfism and a markedly reduced
rib cage that may underlie their perinatal lethality. Consistent with a pronounced defect in growth
plate development, tibias from transgenic embryos were bowed and exhibited asymmetric deposition
of cortical bone beneath perichondrium. The proposed cause for the severe dwarfism was inhibition of
proliferation. In agreement with previous studies, the expression of the dominant-negative CREB
inhibits proliferation, lowering the proportion of BrdU-positive cells in the growth plate and reducing
the height of the proliferative zone in developing limbs. However, contrary to the initial hypothesis,
the A-CREB transgenic mouse limbs exhibit delay of maturation accompanied by delay of vascular-
ization and bone formation (46). In contrast, in isolated chick chondrocytes cultures, the same domi-
nant-negative CREB accelerates the process of maturation and inhibits PTHrP (35). Similarly, inhibition
of PTHrP signaling through disruption of the hormone, its receptor, or Gs signaling leads to premature
hypertrophy in the growth plate (13,47,48). The discrepancy between the different studies may reside
in the difference between the two systems used. Studies performed in a cell culture system allow pertur-
bation of CREB signaling at later stages of chondrocyte development. In contrast, in the transgenic
mice, Long et al. (46) used a system in which the transgene is overexpressed at very early embryonic
stages. Therefore, the phenotype might reflect the effect of perturbation of CREB signaling at earlier
stages of skeletal development, such as chondrogenesis, cell aggregation, and nodule formation or tran-
sition from precursor (mesenchymal) cells to chondrocytes. The alterations in these steps may have
an overall negative impact on the normal progression of skeletal development by causing delay in the
cartilage anlage formation.

TGF- Signaling
TGF- receptor binding results in activation of the TGF- type I receptor with phosphorylation

events that activate downstream signaling pathways, including the Smad family of transcription fac-
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tors (49) and the mitogen-activated protein kinase (MAPK) family (Fig. 3; ref. 50) In chondrocytes,
overexpression of either Smad2 or Smad3 mimics TGF- treatment, whereas the dominant negatives
are capable of diminishing TGF- effects on cell differentiation (51). Targeted disruption of the Smad3
gene in mice causes a skeletal phenotype consistent with inhibition of TGF- signaling, with pro-
gressive loss of articular cartilage resembling osteoarthritis and enhanced terminal differentiation of
epiphyseal chondrocytes (25).

Activation of the MAPK family (the extracellular signal-regulated kinase, the c-Jun N-terminal
kinase, and the p38 kinase) involves stimulation of transcription factors from the CREB/ATF and
AP-1 family (52–54). Not surprisingly, many promoters of the TGF- -regulated genes contain either
AP-1 sites, such as the PAI-1 (55), TIMP-1 (56), TGF- ß1 (57), c-Jun (58), and 2(I) collagen (59)
or CREB/ATF binding sites, such as fibronectin (60), cyclinD1 (37), and cyclin A (38).

The presence of multiple DNA binding sites for different transcription factors allows for transcrip-
tional crosstalk between Smads and the MAPKs during TGF- -induced gene expression. Recent results
from our group demonstrate that both Smad3 and ATF-2 contribute to TGF- -mediated effects on chon-
drocyte differentiation, and both participate in the induction of PTHrP in chondrocytes (36). TGF-
is capable of phosphorylating and activating transcription factor ATF-2 and, subsequently, ATF-2
cooperates with Smad3 to regulate TGF- -regulated gene transcription. Either ATF-2 or Smad3 over-
expressing chondrocytes exhibit delay of maturation with lower levels of colX but higher levels of
PTHrP. Similarly, overexpression of the dominant negatives ATF-2 and Smad3 either alone or together
block TGF- inhibitory effects on chondrocyte maturation and colX. The role of ATF-2 seems to be
restricted to TGF- but not BMP because overexpression of either ATF-2 or its dominant-negative does
not alter BMP signaling (36).

Fig. 3. Signal transduction pathway of TGF- and BMP signaling. BMP signaling involves activation of
Smad1, 5, and 8 and coupling with the coactivator Smad4, whereas negative regulators, such as Smad6, Smurfs,
PKC, and ERK maintain a negative feedback loop. TGF- signaling pathway involves activation of both Smad2
and 3 and the MAPK family members whereas Smad7 acts in an inhibitory manner.
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Although the total disruption of TGF- signaling in vivo accelerates chondrocyte maturation (20),
the relative contribution of ATF-2 as mediator of TGF-  effects is not entirely understood. Disruption
of the ATF-2 gene results in a skeletal phenotype similar to hypochondrodysplasia (61). Although the
rate of survival is significantly diminished, the homozygotes reached adulthood and had a normal life
span despite uniform dwarfism and disorganization of the growth plate. In vivo labeling of cartilage
cells confirms that cartilage cell division is dramatically reduced, possibly as the result of reduced
levels of cyclin D1 and cyclin A (37,38).

However, further analysis of these mice demonstrated the presence of a mutant protein generated
through alternative splicing that allowed residual ATF-2 signaling. Subsequently, Maekawa et al.
designed a new ATF-2-null mouse that exhibits disruption in exon 10, corresponding to the DNA
binding domain, which inactivates all the isoforms (62). These mice die of meconium aspiration at
the time of birth, therefore not allowing one to determine whether absence of ATF-2 function and
signaling is associated with postnatal abnormalities in growth. Interestingly, however, these mice
have no apparent skeletal abnormalities at the time of birth. A similar situation has been encountered
for the Smad3 / mouse, whose phenotype (accelerated chondrocyte maturation) becomes apparent
3 wk after birth (25).

BMP Signaling
BMP signaling involves direct transcriptional activation of receptor-regulated Smads 1, 5, and 8

with subsequent translocation to the nucleus and binding to specific DNA sequences (Fig. 3). This
event has been shown to induce the differentiation of isolated chondrocytes and there are numerous
points of control of these signaling events. Secreted extracellular molecules, including chordin, nog-
gin, follistatin, and others, bind to BMPs and prevent their interaction with cell surface receptors.
Our laboratory showed that chondrocytes express chordin and that overexpression of chordin in the
chick limb bud results in a delay of maturation (63). This suggests that BMP expression is necessary
for chondrocyte maturation to proceed. Smad6 is an intracellular signaling molecule that acts as a
negative regulator of BMP signaling. Smad6 blocks Smad1, 5, or 8 signaling by preventing receptor
activation (64,65) as well as binding to the coactivator Smad4 (66). Smad6 expression is induced by
BMP-2 (67), and we have shown that gain of Smad6 function inhibits chondrocyte maturation while
loss of function induces maturation (68).

Smad ubiquitination regulatory factor 1 (Smurf1), a member of the E3 class of ubiquitin ligases, is
another inhibitor of BMP signaling that targets the Smads. Smurf1 specifically targets Smad1 and
Smad5 for ubiquitination, leading to proteosomal degradation (69). The degradation of Smad1 and 5
by Smurf1 occurs independent of BMP receptor activation, indicating that Smurf1 does not function
downstream of activated Smads to turn off BMP signals, but may rather adjust the basal level of
Smads available for BMP signaling (69).

PTHrP blocks BMP effects on chondrocyte differentiation. Although work in our laboratory (70)
has shown that PKA/CREB is responsible for this effect, this is likely not the sole mechanism. Other
kinases, such as PKC and extracellular signal-regulated kinase, are activated by PTHrP and may
directly alter Smad1 signaling through phosphorylation at residues important in DNA binding (71) or
at residues involved in the translocation to the nucleus (72). In addition, virtually nothing is known
with respect to PTHrP interaction with Smurfs; therefore, future experiments will be needed for a
complete elucidation of PTHrP/BMP antagonism in chondrocyte.
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Continuous Expression of Cbfa1 in Nonhypertrophic

Chondrocytes Uncovers Its Ability to Induce
Hypertrophic Chondrocyte Differentiation

and Partially Rescues Cbfa1-Deficient Mice

Shu Takeda, Jean-Pierre Bonnamy,
Michael J. Owen, Patricia Ducy, and Gerard Karsenty

INTRODUCTION

Chondrocytes play critical roles at several stages of endochondral ossification. At the onset of
skeletal development, in the areas of the skeleton that will undergo endochondral ossification, undif-
ferentiated mesenchymal cells form condensations that have the shape of the future skeletal elements.
Cells within these mesenchymal condensations differentiate into chondrocytes that express specific
molecular markers, such as 1(II) collagen, whereas the remaining undifferentiated mesenchymal
cells at the periphery of the condensations form the perichondrium (for review, see ref. 1). Once these
cartilaginous models have formed, chondrocytes in their centers further differentiate into hypertro-
phic chondrocytes. At the time chondrocyte hypertrophy occurs, the perichondrial cells differentiate
into osteoblasts to form, around the cartilaginous core, the bone collar (2).

Hypertrophic chondrocytes can be subdivided into two populations: the prehypertrophic chon-
drocytes that express 1(II) collagen predominantly and the hypertrophic chondrocytes proper that
express 1(X) collagen (3,4) and become surrounded by a calcified extracellular matrix (5). Through
a vascular endothelium growth factor (VEGF)-dependent pathway, the extracellular matrix surround-
ing hypertrophic chondrocytes favors vascular invasion followed by degradation of the calcified
cartilage matrix by chondroclasts (6,7). The cartilaginous matrix is then replaced by a bone matrix
made mostly of type I collagen secreted by invading osteoblasts coming from the bone collar. The ossi-
fication process proceeds centripetally, consuming much of the cartilage scaffold. As this cartilagi-
nous front meets the distal ends of a future bone, distal chondrocytes proliferate before they hypertrophy.
This zone of proliferating and hypertrophic chondrocytes becomes organized in columns forming the
growth plate localized at each end of a bone (for review, see ref. 1). The growth plates will be respon-
sible for linear skeletal growth. This sequence of events illustrates the pivotal role of chondrocyte
hypertrophy as a mandatory step between a cartilaginous scaffold and bona fide bone.

A complex network of regulatory molecules controls the proliferation and/or differentiation of vari-
ous chondrocyte subpopulations. Early during development, the transcription factor Sox9 is required
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to form the mesenchymal condensations (8). Genetic evidence in mouse and human show that FGF
receptors play a critical role in the control of chondrocyte proliferation (for review, see ref. 9). Like-
wise, loss- and gain-of-function experiments have demonstrated that the growth factor parathyroid
hormone-related peptide (PTHrP), secreted by cells of the periarticular perichondrium, acts on prehyper-
trophic chondrocytes to prevent their progression into a hypertrophic phenotype (10–12). Indian hedge-
hog (Ihh), another growth factor secreted by the prehypertrophic chondrocytes, delays chondrocyte
hypertrophy through a PTHrP-dependent and -independent pathway (13,14). These studies have estab-
lished that chondrocyte hypertrophy is under the control of genes expressed in prehypertrophic chon-
drocytes, yet, no transcriptional regulator of chondrocyte hypertrophy has been identified.

One transcription factor that may be involved in the control of chondrocyte hypertrophy is Cbfa1.
Early during skeletal development and until 12.5 d postcoitum (dpc), Cbfa1 is expressed at high level in
the cells of the mesenchymal condensations (15). Although Cbfa1 continues to be expressed at low
levels in some chondrocytes beyond 12.5 dpc (16,17) its expression is largely osteoblast specific and
it is required for osteoblast differentiation in vivo (18,19). Recent in-depth analyses of the Cbfa1-
deficient mice have indicated that they also have a defective hypertrophic chondrocyte differentia-
tion in some skeletal elements, raising the hypothesis that Cbfa1 may be one regulator of chondrocyte
hypertrophy (16,17). Beyond the control of chondrocyte hypertrophy itself, this is an important ques-
tion because no transcription factor has been shown to govern the differentiation of both chondrocytes
and osteoblasts, two skeletal-specific cell types that are thought to have a common progenitor (20,21).

To assess the role that Cbfa1 may play during chondrocyte hypertrophy, we generated transgenic
mice in which Cbfa1 expression is maintained to a wild-type level in nonhypertrophic chondrocytes
throughout development. We also restored Cbfa1 expression in the mesenchymal condensations of the
Cbfa1-deficient mice. Continuous Cbfa1 expresssion in nonhypertrophic chondrocytes leads to ectopic
as well as premature endochondral ossification throughout the skeleton. Using the Cbfa1-deficient
mice, we show that this is the result of an ability of Cbfa1 to induce hypertrophic chondrocyte differ-
entiation distinct from its osteoblast differentiation function. Thus, Cbfa1 is required for two critical
stages of skeletogenesis: hypertrophic chondrocyte differentiation and osteoblast differentiation. To
our knowledge, Cbfa1 is the first transcription factor identified that controls two distinct cellular pro-
cesses during skeletal development.

RESULTS

Cbfa1 Expression in Prehypertrophic
and Hypertrophic Chondrocytes During Skeletogenesis

To define the most appropriate experimental approach to study Cbfa1 function during chondro-
genesis, we first analyzed its pattern of expression by in situ hybridization in proliferating, prehyper-
trophic, and hypertrophic chondrocytes between 14.5 dpc and birth. To properly define the identity
of the Cbfa1-expressing cells, we also performed in situ hybridization using as probes a1(II) colla-
gen; a marker of proliferating and prehypertrophic chondrocytes; a1(X) collagen, a marker of hyper-
trophic chondrocytes; and a1(I) collagen, a marker of osteoblasts (4). In 14.5-dpc embryos Cbfa1
was expressed in prehypertrophic chondrocytes of the scapula at a higher level than in hypertrophic
chondrocytes (Fig. 1A). These cells were confirmed to be prehypertrophic chondrocyte because they
expressed 1(II) collagen but not 1(I) collagen (Fig. 1B,C). In long bones of 16.5-dpc embryos, the
overall level of Cbfa1 expression in chondrocytes is markedly decreased, yet it appears to be slightly
higher in prehypertrophic than in hypertrophic chondrocytes in all sections examined (Fig. 1D–G). At
birth, Cbfa1 expression in the growth plate was close to background level, so it was difficult to deter-
mine whether prehypertrophic or hypertrophic chondrocytes expressed it at a higher level (Fig. 1H–
K). Although this analysis is in agreement overall with the results of Inada et al. (16) and Kim et al.
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Fig. 1. Analysis of Cbfa1 expression between 14.5 dpc and birth. Adjacent sections of 14.5 dpc (A–C), 16.5
dpc (D–G), or newborn (H–K) wild-type (wt) mouse embryos were hybridized with Cbfa1 (A,D,H), 1(II)
collagen (B,E,I), 1(X) collagen (F,J), and 1(I) collagen (C,G,K) probes. Note the decrease in Cbfa1 expres-
sion in chondrocytes as development proceeds (A,D,H) and the stronger expression of Cbfa1 in prehypertrophic
chondrocytes (arrows) compared with hypertrophic chondrocytes in 14.5 and 16.5 dpc embryos (arrowheads;
A and D).
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(17), it differs from these two studies on two points. First, it demonstrates a progressive and nearly
complete disappearance of Cbfa1 expression in chondrocytes as skeletogenesis proceeds from 14.5
dpc to birth. Second and most importantly, it shows a higher expression of Cbfa1 in prehypertrophic
than in hypertrophic chondrocytes. This higher expression of Cbfa1 in prehypertrophic chondrocytes
is consistent with a role of Cbfa1 as an inducer of chondrocyte hypertrophy.

Generation of Transgenic Mice Expressing Cbfa1
in Nonhypertrophic Chondrocytes Throughout Development

In the absence of a transgenic mouse expressing, in a inducible manner, cre recombinase in prolif-
erating and prehypertrophic chondrocytes, we hypothesized that maintaining Cbfa1 expression in
nonhypertrophic chondrocytes beyond 12.5 dpc would allow us to study its function during chondro-
cyte hypertrophy. We therefore constructed transgenic mice expressing Cbfa1 under the control of a
3-kb fragment of the mouse 1(II) collagen promoter and its chondrocyte-specific enhancer (Fig. 2A;
ref. 30). Those mice were termed 1(II) Cbfa1 mice.

Two transgenic mouse lines were obtained. In a first line, male and female transgenic mice had dif-
ferent levels of expression of the transgene (Fig. 2B). In male transgenic mice, the level of expression

Fig. 2. Generation of 1(II) Cbfa1 transgenic mice. A, Schematic representation of the constructs used. Trans-
genic mice contain either both the Cbfa1 cDNA under the control of a chondrocyte-specific 1(II) collagen
promoter/enhancer cassette and the LacZ gene driven by the Osteocalcin promoter or the chondrocyte-specific
cassette driving LacZ alone. B, Comparison of endogenous Cbfa1 expression and of the 1(II) Cbfa1 transgene
expression in wt and male and female transgenic mice by reverse transcription. Transgene expression in male
transgenic mice is similar to Cbfa1 expression, whereas in female transgenic mice endogenous Cbfa1 is expressed
at a higher level than the transgene (top). Hprtt amplification was used as an internal control (bottom). Gray boxes
indicate heterologous polyA regions.



Cbfa1 Controls Chondrocyte Hypertrophy 59

of the transgene and of endogenous Cbfa1 were nearly identical (Fig. 2B). These transgenic animals
all died at birth. In female transgenic mice, the level of expression of the transgene was significantly
lower than the one of endogenous Cbfa1 (Fig. 2B) and progenies of this line survived several weeks.
Male and female transgenic mice developed the same phenotypic abnormalities that only appeared postna-
tally in 1(II) Cbfa1 female mice. A second transgenic line was obtained. In this second line, the level
of expression of the transgene was similar to the level of expression of endogenous Cbfa1 in both sexes.
All transgenic pups died perinatally with phenotypic abnormalities identical to the one observed in
the male progenies of the first line.

Ectopic Hypertrophic Chondrocyte Differentiation in 1(II) Cbfa1 Mice
As an initial method to study skeletal cell differentiation, we used alcian blue/alizarin red staining

of skeletal preparations (31). Alcian blue stains unmineralized cartilaginous matrices whereas aliz-
arin red stains mineralized cartilaginous and bony matrices. The most striking phenotypic abnormali-
ties in the 1(II) Cbfa1 mice was the presence of extensive zones of mineralization in parts of the
skeleton that never normally mineralize (Fig. 3A; ref. 32). These included the chondrocostal carti-
lage, the trachea, and the spinous processes. Initially, we focused our analysis on the chondrocostal
cartilage.

In the 1(II) Cbfa1 mice dying at birth, the existence of a mineralized and rigid rib cage prevented
lung expansion (Fig. 3B). As a result, their lungs did not contain any air at birth (data not shown). In
contrast, 1(II) Cbfa1 mice who survived had a normal-appearing rib cage at birth, their chondrocos-
tal cartilage stained with alcian blue as they should until P7 (data not shown). In 14-d-old transgenic
mice, however, small patches of mineralized tissues were visible (Fig. 3C). In 21-d-old and 28-d-old
transgenic mice, there was a progressive extension of the area staining red (Fig. 3C). To monitor for
osteoblast differentiation, the 1(II) Cbfa1 transgene was coinjected with a construct containing a 1.3-
kb fragment of the mouse Osteocalcin gene 2 (OG2) promoter driving the LacZ gene. This 1.3-kb OG2
promoter fragment drives the expression of a reporter gene in differentiated osteoblasts in vivo (33).
As shown in Fig. 3D, the chondrocostal cartilage of 1(II) Cbfa1 mice stained blue after LacZ stain-
ing indicating that there were Osteocalcin-expressing cells, that is, differentiated osteoblasts, in this
part of the ribs. Such staining was never observed in wild-type animals (Fig. 3D).

We performed a histological analysis of the chondrocostal cartilage at several points during devel-
opment to monitor the progression of this phenotype. No hypertrophic chondrocytes were observed in
wild-type animals at any stage analyzed (Fig. 3I). In contrast, hypertrophic chondrocytes were already
present in the chondrocostal cartilage of 16.5-dpc 1(II) Cbfa1 embryos and at birth in female trans-
genic mice (Fig. 3E,F). In 14-d-old transgenic mice, there was a true growth plate cartilage with rest-
ing, proliferating, and hypertrophic chondrocytes (Fig. 3G). In 1-mo-old transgenic mice, there were,
below the growth plate, bone trabeculae (Fig. 3H) containing alkaline phosphatase-positive osteo-
blasts and tartrate-resistant acid phosphatase (TRAP)-positive multinucleated osteoclasts (Fig. 3J,K).

Ectopic skeletal mineralization also was observed in the vertebral column of 1(II) Cbfa1 mice.
At birth the atlas, the axis, the third cervical vertebrae, and the vertebrae between T10 and L3 were
fused and their spinous processes mineralized (Fig. 3L,M). Histologic examination showed that these
mineralized bridges between vertebrae contained both hypertrophic chondrocytes and bone trabec-
ullae (Fig. 3N,O). Ectopic hypertrophic chondrocyte differentiation also affected the larynx: the cricoid
and thyroid cartilage stained red in 1(II) Cbfa1 mice at birth (Fig. 3P) and at 2 mo of age, the tracheal
rings of transgenic mice contained patches of mineralization that were never seen in wild-type litter-
mates (Fig. 3Q). Histologic examination confirmed the presence of hypertrophic chondrocytes in the
thyroid cartilage of newborn 1(II) Cbfal mice and in the tracheal rings of 2-mo-old transgenic mice
(Fig. 3R,S). Taken together, these results indicate that continuous expression of Cbfa1 in nonhyper-
trophic chondrocytes induces hypertrophic chondrocyte differentiation ectopically; this in turn leads
to endochondral ossification.
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Fig. 3. Ectopic chondrocyte hypertrophy and endochondral ossification in 1(II) Cbfa1 mice. A–C, Alcian
blue/alizarin red staining of skeletal preparations. A, Wt (left) and 1(II) Cbfa1 male (right) mice at birth (P0).
Arrow point at sites of ectopic calcification in transgenic mice. B, Rib cages of wt (bottom) and 1(II) Cbfa1
male mice (top) at P0. C, Rib cages of 1(II) Cbfa1 female mice at P14 (top left), P21 (top right) and P28
(bottom left). Note the progressive appearance of mineralized areas (arrowhead) in the transgenic mice whereas
the chondrocostal cartilage of wt mice remains unmineralized (bottom right, P28). D, LacZ staining showing
Osteocalcin expression at P28 in the chondrocostal cartilage of the 1(II) Cbfa1 (bottom) but not of wt mice
(top). E–I, Alcian blue/eosin staining of sections through the chondrocostal cartilage of 1(II) Cbfa1 males
16.5 dpc (E), 1(II) Cbfa1 females at P0 (F), P14 (G) and P28 (H), and wt mice at P28 (I). Hypertrophic chon-
drocytes (E–G), then bone trabeculae (H, arrowhead), are present in the transgenic but not in wt mice. J and K,
Alkaline phosphatase/TRAP staining of chondrocostal cartilage sections of wt (J) and 1(II) Cbfa1 mice at P28
(K). L and M, Alcian blue/alizarin red staining of vertebrae from 1(II) Cbfa1 (L,M right) and wt (M, left)
mice at P0. Fusion of the atlas, the axis and C3 (L) and of T10 to L3 in transgenic mice (M). N and O, Alcian
blue/oesin staining of sections through the spinous process of vertebrae of wt (N) and 1(II) Cbfa1 line A male
at P0 (O). The wt process is entirely cartilaginous, whereas the transgenic one shows hypertrophic chondrocytes
(arrow) and bone matrix. P and Q, Alcian blue/alizarin red staining of the larynx from wt (left panel in P and Q)
and transgenic mice at birth (right panel in P) and at 2 mo of age (right panel in Q). Note the mineralization of
the tracheal rings in 2-mo-old transgenic mice (arrowhead). R and S, Alcian blue/eosin staining of tracheal ring
sections of 2-mo-old wt (R) and 1(II) Cbfa1 (S) mice. Hypertrophic chondrocytes are present only in the trans-
genic mice.
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Premature Hypertrophic Chondrocyte
Differentiation in the 1(II) Cbfa1 Transgenic Mice

In areas of the skeleton normally undergoing endochondral ossification, premature mineralization
and/or early ossification also was observed. For instance, the chondrocranium of the 1(II) Cbfa1 mice
was fully mineralized at birth (Fig. 4A). All the bones of the base of the skull were fused together. The
cartilaginous structures that separate in wild-type mice (32), the basioccipital, exooccipital, supra-
occipital, and pterygoid bones were mineralized, fusing them together and with the temporal bones
and the otic capsule (Fig. 4A). There was also a marked reduction in the diameter of the foramina
magnum in the 1(II) Cbfa1 mice compared with wild-type littermates (Fig. 4B). Premature mineral-
ization was observed throughout the skeleton, although it was more marked in the pelvic, carpal, and
tarsal bones (Fig. 4C–E). Among the carpal bones, the triangular and trapezoid bones were entirely

Fig. 4. Premature chondrocyte hypertrophy in 1(II) Cbfa1 mice. A–E, Alcian blue/alizarin red staining of
skeletal elements. A, Premature mineralization of the skull of 1(II) Cbfa1 mice (right) compared with wt litter-
mates (left) at P0 (arrowhead). All bones of the base of the skull are fused together (bottom white asterisk). B,
Reduction of the size of the foramina magnum (double headed arrows) in transgenic (right) compared with wt
mice (left). C, Enlarged areas of mineralization (brackets) of the pelvic bones in transgenic (right) compared
with wt mice (left). D and E, Premature mineralization of carpal (D) and tarsal (E) bones in transgenic (right)
compared to wt mice (left). F and G, Alkaline phosphatase/TRAP staining of sections through the otic capsule
of wt (F) and 1(II) Cbfa1 mice at P0 (G). The wt structure contains only hypertrophic chondrocytes (inset in F,
alcian blue/eosin staining) whereas the transgenic one contains already alkaline phosphatase positive osteo-
blasts and TRAP-positive osteoclasts. H and I, Alcian blue/eosin staining of carpal bones section of wt (H) and

1(II) Cbfa1 (I) mice at P0. Hypertrophic chondrocytes are present only in the transgenic mice.
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mineralized in the 1(II) Cbfa1 mice, this was not the case in wild-type littermates. In addition the
scaphoid and hamate bones were partly mineralized in the transgenic mice at birth (Fig. 4D).

Histologic analysis was conducted in the otic capsule and the carpal bones in 16.5-dpc embryos
and newborn animals. In 16.5-dpc wild-type embryos, the otic capsule contained only resting and
proliferating chondrocytes, whereas in the 1(II) Cbfa1 embryos there were resting, proliferating,
and hypertrophic chondrocytes (data not shown). At birth, the otic capsule of wild-type mice contain-
ing hypertropic chondrocytes but no bony structures yet (Fig. 4F). In the 1(II) Cbfa1 mice, there
were bony structures characterized by the presence of alkaline phosphatase-positive cells and TRAP-
positive osteoclasts (Fig. 4G). Similarly, the carpal bones of wild-type mice at birth did not contain
hypertrophic chondrocytes whereas in transgenic mice they did contain hypertrophic chondrocytes
(Fig. 4H,I).

Abnormal Expression of Molecular Markers
of Chondrocyte Hypertrophy in 1(II) Cbfa1 Mice

The presence in the 1(II) Cbfa1 mice of hypertrophic chondrocytes in skeletal areas where they
normally are never observed indicated that chondrocyte hypertrophy may be controlled by Cbfa1. To
demonstrate that this was the case, we also analyzed the expression of molecular markers of prolifer-
ating, prehypertrophic, and hypertrophic chondrocytes in chondrocostal cartilage. In 16.5-dpc wild-
type embryos, chondrocytes only expressed 1(II) collagen (Fig. 5A). In the 1(II) Cbfa1 mice, the
level of expression of 1(II) collagen was decreased in some ribs (Fig. 5A). Ihh, a gene expressed in
prehypertrophic chondrocytes, was ectopically expressed revealing the prehypertrophic chondrocytes
identity of some cells in the 1(II) Cbfa1 mice (Fig. 5A). There was also a large area of 1(X) colla-
gen-expressing cells, that is, hypertrophic chondrocytes in 1(II) Cbfa1 mice (Fig. 5A). The pattern of
expression of these molecular markers was the same in newborn transgenic mice except for a further
decrease in 1(II) collagen expression and the presence of a small area of 1(I) collagen-expressing
cells, indicating the beginning of osteogenesis (Fig. 5B).

We performed the same analysis in the scaphoid, a bone of the wrist where premature chondrocyte
hypertrophy was noticed. At birth, Ihh and 1(X) collagen expressions were absent in the wild-type
mice, whereas in 1(II) Cbfa1 mice Ihh-expressing cells were located at the periphery of the bone and

1(X) collagen-expressing cells in the center (Fig. 5C).

Cbfa1 Accelerates Chondrocyte Differentiation in Growth Plate Cartilage
No size difference could be observed at birth between wild-type and 1(II) Cbfa1 mice. However,

transgenic mice become growth retarted over time (Fig. 6A). This led us to study their growth plates
at 1 mo of age. As seen in Fig. 6B, the growth plate cartilage of 1(II) Cbfa1 mice was shorter than
the one of wild-type littermates. The number of resting chondrocytes was decreased, and the columns
of proliferating chondrocytes were shorter. In contrast, the size of the hypertrophic region was not
altered in the 1(II) Cbfa1 mice. To test whether the reduction in size of the areas containing resting and
proliferating chondrocytes was caused by an acceleration in chondrocyte differentiation, we performed
BrdU labeling. In the transgenic mice, there were significantly fewer positive cells (n = 56 ± 4) than
wild-type mice (n = 79 ± 10). This result demonstrates the acceleration of chondrocyte differentia-
tion in 1(II) Cbfa1 mice (Fig. 6C).

The Transactivation Domain of Cbfa1
Is Required to Induce Chondrocyte Hypertrophy

Next, we asked whether the ectopic chondrocyte hypertrophy observed in these transgenic mice
required the transactivation function of Cbfa1. We first generated lines of transgenic mice expressing
a truncated form of Cbfa1 lacking the proline, serine, threonine-rich (PST) domain, one major trans-
activation domain of Cbfa1 (Fig. 7A; ref. 22). Offspring of two different founder lines had no morpho-
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logical or histological abnormalities of bone and cartilage (Fig. 7C). We also used an alternative
splice form of Cbfa1 that was isolated in the initial cloning effort for an osteoblast-specific transcrip-
tion factor (Ducy and Karsenty, unpublished observation). This Cbfa1 isoform, temporarily called Cbfa1a,
was also cloned as a site of proviral insertion (34). The only difference between Cbfa1 and Cbfa1a is
that exon 9, encoding most of the PST domain, has been replaced by another exon localized more 3'
and encoding a different PST-rich domain (Fig. 7A and data not shown). Because the DNA-binding
domain of Cbfa1 and Cbfa1a are identical, they bind equally well to their recognition sites (data now
shown). However, in DNA cotransfection assays, Cbfa1a cannot transactivate a vector containing
multiple copies of an oligonucleotide containing a consensus Cbfa1 binding site whereas Cbfa1 does

Fig. 5. Abnormal expression of molecular markers of chondrocyte hypertrophy in 1(II) Cbfa1 mice. In situ
hybridization analysis of 16.5 dpc embryos (A) or newborn mice (B and C). A and B, Sections through the
chondrocostal cartilage. Alpha1(II) collagen expression is decreased in transgenic mice compared with wt litter-
mates. Ihh and 1(X) collagen are only expressed in transgenic mice. Note the 1(I) collagen expression in the
transgenic cells (arrow in B). C, Sections through the carpal bones. Transgenic mice show premature expression
of Ihh and 1(X) collagen in the scaphoid (arrows).
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(Fig. 7B). Two lines of mice overexpressing Cbfa1a under the control of the 1(II) collagen promo-
tor/enhancer were generated. Both were undistinguishable from wild-type mice and in particular,
they displayed no morphological or histological abnormalities of their skeleton (Fig. 7C and data not
shown). These results indicate that the transactivation ability of Cbfa1 is required to induce chondro-
cyte hypertrophy.

Partial Rescue of the Cbfa1-Deficient Mice
by Restoring Cbfa1 Expression in Mesenchymal Condensations

The existence of ectopic endochondral bone formation in the 1(II) Cbfa1 mice could be caused
either by a distinct hypertrophic chondrocyte differentiation ability of Cbfa1 or to “transdifferentia-
tion” of chondrocytes into osteoblasts secondary to the maintained expression of Cbfa1 in nonhyper-
trophic chondrocytes. To address this question, we crossed the 1(II) Cbfa1 mice with heterozygote
Cbfa1-deficient mice. By doing this, we simply restored Cbfa1 expression to its wild-type level.

Alcian blue/alizarin red staining of skeletal preparation of Cbfa1-deficient and 1(II) Cbfa1/Cbfa1-
deficient mice in either 16.5-dpc embryos or newborn mice showed that the presence of the transgene
rescued the absence of skeletal mineralization, one hallmark of Cbfa1-deficient mice (Fig. 8A). The
shaft of all long bones, of the ribs, and the vertebrae were mineralized (Fig. 8A–C,F). As was the case
with the 1(II) Cbfa1 mice, we observed ectopic mineralization in the chondrocostal cartilage, the
base of the skull, the larynx, and the spinous processes of these “rescued” animals (Fig. 8C–F). This
rescue was restricted to skeletal areas undergoing endochondral ossification and was never observed
in skeletal areas undergoing intramembranous ossification. For instance, the 1(II) Cbfa1 transgene
did not rescue the marked delay in clavicle development or the absence of fontanel closure observed
in Cbfa1+/- mice (Fig. 9A; ref. 19, and data not shown). To explain the restriction of this rescue, we
studied the pattern of expression of the transgene using a 1(II) promoter/enhancer-LacZ transgene.

Fig. 6. Accelerated chondrocyte hypertrophy in the growth plate of 1(II) Cbfa1 mice. A, At 4 wk of age
1(II), Cbfa1 female mice (right) are shorter than wt littermates (left). Their growth plate is narrower (B,

double-headed arrows) with shorter column of proliferating chondrocytes (brackets). C, Number of BrdU-posi-
tive nuclei per one section of growth plate. *p < 0.05.
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There was no staining in the calvaria, a skeletal area that was not rescued by the 1(II) Cbfa1 trans-
gene and that ossifies through an intramembranous mechanism (Fig. 9B; ref. 32). Thus, the fact that
the rescue of the phenotype of the Cbfa1-deficient mice does not extend beyond the zone of expres-
sion of the transgene strongly suggests that this is occurring through a cell-autonomous mechanism.

Fig. 7. Requirements of Cbfa2 transactivation function to induce chondrocyte hypertrophy. A, Schematic
representation of the PST (upper diagram) and Cbfa1a (lower diagram) forms of Cbfa1 used to generate trans-
genic mice. Boxes represent exons present and exons missing or replaced, respectively, in the mutated Cbfa1
cDNAs. B, Absence of transactivation of a reporter construct containing multimerized Cbfa1-binding sites
upon cotransfection with a Cbfa1a expression vector. C, Absence of phenotypic abnormality in transgenic mice
expressing either 1(II) PST or 1(II) Cbfa1a. Skeletal preparations of rib cages from 1-mo-old animals. NLS,
nuclear localization signal.
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Hypertrophic Chondrocyte Differentiation, Vascular Invasion
But No Osteoblast Differentiation in the 1(II) Cbfa1/Cbfa1-Deficient Mice

To determine whether the mineralized skeleton observed in the 1(II) Cbfa1/Cbfa1-deficient mice
was caused by the presence of a calcified cartilaginous matrix only or to the presence of a bony matrix
we performed a histological analysis in newborn mice. As shown in Fig. 9C,D, the 1(II) Cbfa1/Cbfa1a-
deficient mice had hypertrophic chondrocytes in the femur, a bone where they cannot be found in Cbfa1-
deficient mice as well as in all other bones examined (data not shown). In contrast, there was no bone
trabeculae present in the femurs or any other skeletal elements analyzed in the 1(II) Cbfa1/Cbfa1-
deficient mice.

Fig. 8. Partial phenotypic rescue of the Cbfa1-deficient mice by the 1(II) Cbfa1 transgene. Alcian blue/
alizarin red staining of skeletal preparations. A, Whole-mount preparations of 16.5-dpc (top) and 19.5-dpc
(bottom) embryos. B–F, Embryos at 19.5 dpc. Forelimb (B), rib cage (C), skull (D), larynx (E), and lumbar
vertebrae (F).
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To ascertain thoroughly the identity of these hypertrophic cells, we studied the expression of molec-
ular markers in 18.5- and 19.5-dpc embryos. Ihh, a marker of prehypertrophic chondrocytes that is not
expressed in the humerus or femur of the Cbfa1-deficient mice was expressed in the humerus and
femurs of the 1(II) Cbfa1/Cbfa1-deficient mice at 18.5 dpc (Fig. 10A and data not shown). The same
was true for 1(X) collagen, a marker of hypertrophic chondrocytes (Fig. 10A). The presence of Ihh-
expressing cells induced the formation of a bone collar in the 1(II) Cbfa1-deficient skeleton (Fig. 9D).

Fig. 9. Absence of rescue of intramembranous bone formation defects in the 1(II) Cbfa1/Cbfa1-deficient
mice. A, Hypoplasia of the clavicle (arrows) in Cbfa1+/ mice harboring or not the 1(II) Cbfa1 transgene. B,
Absence of LacZ staining in calvaria of an 18.5-dpc 1(II) LacZ transgenic embryo (arrow). C and D, LacZ/
eosin staining of femurs from Cbfa1-deficient mice harboring (D) or not the 1(II) Cbfa1 transgene (C). Hyper-
trophic chondrocytes (asterisk) are observed only in the presence of the transgene.
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Fig. 10. Chondrocyte hypertrophy and vascular invasion in 1(II) Cbfa1/Cbfa1-deficient mice. A, In situ hybridization analysis of long bones of 18.5
(left and center panel) and 19.5 dpc (right panels) embryos. Ihh- and 1(X) collagen-expressing cells are present in wt and 1(II) Cbfa1/Cbfa1-deficient
mice, indicating their hypertrophic chondrocytes nature. In Cbfa1-deficient background, no Osteocalcin expression is detectable whether the transgene is
present or not, indicating the absence of osteoblasts. B, Immunohistochemistry showing VEGF synthesis in 1(II) Cbfa1/Cbfa1-deficient mice. C,
Presence of erythrocytes indicative of vascular invasion in femurs of 1(II) Cbfa1/Cbfa1-deficient 19.5-dpc embryos. D, Absence of expression of the

1(II) LacZ transgene in cells of the bone collar of the femur of an 18.5-dpc embryo (arrowhead). E, TRAP-positive multinucleated cells in femurs of 1(II)
Cbfa1/Cbfa1-deficient 19.5-dpc embryos. F, Gelatinase B activity (arrows) in femurs of 1(II) Cbfa1/Cbfa1-deficient 19.5-dpc embryos.

68
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We also made use of the LacZ gene inserted in the Cbfa1 locus of these Cbfa1-deficient mice (19). LacZ
staining showed the induction of expression of Cbfa1 in the bone collar of the 1(II) Cbfa1/Cbfa1-
deficient mice (Fig. 9C,D). This is consistent with the induction in these animals of Ihh expression
(see below), a gene required for Cbfa1 expression in cells of the bone collar (14).

Immunohistochemistry analysis showed the presence of VEGF, a protein required for vascular inva-
sion (Fig. 10B). The presence of VEGF hed to vascular invasion as illustrated by the presence of erythro-
cytes in the skeleton elements of the 1(II) Cbfa1/Cbfa1-deficient embryos (Fig. 10A). However,
consistent with our histologic analysis, we could not detect any expression of Osteocalcin, a marker
of osteoblasts in 19.5 dpc 1(II) Cbfa1/Cbfa1-deficient embryos whereas a positive signal could be
detected in wild-type embryos (Fig. 10A). In conclusion, restored expression of Cbfa1 in mesenchy-
mal condensations of Cbfa1-deficient mice leads to hypertrophic chondrocyte differentiation. It does
not lead to transdifferentiation of chondrocytes into osteoblasts.

The absence of osteoblasts in the 1(II) Cbfa1/Cbfa1-/- mice could only be explained if the trans-
gene was not expressed in the bone collar. To test whether this was the case, we analyzed the pattern
of expression of a 1(II) collagen-LacZ transgene. As shown in Fig. 10D, there was no LacZ staining
in the bone collar of any long bones of 18.5-dpc embryos expressing the 1(II) LacZ transgene.

Cartilage Resorption in the 1(II) Cbfa1/Cbfa1-Deficient Mice
The 1(II) Cbfa1/Cbfa1-deficient mice had a second phenotypic abnormality. Most of their long

bones were bent (Fig. 8A,B). This was surprising because the Cbfa1-deficient mice do not have abnor-
mally shaped bones and raised the hypothesis that in the rescued animals, there was destruction of the
cartilaginous matrices. Indeed, skeletal elements of the 1(II) Cbfa1/Cbfa1-deficient mice contained
TRAP-positive, multinucleated cells (Fig. 10E). These cells also synthesized gelatinase B, an enzyme
that degrades cartilaginous matrices (Fig. 10F; ref. 6). The existence of these resorbing cells in a skele-
ton made only of cartilage suggests that they were similar to the chondroclasts modeling the cartilage
described in another mouse mutant (6). Thus, in absence of osteogenesis the destruction of cartilage by
these cells led to the collapse of the shaft of the future bones and therefore explained their deformations.

DISCUSSION

To address the functional relevance of Cbfa1 expression during chondrogenesis, we generated trans-
genic mice in which Cbfa1 expression is maintained in proliferating and prehypertrophic chondro-
cytes beyond 12.5 dpc at the level observed at that stage of development. This approach also allowed
us to restore Cbfa1 expression to a wild-type level in the mesenchymal condensations of the future
skeleton of Cbfa1-deficient mice. Together, our results provide evidence that Cbfa1 expression in
nonhypertrophic chondrocytes is required to induce chondrocyte hypertrophy during development,
at least in some skeletal elements. This is best illustrated by the fact that skeletogenesis proceeds a
step further in Cbfa1-deficient mice. This function is independent of the role of Cbfa1 as an osteoblast
differentiation factor. Our analysis, together with previous studies (18,19), demonstrates that Cbfa1
plays multiple roles in skeletogenesis.

Comparison of Cbfa1 Expression in Chondrocytes and Osteoblasts
Previous experiments have shown that Cbfa1 is expressed at a high level until 12.5 dpc of develop-

ment in cells expressing both 1(I) collagen, an osteoblast marker, and 1(II) collagen, a chondro-
cyte marker. On the basis of this coexpression of chondrocyte and osteoblast molecular markers, this
cell type was termed osteochondroprogenitor, although evidence of an involvement of Cbfa1 in chon-
drogenesis was lacking at that time (15). Beyond that stage of development, only osteoblast pro-
genitor cells and differentiated osteoblasts maintain such a high level of Cbfa1 expression. Nevertheless
Cbfa1 remains expressed at low levels in chondrocytes (16,17). A systematic analysis of Cbfa1 expres-



70 Takeda et al.

sion in chondrocytes between 14.5 dpc and birth shows that Cbfa1 is expressed in prehypertrophic
chondrocytes at a higher level than in hypertrophic chondrocytes between 14.5 dpc and birth. At
birth, the level of Cbfa1 expression in chondrocytes is close to background. These results are slightly
different from those recently reported (16,17) by showing expression of Cbfa1 predominantly in pre-
hypertrophic chondrocytes and by detecting a major decline of Cbfa1 expression in chondrocytes as
skeletogenesis proceeds. Although the reasons for these discrepancies are not clear, taken together
these studies and ours agree on one important observation: Cbfa1 expression precedes chondrocyte
hypertrophy. The fact that Cbfa1 expression is predominant in nonhypertrophic chondrocytes and pre-
cedes chondrocyte hypertrophy during skeletogenesis is compatible with a role for Cbfa1 as an inducer
of hypertrophic chondrocyte differentiation.

Cbfa1 Function During Chondrogenesis
To study the possible function of Cbfa1 as an inducer of chondrocyte hypertrophy, we used the

1(II) collagen promoter/enhancer-Cbfa1 transgene to prevent the decline of Cbfa1 expression in non-
hypertrophic chondrocytes beyond 12.5 dpc. This transgene also was able to restore Cbfa1 expression
in the skeletal mesenchymal condensations of the Cbfa1-deficient mice. The level of expression of
enodgenous Cbfa1 and of our transgene were nearly identical.

The analysis of the 1(II) Cbfa1 mice indicates the Cbfa1 does have the ability to induce chondro-
cyte hypertrophy prematurely in areas where endochondral ossification will occur and ectopically in
other skeletal areas. This latter phenotypic abnormality was particularly helpful to dissect the sequence
of events leading to chondrocyte hypertrophy. Our analysis shows that Cbfa1 expression in nonhyper-
trophic chondrocytes induced the appearance of prehypertrophic chondrocytes expressing Ihh. In
turn, Ihh expression favors chondrocyte hypertrophy as shown by 1(X) collagen expression (14)
but also induces Cbfa1 expression in the bone collar (14,35). This, along with the induction of Vegf
expression in hypertrophic chondrocytes, initiates the cascade of ectopic endochondral ossification
observed in these mice. We do not know yet whether Cbfa1 induces Ihh, Vegf, and/or 1(X) collagen
expression directly or indirectly. The identification of Cbfa1 binding sites in the promoter of the

1(X) collagen gene (B. Lee, personal communication) and the regulation of Vegf by Cbfa1 (Zelzer
et al., submitted) lend support to the former hypothesis.

Analysis of the 1(II) Cbfa1 mice could not determine whether Cbfa1 was causing transdifferen-
tiation of chondrocytes into osteoblasts as previously suggested (17,36,37) or rather if Cbfa1 induced
chondrocyte hypertrophy independently of osteoblast differentiation. To address this question, we
made use of the Cbfa1-deficient mice (19). The 1(II) Cbfa1 transgene on a Cbfa1-deficient back-
ground induced, in skeletal elements where it is not observed, Ihh expression, chondrocyte hypertro-
phy, and expression of Vegf, a gene required for vascular invasion and osteogenesis (7). However,
the transgene could not rescue the absence of osteoblasts that is the hallmark of the Cbfa1-deficient
mice. The absence of osteoblast differentiation in the Cbfa1-deficient mice expressing the 1(II) Cbfa1
transgene is explained by the expression pattern of our transgene, which is not expressed in cells of
the bone collar. As noted above, Ihh normally induces Cbfa1 expression in the bone collar, a man-
datory step for osteoblast differentiation (14). On a Cbfa1-deficient background, Ihh cannot induce
Cbfa1 expression and osteoblast differentiation in the bone collar; as a result, osteogenesis does not
occur. The dissociation between the rescue of the chondrocyte hypertrophy differentiation defect by
the 1(II) Cbfa1 transgene and the absence of rescue of the osteoblast-deficient phenotype demon-
strates that Cbfa1 regulates chondrocyte hypertrophy independently of its osteoblast differentiation
function and argues against a transdifferentiation phenomenon.

At least three arguments suggest that the control of chondrocyte hypertrophy is a normal function
of Cbfa1. First, Cbfa1-deficient mice lack hypertrophic chondrocytes in a few skeletal elements, such
as humerus and femur that develop before other elements, like the tibia, where chondrocyte hypertro-
phy does occur normally. This indicates that chondrocyte hypertrophy, at least in these skeletal elements,
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is truly dependent on Cbfa1 expression and not merely a delay of differentiation. Second, this function
of Cbfa1 requires the presence of its transactivation domain. Third, the level of expression of the 1(II)
Cbfa1 transgene is low and not higher than the one of endogenous Cbfa1, indicating that we are mimick-
ing the function of Cbfa1 rather than overexpressing it in nonhypertrophic chondrocytes. The fact
that not all skeletal elements have delayed chondrocyte hypertrophy in the Cbfa1-deficient mice indi-
cates that there are Cbfa1-independent pathways leading to chondrocyte hypertrophy elsewhere in
the skeleton. The nature and numbers of these Cbfa1-independent pathways are so far unknown.

Cartilage Modeling in Absence of Bone
The partial rescue of the phenotype of the Cbfa1-deficient mice by the 1(II) Cbfa1 transgene also

provides an opportunity to observe the fate of hypertrophic cartilage in an animal unable to produce
bone. We observed multinucleated TRAP-positive cells, either osteoclasts or chondroclasts (6) in the
“rescued” animals and not in the Cbfa1-deficient mice. This observation indicates that the presence of
these cells is specific for the matrices produced by hypertrophic chondrocytes and is closely associ-
ated with vascular invasion. The expression of Vegf in the 1(II) Cbfa1/Cbfa1-deficient mice is con-
sistent with this model (7). The abnormal shape of the bones in 1(II) Cbfa1/Cbfa1-deficient mice
reveals that the chondroclast-like cells do play an important role by removing the matrix produced by
hypertrophic chondrocytes at the time of vascular invasion, Finally, the appearance of these cells in
absence of any detectable osteoblast suggests either the existence of a differentiation pathway for
chondroclasts, which is independent of osteoclast differentiation (6) or the existence of an osteoblast-
independent pathway whereby clast cells are able to resorb both cartilaginous and bony matrices.

Toward a Genetic Understanding of Chondrocyte Hypertrophy
Our data together with those of others (13,14,38) begin to unravel a complex genetic network con-

trolling chondrocyte hypertrophy. Our study suggests that Cbfa1 is located upstream of Ihh during
chondrogenesis, as shown by the induction of Ihh expression ectopically in the (II) Cbfa1 transgenic
and in the 1(II) Cbfa1/Cbfa1-deficient mice (Fig. 11). The absence of Ihh expression in some skel-
etal elements of the Cbfa1-deficient mice (16,17) also suggests that Cbfa1 is only one of several
upstream regulators of Ihh expression. Once Ihh-expressing prehypertrophic chondrocytes have differ-
entiated, Cbfa1 may also be located downstream of Ihh. Ihh is likely to control, directly or indirectly,
Cbfa1 expression in the cells of the bone collar and thereby control osteoblast differentiation (Fig. 11).
The importance of this function of Ihh is best illustrated by the absence of osteoblast differentiation
in the bones developing through endochondral ossification in Ihh-deficient mice (14).

In summary, this study provides evidence for a more important and complex role for Cbfa1 during
skeletogenesis than originally anticipated. The ability of Cbfa1 to induce chondrocyte hypertrophy in
wild-type and in Cbfa1-deficient mice indicates that Cbfa1 is one of the transcription factors required
for this function. This along with its well-established role in osteoblast differentiation (13,18) identi-
fies Cbfa1 as the first transcription factor regulating the differentiation of chondrocytes and osteo-
blasts, two cell types long thought to share a common progenitor (20,21).

MATERIALS AND METHODS

DNA Constructions
1(II) Cbfa1, 1(II) Cbfa1a, and 1(II) Cbfa1 PST transgenes were generated by subcloning full

length Cbfa1 or full-length Cbfa1a cDNAs, or PST deletion mutant of Cbfa1 cDNA (22), respectively,
between a 3-kb fragment of the 1(II) promoter and its 3-kb chondrocyte-specific enhancer region.
1.3-kbOG2-LacZ construct was generated by subcloning 1.3-kb fragment of the mouse OG2 promoter
into pLacF (24).
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Generation of Transgenic Mice
Plasmids were digested with appropriate restriction enzymes and inserts were purified by agarose

gel electrophoresis. Linear DNA fragments were microinjected into pronuclei of fertilized C57BL/
6SnJ mouse oocytes that were subsequently reimplanted into oviducts of pseudopregnant CD1 foster
mothers (Jackson Laboratories). 1(II) Cbfa1, 1(II) Cbfa1a, and I(II) Cbfa1 PST transgenes were
respectively coinjected with the 1.3kb of OG2-LacZ construct to obtain transgenic mice coexpressing
the two transgenes. Genotypes were determined by polymerase chain reaction (PCR) using the fol-
lowing as primers: 5'-GGCAGCACGCTATTAAATCCAA-3' and 5'-GGTTTCAGGGGGAGGTGTG
GGAGG-3' for the 1(II) Cbfa1 mice; 5'-CTGGACATCATAGCAAAGGCCC-3' and 5'-GGTTTCAG
GGGGAGGTGTGGGAGG-3' for the 1(II) Cbfa1a mice; and 5'-CGGAGCGGACGAGGCAAGA
GTTTC-3' and 5'-GGTTTCAGGGGGAGGTGTGGGAGG-3' for the I(II) Cbfa1 PST mice. Sex was
determined by PCR using the Sry–specific primers 5'-CATGACCACCACCACCACCAA-3' and 5'-TC
ATGAGACTGCCAACCACAG-3' (25).

Reverse Transcription PCR Analysis
To monitor the transgene expression, total RNA was prepared from 12.5-dpc embryos. Three to

four embryos were analyzed independently for each genotypes. RNA extraction, cDNA synthesis,
and PCR amplification were performed using standard protocols (26). Exon 2 amplification of the
HPRT gene was used as internal control of the quantity and quality of the cDNAs. The following sets
of the primers were used: transgene specific PCR, 5'-CCAGGCAGTTCCCAAGCATT-3' and 5'-AGAG
CTATGACGTCGCATGCACAC-3'; endogenous Cbfa1, 5'-GGCAGCACGCTATTAAATCCAAA-3' and
5'-TGACTGCCCCCACCCTCTTAG-3'; and Hprt, 5'-GTTGAGAGATCATCTCCACC-3' and 5'-AGC
GATGATGAACCAGGTTA-3'.

Fig. 11. Schematic representation of the roles of Cbfa1 in endochondral ossification. Cbfa1 favors chondro-
cyte hypertrophy via an Ihh-dependent pathway. In turn, Ihh induces differentiation of the cells of the bone
collar through a Cbfa1-dependent pathway. Cbfa1 also favors VEGF expression.
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Skeletal Preparation
Mice were dissected, fixed in 100% ethanol overnight, then stained in alcian blue dye solution (0.015%

alcian blue 8GX [Sigma], 20% acetic acid, 80% ethanol) overnight and transferred to 2% potassium
hydroxide for 24 h or longer, dependent on the age of the mice. Subsequently, they were stained in
alizarin red solution (0.005% Alizarin sodium sulfate [Sigma], 1% KOH) and cleared in 1% KOH/20%
glycerol.

Histological Analyses and In Situ Hybridization
Tissues were fixed in 4% paraformaldehyde/phosphate-buffered saline overnight at 4°C and decal-

cified in 25% EDTA at 37°C for 3 d when older than newborn. Specimens were embedded in paraffin
and sectioned at 6 µm. For histological analysis, sections were stained with alcian blue (1% alcian blue
8GX, 3% acetic acid) and counterstained with eosin. For alkaline phosphatase/TRAP staining, sections
were first stained for alkaline phosphatase with Fast blue BB (Sigma) then for TRAP with pararosanil-
ine (Sigma) following established conditions (27). Gelatinase assay was performed as described (28).
In situ hybridization was performed using complementary 35S-labeled riboprobes. Cbfa1 and I(II)
collagen probes have been previously described (15). The Ihh probe is a 540-bp fragment of Ihh 3' un-
translated region. The I(X) collagen probe was obtained from Dr. B.R. Olsen (Harvard Medical School,
Boston, MA). Hybridizations were performed overnight at 55°C, and washes were performed at 63°C.
Autoradiography and Hoechst 33528 staining were performed as described (29).

LacZ Staining and Immunohistochemistry
Skinned and eviscerated animals were fixed in 1% paraformaldehyde, 0.2% glutalaldehyde in phos-

phate buffer (pH 7.3) for 45 min, and stained overnight with X-Gal (5-bromo-4-chloro-3indoyl -D-
galactosidase). Specimens were embedded in paraffin and sectioned at 6 µm. Sections were counter-
stained with eosin. Immunohistochemistry was performed according standard protocol (26). Anti-VEGF
antibody was purchased from Santa Cruz Biotechnology.

BrdU Labeling
Mice were injected intraperitoneally with 10 4 mM BrdU/g body weight 1 h before sacrifice. Tibiae

were dissected, fixed, decalcified, and embedded in paraffin as previously. BrdU was detected using a
Zymed kit following the manufacturer’s protocol (Zymed). BrdU-positive cells present in the growth
plate of at least five different sections were counted for both wt and I(II) Cbfa1 mice. Statistical dif-
ferences between groups were assessed by Student’s t-test.

DNA Transfection Assays
F9 cells were transfected with 5 µg of empty or Cbfa1 or Cbfa1a expression vector (15), 5 µg of

p6OSE2-luc reporter vector (23), and 2 µg of pSV gal plasmid. Transfections, luciferase assays, and
-galactosidase assays were performed as described (23). Data represent ratios of luciferase/ -galac-

tosidase activities and values are means of six independent transfection experiments.
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Molecular Biology and Biosynthesis of Collagens

Johanna Myllyharju

INTRODUCTION

The collagens are a heterogeneous family of extracellular matrix proteins that have a major role in
maintaining the structural integrity of various tissues and organs, although they also have many other
important biological functions. Collagens are the most abundant proteins in the human body, with
approx 30% of protein mass consisting of collagen. Tissues that are especially rich in collagens are
bone, skin, tendon, cartilage, ligaments, and vascular walls. The extracellular matrix in bone and tendon
consists of up to 90% of collagen and that of skin approx 50%. The collagen superfamily now includes at
least 27 collagen types and more than 15 additional proteins that have collagen-like domains. Most
collagens form polymeric assemblies, and the superfamily can be divided into several classes based
on their supramolecular structures or other features. Biosynthesis of collagens is a complex process
that requires eight specific post-translational enzymes. Collagens have an important role in the healing
of wounds and fractures and, thus, inhibition of collagen synthesis will delay healing. However, exces-
sive collagen formation can lead to fibrosis, thus impairing the normal functioning of the affected
organ. The essential function of collagens is illustrated by the wide variety of disease phenotypes caused
by mutations in their genes.

THE COLLAGEN SUPERFAMILY

At least 27 proteins with altogether 42 distinct polypeptide chains and corresponding genes are now
known as collagens (refs. 1–8; Table 1). Collagens are extracellular matrix proteins that consist of
three polypeptide chains, called chains, and contain at least one unique triple-helical domain with
repeating -Gly-X-Y- sequences in each of the constituent chains. The presence of glycine, the small-
est amino acid, in every third position in the triple-helical domain is critical because a larger amino
acid does not fit into the restricted space in the centre of the triple helix. The X- and Y-position amino
acids vary according to the collagen type and domain, but proline is frequently found in the X posi-
tion and 4-hydroxyproline in the Y position. 4-Hydroxyproline residues have an important role in the
thermal stability of the triple helix (9). Depending on the collagen type, the chains differ in length
and in the number of possible interruptions in the triple helix (Fig. 1). In some collagen types, all the
three chains are identical, whereas in others the collagen molecule consists of two or three different

chains (Table 1). The collagen superfamily can be classified into eight groups based on their poly-
meric structures or other features (Fig. 1): A, fibril-forming collagens, types I–III, V, XI, XXIV, and
XXVII; B, fibril-associated collagens with interrupted triple-helices (FACIT collagens), types IX, XII,
XIV, XVI, XIX–XXII, and XXVI; C, collagens forming hexagonal networks, types VIII and X; D, the
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Table 1
Collagen Types, Their Constituent Polypeptide Chains, Genes, and Occurrence in Tissuesa

Type Constituent   Gene Occurrence

I 1(I) COL1A1 Most connective tissues, especially in dermis, bone, tendon, ligament
2(I) COL1A2

II 1(II) COL2A1 Cartilage, intervertebrate disc, inner ear, vitreous humour, cornea
III 1(III) COL3A1 As type I collagen except absent in bone and tendon. Abundantly

expressed in elastic tissues, such as skin, inner organs, and blood
vessels

IV 1(IV) COL4A1 All basement membranes
2(IV) COL4A2
3(IV) COL4A3
4(IV) COL4A4
5(IV) COL4A5
6(IV) COL4A6

V 1(V) COL5A1 Tissues containing type I collagen
2(V) COL5A2
3(V) COL5A3
4(V) COL5A4 Nervous system

VI 1(VI) COL6A1 Most connective tissues
2(VI) COL6A2
3(VI) COL6A3

VII 1(VII) COL7A1 Anchoring fibrils in skin, cornea, cervix, oral, and esophageal mucosa
VIII 1(VIII) COL8A1 Many tissues

2(VIII) COL8A2
IX 1(IX) COL9A1 Tissues containing type II collagen

2(IX) COL9A2
3(IX) COL9A3

X 1(X) COL10A1 Hypertrophic cartilage
XI 1(XI) COL11A1 Tissues containing type II collagen

2(XI) COL11A2
3(XI)b COL2A1

XII 1(XII) COL12A1 Tissues containing type I collagen
XIII 1(XIII) COL13A1 Many tissues
XIV 1(XIV) COL14A1 Tissues containing type I collagen
XV 1(XV) COL15A1 Many tissues in the basement membrane zone
XVI 1(XVI) COL16A1 Many tissues
XVII 1(XVII) COL17A1 Skin hemidesmosomes
XVIII 1(XVIII) COL18A1 Many tissues in the basement membrane zone
XIX 1(XIX) COL19A1 Many tissues in the basement membrane zone
XX 1(XX) COL20A1 Many tissues
XXI 1(XXI) COL21A1 Many tissues
XXII 1(XXII) c COL22A1
XXIII 1(XXIII) COL23A1 Metastatic tumor cells
XXIV 1(XXIV) COL24A1 Developing bone and cornea
XXV 1(XXV) COL25A1 Neurons
XXVI 1(XXVI) COL26A1 Testis, ovary
XXVII 1(XXVII) COL27A1 Cartilage, eye, ear, and lung

aSee refs. 1–8.
bThe 3(XI) is a post-translational variant of 1(II).
cComplete cDNA sequence characterized (M. Koch, M. Gordon, and R. E. Burgeson, personal communication).
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Fig. 1. Schematic representation of various members of the collagen superfamily and their known supramolecular assemblies. The letters refer to the
families described in the text. The supramolecular assemblies of families G and H have not been elucidated and are hence not shown. The closed circles indicate
N- and C-terminal noncollagenous domains, whereas open circles indicate noncollagenous domains interrupting the collagen triple helix. GAG, glycosami-
noglycan; PM, plasma membrane. Modified from ref. 1 with permission.
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family of type IV collagens found in basement membranes; E, type VI collagen that forms beaded
filaments; F, type VII collagen that forms anchoring fibrils for basement membranes; G, collagens
with transmembrane domains, types XIII, XVII, XXIII, and XXV; and H, the family of type XV and
XVIII collagens (1–3).

The most abundant type I–III collagens, in addition to type V and XI collagens, self-assemble into
long quarter-staggered fibrils and are thus called fibril-forming collagens (Fig. 1; ref. 1). The fibril-
forming collagens contain large triple-helical domains of about 1000 amino acids with continuous
-Gly-X-Y- repeats and short nontriple-helical N and C telopeptides at both ends. The telopeptides
are the primary sites for intermolecular crosslinking, which is important for the stabilization of the
collagen fibrils (10). These collagens are first synthesized as larger precursors, procollagens, that

Fig. 2. Biosynthesis of a fibril-forming collagen. Procollagen polypeptide chains are synthesized on the ribo-
somes of the rough endoplasmic reticulum and secreted into the lumen, where the chains are modified by hydroxy-
lation of certain proline and lysine residues and glycosylation before chain association and triple helix formation.
The newly formed procollagen molecules are secreted into the extracellular space, where the N and C propeptides
are cleaved by specific proteinases. The collagen molecules thus generated spontaneously assemble into fibrils,
which are stabilized by the formation of covalent crosslinks. Reproduced from ref. 1 with permission.
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have globular N and C propeptide domains, which are cleaved off from the mature collagen molecules
(Figs. 1 and 2; ref. 1).

Type I collagen is the major structural constituent of most connective tissues, including bone,
whereas type II is the major component in cartilage (Table 1). Type III collagen is generally found in
the same tissues as type I, but especially in elastic tissues (Table 1). Collagen fibrils are often hetero-
geneous, containing more than one collagen type. Type I collagen fibrils usually contain small amounts
of type III, V, and XII, with type V being located in the core and types III and XII on the surface of
the fibril (1). The cartilage collagen fibrils have type II as their main component, with a core of type
XI and a surface of type IX (1). The type V and XI collagens have an important role in the regulation
of the type I and type II fibril diameters, respectively (11,12).

BIOSYNTHESIS OF COLLAGENS

Biosynthesis of collagens is a complex process that involves a number of intracellular and extra-
cellular post-translational modifications (1,13,14). The fibril-forming collagens are synthesized as larger
precursors that have globular propeptide domains at both their N and C-terminal ends (Fig. 2). An N-
terminal signal sequence targets the nascent pro chains into the endoplasmic reticulum (ER), where
a series of modifications occur. The main intracellular modifications (Fig. 2) of the pro chains include
the cleavage of the signal peptide; hydroxylation of specific proline and lysine residues to 4-hydroxy-
proline, 3-hydroxyproline, and hydroxylysine; O-linked glycosylation of some of the hydroxylysine
residues to galactosylhydroxylysine and glucosyl galactosylhydroxylysine; N-linked glycosylation
of one or both of the propeptides; and formation of intrachain and interchain disulfide bonds (1,13,14).
After the C propeptides have associated in a type-specific manner (13) and approx 100 proline residues
in each chain have been hydroxylated, a nucleation site for triple helix formation is formed in the C-
terminal end of the triple-helical domain and the triple helix is then propagated toward the N terminus.

The procollagen molecules are transported from the ER through the Golgi complex by progres-
sive maturation of the Golgi cisternae rather than vesicular transport (15). The extracellular steps (1)
involve the conversion of procollagen molecules to collagen molecules by the cleavage of the N and
C propeptides (16), self-assembly of the collagen molecules into fibrils by nucleation and propaga-
tion, and formation of covalent crosslinks (10).

The collagen synthesis described above is characteristic for fibril-forming collagens. The biosynthe-
sis steps of nonfibrillar collagens are principally the same with certain exceptions (1). Many collagens
have globular N- and/or C-terminal domains that are not cleaved (Fig. 1), the triple helices of transmem-
brane collagens are probably propagated from the N to the C terminus (17,18), and the triple helices
of some collagens are modified by N-linked glycosylation or addition of glycosaminoglycan side chains.

The intracellular modifications require five specific enzymes: three collagen hydroxylases (19–
21) and two collagen glycosyltransferases (1), whereas the extracellular modifications require three
specific enzymes: two proteinases that cleave the propeptides (16) and an oxidase (22) that converts
certain lysine and hydroxylysine residues to reactive aldehyde derivatives required in the crosslink
formation. The collagen hydroxylases, prolyl 4-hydroxylase, prolyl 3-hydroxylase, and lysyl hydrox-
ylase, catalyze the formation of 4-hydroxyproline, 3-hydroxyproline, and hydroxylysine residues in
-X-Pro-Gly, -Pro-4Hyp-Gly-, and -X-Lys-Gly- triplets, respectively (19–21). 4-Hydroxyproline resi-
dues have an important role in stabilizing the collagen triple helix (9) and hydroxylysine residues
serve as attachments sites for carbohydrate units and participate in the formation of intermolecular
collagen crosslinks (19). The function of 3-hydroxyproline residues is still unknown (19).

The specific collagen-modifying enzymes were long assumed to be of one type only, with no iso-
enzymes, but this concept has changed recently. Vertebrate prolyl 4-hydroxylases are now known to
have at least three isoenzymes (19–21,23,24). Type I prolyl 4-hydroxylase is the main form in most
cell types, whereas the type II enzyme is the major form in chondrocytes, osteoblasts, endothelial
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cells, and cells of epithelial structures (25,26). Four lysyl hydroxylase isoenzymes (19,27–30) and
three procollagen N proteinase isoenzymes (16,31) have been identified, whereas procollagen C pro-
teinase has been found to belong to the family of tolloids, with other isoenzymes known as tolloid,
tolloid-like 1, and tolloid-like 2, the last one lacking C proteinase activity (18). Five lysyl oxidase
isoenzymes have been cloned and characterized (22,32–34). Knockout and transgenic mice are cur-
rently being generated to study the differences in functions and expression patterns of the multiple
isoenzymes of the specific collagen-modifying enzymes. It has already been shown that transgenic
mice with inactive procollagen N proteinase I develop fragile skin and surprisingly are also male
sterile (35) and that homozygous knockout mice for the main lysyl oxidase isoenzyme are perinatal
lethal and have severe dysfunction of the cardiovascular system (36). The genes for prolyl 3-hydroxy-
lase, collagen galactosyltransferase, and collagen glucosyltransferase have not been cloned yet. How-
ever, it has been reported that lysyl hydroxylase 3 has collagen glucosyltransferase and galactosyltrans-
ferase activities (37–39), but the levels of these activities are so low that their biological significance
remains to be established (39). The functions of the hydroxylysine-linked carbohydrate units are not fully
known, but their role in the regulation of fibril formation and fibril diameter has been confirmed using
recombinant type II collagen with low and high levels of hydroxylysine and its glycosylated forms (40).

In addition to the modifications catalyzed by the above specific enzymes, the signal peptides are
cleaved as in other proteins, N-linked carbohydrate units are added to the propeptides of fibril-form-
ing collagens and noncollagenous domains of some other collagen types, peptidyl proline cis-trans
isomerases catalyze the isomerization of peptide bonds involving proline residues, and protein disul-
fide isomerase catalyzes the formation of intra- and interchain disulfide bonds (1,13,14). Protein disul-
fide isomerase has at least two other distinct functions in the collagen biosynthesis: it acts as the 
subunit in the prolyl 4-hydroxylase 2 2 tetramer (19–21) and it retains unassembled procollagen chains
within the ER (41). Collagen synthesis also involves a specific chaperone, Hsp47 (42,43), which is
clearly required for normal development because homozygous Hsp47 knockout mice are embryonic
lethal (44). Hsp47 interacts with triple-helical procollagen molecules and probably functions early in
the secretory pathway to prevent lateral aggregation of procollagen molecules (45,46).

MUTATIONS IN COLLAGEN GENES

The essential function of collagens in providing structural integrity to tissues and organs is illu-
strated by the broad range of diseases caused by mutations in the human collagen genes (Table 2;
ref. 1). More than 1000 mutations have now been characterized for 13 of the 26 collagen types cur-
rently known (1,47–50). A vast majority of these mutations are single base substitutions that alter a
codon of an obligatory glycine in a -Gly-X-Y- triplet to a bulkier amino acid or lead to RNA splicing
defects. Other amino acid substitutions and premature translational termination codons, as well as
deletions, insertions, duplications, and complex rearrangements, have also been identified. The effects
of the mutations vary depending on their nature and position in the collagen chain and thus mutations
in the same gene can cause disease phenotypes ranging from relatively mild forms to severe and
lethal forms or just confer a genetic risk factor for a certain disease. Glycine substitutions can either
totally prevent the folding of the triple helix beyond the mutation point or cause an interruption in the
triple helix. Because the triple helix of most collagens is propagated from the C terminus to the N
terminus, a glycine mutation closer to its C terminus often produces a more severe phenotype than a
corresponding mutation near the N terminus, but there are many exceptions to this rule (1). Many of
the collagen mutations have a procollagen suicide or dominant-negative effect because the mutant
chains can still associate with normal chains, but folding of the triple helix is prevented, leading to the
degradation of both normal and mutant chains. In other cases, the mutations may not interfere with the
folding but result in a conformational change in the collagen molecule, possibly leading to its impaired
function, or association of the mutant chains may be completely prevented, leading to degradation of
only the mutant chains while the normal chains can still assemble into functional collagen molecules (1).
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Table 2
Diseases Caused by Mutations in Genes for Collagensa

Gene Diseaseb

COL1A1; COL1A2 OI
EDS type I, II, VIIA, VIIB
Osteoporosis

COL2A1 Several chondrodysplasias
Osteoarthrosis

COL3A1 EDS type IV
Arterial aneurysms

COL4A3; COL4A4; COL4A5 Alport syndrome
COL4A5 and COL4A6 Alport syndrome with diffuse esophageal leiomyomatosis
COL5A1; COL5A2 EDS types I and II
COL6A1; COL6A2; COL6A3 Bethlem myopathy
COL7A1 EB, dystrophic forms
COL8A2 Corneal endothelial dystrophy
COL9A1; COL9A2; COL9A3 Multiple epiphyseal dysplasia

Lumbar disc disease
Osteoarthrosis

COL10A1 Schmid metaphyseal chondrodysplasia
COL11A1; COL11A2 Several mild chondrodysplasias

Nonsyndromic hearing loss
Osteoarthrosis

COL17A1 Generalized atrophic benign EB
COL18A1 Knobloch syndrome

aRefs. 1,47–51,58–78.
bOI, osteogenesis imperfecta; EDS, Ehlers-Danlos syndrome; EB, epidermolysis bullosa.

Collagen Mutations in Diseases Affecting Skeletogenesis
Collagens have a critical role in the development and proper function of the skeleton, as illustrated

by the numerous collagen mutations identified in osteochondrodysplasias (1,47,49–52). Several
mouse models with skeletal defects caused by collagen mutations are now available and have proven
very valuable in understanding of the corresponding human diseases (1,51,53–56).

Osteogenesis Imperfecta (OI) and Osteoporosis (Collagen I)
Over 300 mutations have now been identified in the two genes encoding the pro 1(I) and pro 2(I)

chains of the type I procollagen heterotrimer, [pro 1(I)]2pro 2(I) (49,50), a vast majority of them being
found in patients with OI (Table 2; refs. 1,47,49–51). OI is characterized by a generalized decrease in
bone mass that leads to brittle bones, but also other tissues rich in type I collagen are affected and,
therefore, OI patients frequently have blue sclerae, dental abnormalities, thin skin, weak tendons, and
progressive hearing loss (1,47,51). OI is clinically highly heterogeneous and is divided into four main
types. Type II OI is the most severe form, leading to perinatal death, whereas the types I and IV are
the mildest (51). The types of mutation and their consequences are similar to those described above,
with approx 85% of the identified OI mutations being glycine substitutions in the triple-helical domain
and approx 12% of them causing exon skipping (51). The mildest OI forms are usually caused by muta-
tions that inactivate one gene allele because of a premature translation termination codon (1,47).
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Because OI is a highly heterogeneous disorder, it is in some cases difficult to distinguish patients
with milder forms of OI from familial osteoporosis, which result in fractures (1). Therefore, type I
collagen mutations have also been found in some patients who show little evidence of OI but have
osteopenia and fractures (1,47). However, type I collagen mutations are not likely to be common causes
of osteoporosis (1,47).

Chondrodysplasias, Osteoarthrosis, and Lumbar Disc Disease
Type II collagen constitutes 80–85% of the total collagen content of cartilage and forms fibrils that

contain small amounts of type IX and XI collagens, their quantities ranging between 3% and 10%,
depending on the cartilage source and age (57). Type X collagen is expressed in the hypertrophic
zone of calcifying cartilage during skeletal development and bone growth (57).

Type II collagen mutations produce a spectrum of chondrodysplasias (Table 2) that range in sever-
ity from perinatal lethality to mildly affected individuals (1). Over 50 mutations in the COL2A1 gene
have now been reported in patients with achondrogenesis II/hypochondrogenesis, spondyloepiphyseal
dysplasia, spondyloepimetaphyseal dysplasia, and the Kniest, Wagner and Stickler syndromes (49). All
the main types of collagen mutations described above have been found in the COL2A1 gene (1).

Mutations have also been identified in the two minor components of cartilage collagen fibrils, the
type IX and XI collagens (Table 2). Type IX collagen mutations have been shown to cause multiple epi-
physeal dysplasia, a clinically and genetically heterogeneous disorder characterized by early-onset
osteoarthrosis and mildly short stature (58–65). Mutations in type IX collagen genes have also been
found in the two most common musculoskeletal disorders, osteoarthrosis and lumbar disc disease (66–
70). Type XI collagen mutations have been identified in Stickler and Marshall syndromes, otospondylo-
megaepiphyseal dysplasia, and Weissenbacher-Zweymüller syndrome (71–77). About 30 type X col-
lagen mutations have been characterized in patients with Schmid metaphyseal chondrodysplasia (49,78).
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Mechanotransduction Pathways in Cartilage

Qian Chen

SIGNIFICANCE

It is known that cartilage homeostasis is regulated by mechanical signals during limb develop-
ment, fracture repair, and skeletal remodeling. The dramatic effect of mechanical stimulation of bone
growth is best illustrated by distraction osteogenesis, in which distraction forces are applied to a heal-
ing limb to stimulate bone formation (1,2). When distraction stress is applied at certain amplitude
and frequency, new bone formation is sustained, thereby achieving limb lengthening. In recent years,
great progress has been made in understanding how new bone formation is activated by mechanical
stimulation and the cellular signal transduction pathway to receive and convert mechanical signals
into tissue growth and regeneration. In this chapter, we will summarize recent studies elucidating the
molecular mechanism of biophysical regulation of cartilage growth, an important step during endo-
chondral bone formation and fracture healing.

The mechanical effects on cartilage growth were proposed in the classical model, the Hueter-Volk-
mann Law, which states that “while compression forces inhibit growth, tensile forces stimulate growth”
(3,4). Although the general theme of this model has been supported by clinical treatment outcomes
and laboratory tests (5–7), the relationship between mechanical stimulation and cartilage growth lacks
quantification and mechanistic analysis. A detailed analysis of the differential effects of mechanical
factors on every stage of cartilage growth is needed to understand how chondrocytes sense and con-
vert biophysical signals into a biochemical process—growth. One hypothesis is that matrix deforma-
tion, as a result of mechanical loading, stimulates not only chondrocyte proliferation but also subsequent
differentiation events. Furthermore, there are specific extracellular and intracellular molecules involved
in transducing mechanical signals in cartilage. Some of these molecules have been identified. These
molecules will be described here. Cartilage growth and differentiation may occur in endochondral
bone formation, osteoarthritis development, and fracture healing. These three processes are described
in the following.

Endochondral Bone Formation
The process of cartilage growth during endochondral bone formation is a complex one that consists

of multiple stages, as delineated by studies from our laboratory and many other laboratories (Fig. 1;
refs. 8–10). In the first stage, a resting chondrocyte is activated and enters into a dividing cycle. The
increase of cell numbers results in growth of cartilage at this stage. The molecular markers for prolif-
erating chondrocytes include type II collagen (IIb), aggrecan, and link protein. In the second stage,
chondrocytes cease proliferation, start the maturation process, and increase their matrix production.
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The increase of matrix deposition will also lead to growth of cartilage tissue. We identified matrilin-1,
also called cartilage matrix protein (CMP), as a molecular marker for this stage. In the third stage, chon-
drocytes become hypertrophic and synthesize type X collagen. The enlarged cell size also contributes
to the increase of cartilage volume. Finally, calcification of matrix takes place, cells undergo apoptosis
(programmed cell death), and cartilage is removed and replaced by bone. Therefore, growth of carti-
lage can be attributed not only to proliferation of chondrocytes, but also to the differentiation process
of chondrocytes, that is, maturation and hypertrophy. Conversely, apoptosis and degradation of car-
tilage matrix can also inhibit the growth process. Mechanical factors may regulate cartilage growth
by affecting proliferation, maturation, hypertrophy, apoptosis, or all of these biological events. This
question can be answered by measuring the proliferation of cells, and by quantifying gene expression
of molecular markers from different chondrocyte differentiation stages, during mechanical stimula-
tion of chondrocytes.

Cartilage Homeostasis and Osteoarthritis
This series of events (Fig. 1), which include chondrocyte proliferation, maturation, and differenti-

ation, are recapitulated during cartilage repair and regeneration. This concept is supported by our recent
discovery that matrilin-1, a molecule that is present in developing cartilage but absent from adult
articular cartilage, is up-regulated (more than sixfold in this amount of protein) in osteoarthritic (OA)
cartilage from adult metacarpal joints. Other molecular markers during chondrocyte differentiation,
such as collagen IIa, cartilage oligomeric matrix protein, and collagen X, are also upregulated (11).

Interestingly, in OA articular cartilage, CMP is detected in the middle zone and type X collagen is
in the deep zone adjacent to subchondral bone. This distribution pattern mimics the one in a growth
plate. These data suggest an apparent attempt by articular chondrocytes to repair their matrix networks,
possibly after cells have detected the destruction and deformation of matrix during the OA process. It
will be important to understand how chondrocytes sense the micromechanical environment, includ-
ing the deformation of matrix, and how chondrocytes respond to the deformation signals by activat-
ing expression of matrix genes. Therefore, such study will help us not only to better understand the
mechanical signal transduction pathways during cartilage growth, but also the regeneration process
in a pathological condition as OA.

Fracture Healing
Bone formation during fracture healing may undergo through two pathways: intramembraneous

or endochondral. Interestingly, biomechanical environment may determine which bone formation

Fig. 1. Diagram depicting chondrocyte differentiation process. Type II, type II collagen; AGG, aggrecan; LP,
link protein; Mat-3, matrilin-3; Mat-1, matrilin-1; CMP, cartilage matrix protein; Type X, type X collagen.
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pathway a skeletal precursor cell would go through. The endochondral pathway is prevalent under
unstable mechanical conditions, whereas the intramembraneous pathway is preferred under stable
mechanical conditions (12,13). It is not clear how mechanical environment influences cell lineage
determination of an osteochondral precursor cell. Although this interesting observation is first made
in vivo, analysis of the underlying mechanism may rely on experiments performed systematically in
vitro. Some of these in vitro model systems are described in the next section.

IN VITRO MODEL SYSTEMS

It is well accepted that cartilage matrix deformation, as a result of mechanical loading, regulates
matrix synthesis and chondrocyte behavior. To achieve this regulation, mechanical signals are trans-
duced from outside of the cell to inside of the nucleus in a multistep process. In the first step, mechan-
ical loading results in matrix deformation, which leads to a complex biophysical environment within
the tissue, including direct mechanical strain on chondrocytes, electrokinetic effects, and fluid flow
(14–16). All of these factors may be important to mechanotransduction. Furthermore, in cartilage,
chondrocytes are completely surrounded by extracellular matrix networks, thus they receive biome-
chanical signals from a 360° environment. These complexities make it difficult to study the biophysi-
cal effects of matrix deformation on chondrocytes. To address this question, different model systems
have been developed. Each model system has its pros and cons. Three major types of model systems
are described in the following, with emphasis on a model that was developed in our laboratory.

Cartilage Compression
This is one of the most well-developed systems to test the effect of mechanical loading on cartilage.

A cartilage plug, either attached to underlying bone or not, is subject to mechanical compression. The
effects on biosynthesis are then quantified. The advantage of such a system is that chondrocytes main-
tain their extracellular matrix environment in vivo, and that test condition may mimic mechanical
load to joint articular cartilage. Such cartilage compression studies have provided important insight
into the effect of compressive load on chondrocyte biosynthesis. It was revealed that although static
compression of cartilage inhibits biosynthesis of extracellular matrix (17–20), cyclic mechanical strain,
hydrostatic pressure, and dynamic compression at certain frequencies and amplitudes increase bio-
synthesis (21–24). Thus, static and dynamic compression system may exert opposite effects on chon-
drocyte biosynthesis. However, cartilage compression system may have disadvantages as well. The
cartilage plug under testing may contain different zones of chondrocytes, whose properties may vary
between each other. In addition, it is difficult to test the effect of tensile forces on chondrocytes with
this system.

Manipulation of Single Chondrocyte or Monolayer
Many current studies of mechanical effects on cells have used monolayer cultures. The advantage

of such a monolayer system includes the ease of growing large number of cells for testing and the
simplicity of imaging the cells. One popular monolayer system is the “flexcel” system, in which cells
are cultured on a flexible membrane that is deformed cyclically by a vacuum pump. Monolayer cells
are also suitable for studying the effect of shear stress induced by fluid flow (25).

Recently, studies have been conducted to examine the mechanical effect on single chondrocytes.
It was found that mechanical deformation of plasma membrane causes deformation of chondrocyte
nucleus, implicating the involvement of cytoskeletal network in transducing mechanical signals to
the nucleus (15). However, chondrocytes in vivo do not exist in monolayer or as single cells. Instead,
they are surrounded by extracellular matrix in a three-dimensional (3D) network. The surrounding
3D matrix network may be critical in transducing mechanical signals to chondrocytes. Therefore,
cell culture in one dimension or two dimensions may not reflect the mechanical microenvironment in
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cartilage. To overcome these difficulties, we adapted a novel 3D culture system that has been used to
study mechanical effects on other types of cells (26,27).

Stretch-Induced Matrix Deformation
In this system, chondrocytes are cultured in a sponge of collagen scaffolds. The collagen scaffolds

can be stretched with precision by a computer-controlled “Bio-Stretcher.” Matrix deformation, as
a result of mechanical stretch, will transduce mechanical signals to chondrocytes, which are adhered
to the collagen scaffolding. Therefore, in this culture system, chondrocytes receive matrix deforma-
tion signals from surrounding matrix, simulating what occurs within the tissue. Using this system, we
observed a dramatic increase of chondrocyte proliferation in response to a 5% cyclic matrix deforma-
tion. To our knowledge, this is the first time that this new device is used for biophysical stimulation of
chondrocytes. A Bio-Stretch device consists of a Bio-Stretch controller, a Bio-Stretch manager soft-
ware running under Windows in a PC, and solenoid (magnet) boards, on which a 3D collagen sponge
is stretched. One end of the sponge is affixed to the bottom of the culture dish by a special clamp, and
the other end is clipped with a metal bar. The stretch (elongation) of the sponge is achieved by the
movement of the metal bar, which is driven by the magnetic force and recoil property of the sponge.

The 3D collagen sponge is Gelfoam, prepared sterilely from purified pork skin collagen and com-
mercially available from Upjohn. From our experience of using Gelfoam to culture chondrocytes, we
have observed several excellent features of this culture system. First, Gelfoam is capable to absorb
and hold within its interstices 45 times its weight in fluid. Therefore, it is used clinically to arrest
bleeding by producing a mechanical matrix that facilitates clotting. With these mechanical proper-
ties, this spongy matrix is capable of holding hundreds of millions of cells. These seeded chondrocytes
attach to the collagen scaffolding within 24 h and start to proliferate and produce their own matrix to
connect to the collagen network, and to each other.

Second, the collagen scaffolding can be easily dissolved by collagenase digestion before the cell
number is counted and intracellular proteins are extracted for analysis from cultured chondrocytes.
Thus, characterization of cells in this 3D culture is convenient. Clinically, Gelfoam becomes lique-
fied within a week in a body, and is completely absorbed in 4 to 6 wk without inducing excessive scar
formation (28). Therefore, this 3D culture system may have potentials as matrix scaffolds for tissue
engineering of cartilage repair. Third, the collagen sponge becomes transparent and light permeable
after it is immersed in medium. Therefore, living cells cultured in the sponge can be observed and
analyzed in real time with conventional microscope (confocal microscope is not necessary).

We performed experiments to examine whether cultured cells maintain chondrocyte phenotype in
this collagenous sponge. This is out of the concern that skin collagen, which composes the Gelfoam,
consists mainly of collagen types I and III, whereas the major fibrillar collagen in cartilage is type II.
To determine the phenotype of cultured cells, we examined the expression of molecular markers of
cartilage during the culture period by western blot. We found that primary cells cultured in this 3D
matrix network maintain their chondrocyte phenotype. Furthermore, these cells proliferate and form
cartilage-like nodules supported by the collagen lattice when the incubation progresses. These chon-
drocytes secrete and deposit cartilage-specific aggrecan in the matrix, which are stained by Alcian
blue. Thus, cells form organotypic structures in this 3D culture system. The biggest advantage of this
system, however, is that cyclic deformation can be applied to the collagen network, and the cellular
responses can be characterized. Some of the responses to matrix deformation are described in the
following.

Mechanical Effects on Cells

Cell Proliferation
We performed cyclic deformation of collagen sponge with cultured chondrocytes with an intermit-

tent stretch pattern (5% elongation, 60 stretch/min, 15 min/h; Fig. 2). This pattern is applied because (1)
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this extent of matrix deformation may be comparable to that experienced in vivo (24), (2) this extent
of matrix deformation does not induce cytotoxicity of cells cultured in this system (26,29), and (3)
other types of cells, such as fetal rat lung cells, increase proliferation in respond to this stretch pattern
(26,27). Under this stretch pattern, proliferation of chondrocytes was greatly stimulated. Cell number
relative to nonstretched cells increased 85% after 48 h and 101% after 72 h. Cell doubling time is
reduced from 72 to 43 h. With the same stretch pattern, lung cell number increased only 10% after
48 h. Thus, chondrocytes have much more dynamic responses to matrix deformation than lung cells.
Although cyclic matrix deformation greatly stimulated proliferation of immature chondrocytes, it
did not stimulate proliferation of hypertrophic chondrocytes. This indicates that mechanical stimula-
tion of chondrocyte proliferation is specific to developmental stage (30).

Cell Differentiation
With this 3D chondrocyte system, we found that synthesis of matrilin-1, a mature chondrocyte

marker, and type X collagen, a hypertrophic chondrocyte marker, was upregulated by stretch induced
matrix deformation. Therefore, genes of matrilin-1 and type X collagen are responsive to mechanical
stress. Mechanical stimulation of the mRNA levels of matrilin-1 and type X collagen occurred exactly
at the same points when these markers were synthesized by nonloading cells. This indicates that cyclic
matrix deformation does not alter the speed of differentiation, but affects the extent of differentia-
tion. The addition of a stretch-activated channel blocker gadolinium during loading abolished mech-
anical stimulation of chondrocyte proliferation, but did not affect the upregulation of matrilin-1 mRNA
by mechanical stretch. In contrast, a calcium channel blocker nifedipine inhibited both the stretch-
induced proliferation and the increase of matrilin-1 mRNA. This suggests that stretch-induced matrix
deformation regulated chondrocyte proliferation and differentiation via two signal transduction path-
ways, with stretch-activated channels involved in transducing the proliferative signals, and calcium
channels involved in transducing the signals for both proliferation and differentiation (30).

Mechanotransduction Pathways

Extracellular Transducers
The matrix deformation signals are transduced to the cell membrane by extracellular matrix, in

particular the pericellular matrix molecules. Extracellular matrix in cartilage consists of collagen fibrils,
the hyaluronan–aggrecan-link protein complex, and noncollagenous matrix proteins. Although not
all of the matrix molecules are involved in mechnotransduction, genetic analysis of a mechnotransduc-
ing complex in Caenorhabditis elegans has indicated a collagen and a noncollagenous matrix protein
that contains epidermal growth factor repeats as extracellular components of the complex (31). Our
experimental evidences suggest that matrilin-1, a non-collagenous protein that contains epidermal
growth factor repeats, is a prime candidate to transduce matrix deformation signal to the cell. Matrilin-1 is
located around the cells and form “suspension bridge-like” filaments to connect different colonies of
cells (8). Furthermore, matrilin-1 forms pericellular filaments, which are connected to type II collagen

Fig. 2. Stretch pattern exerted by “Biostretch” system.
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fibrils to form an integrated matrix network (8). Matrilin-1 also interacts with aggrecan in cartilage matrix
(32,33). Thus matrilin-1 could potentially transmit a mechanical deformation signal from interstitial
collagen fibers and aggrecan complex to chondrocytes.

Intracellular Pathways
When biophysical signals reach to the chondrocyte membrane, they are transduced within the cell

and ultimately to the nucleus. Intracellular signaling molecules include cytosolic Ca2+, cAMP, and
various kinases (34–38). Our recent studies focus on mitogen-activated protein (MAP) kinase path-
ways in mechanical transduction in chondrocytes based on the following evidence. First, MAP kinases
are activated by mechanical stimulation in a variety of cell types, including cardiac myocytes and
endothelial cells (39,40). MAP kinases are activated by phosphorylation on their threonine and tyro-
sine residues by upstream MAP kinase kinases. The activated MAP kinases then translocate into the
nucleus to phosphorylate transcriptional factors (41,42). As a result, biosynthesis may be stimulated
and cell proliferation and differentiation altered (43,44). Second, MAP kinase activation is dependent
on integrins, which connect extracellular matrix to cytoskeletons (39,40). Thus, a matrix deformation
signal may activate MAP kinases through integrins. Third, chondrocytes including articular chon-
drocytes possess MAP kinases (45,46). These kinases are activated by extracellular stress signals,
such as oxidation (46), and tumor necrosis factor alpha treatment (45). Finally, two of the three major
MAP kinase pathways are activated by cyclic matrix deformation in our model system. There are three
major MAP kinase pathways. The ERK pathway (extracellular signal-regulated protein kinase) is
mainly involved in transmitting signals to induce proliferation or enhance differentiation (41,44). The
other two MAP kinase pathways, Jun-N-terminal kinase and p38, are not activated primarily by mito-
gens but by cellular stress and inflammatory cytokines (42,43). We have obtained direct evidence that
ERK and p38 are greatly activated by matrix deformation in our 3D culture system, whereas Jun-N-
terminal kinase is only minimally activated. The activation of ERK and p38 accompanies the stimu-
lation of chondrocyte proliferation by cyclic matrix deformation.

Interestingly, our results have shown that ERK and p38 were also activated in chondrocytes by
treatment of 0.1 µM human parathyroid hormone (PTH) (1-24). Their respective activation time course
and amplitude were remarkably similar to those from biophysical stimulation by matrix deformation.
ERK was activated more than twofold after 15 min of treatment and p38 was activated more than
fivefold after 60 min of treatment. At any time point tested, the activities of ERK and p38 remained
at the basal level from chondrocytes cultured without either matrix deformation or PTH stimulation.
Future studies will focus on whether activation of MAP kinases and stimulation of cell proliferation
are coupled, and whether PTH can enhance the stimulation of chondrocyte proliferation during cyclic
matrix deformation.

Mechanotransduction Mechanisms
Indian Hedgehog as a Central Mediator

Indian hedgehog (Ihh) is a member of the vertebrate hedgehog family that consists of sonic, Indian,
and desert. Ihh is expressed not only in cartilaginous growth plate during limb development (47) but
also during fracture healing in bone callus (48,49). Recent studies have shown that Ihh is a key
molecule that regulates chondrocyte proliferation and differentiation during endochondral bone for-
mation (47,48,50). Ihh achieves these functions by inducing a series of downstream factors, including
its receptor patched (Ptc), a 12-pass transmembrane protein (51), parathyroid hormone-related pep-
tide (47), and bone morphogenetic proteins (BMPs; refs. 52, 53). Recently, we have shown a novel
function of Ihh, namely, that it acts as an essential mediator of mechanotransduction in cartilage (54).
Cyclic mechanical stress greatly induces the expression of Ihh by chondrocytes. This induction is
abolished by gadolinium, an inhibitor of stretch-activated channels. This suggests that the Ihh gene is
mechanoresponsive. The mechanoinduction of Ihh is essential for stimulating chondrocyte prolifera-
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tion by mechanical loading. The presence of an Ihh functional blocking antibody during loading com-
pletely abolishes the stimulatory effect of mechanical load on proliferation. Our data suggest that Ihh
may transduce mechanical signals during cartilage growth and repair processes.

This newly discovered function of Ihh might be important not only for skeleton formation during
development but also for fracture healing in the adult. First, during endochondral bone formation,
Ihh is expressed exclusively by prehypertropic mature chondrocytes that separate proliferating cells
from hypertrophic cells in a growth plate. It was shown previously that Ihh inhibited neighboring
chondrocytes undergoing hypertrophy at the distal end of the growth plate. Out study shows Ihh may
also promote proliferation of the neighboring cells at the proximal end of the growth plate. This is also
supported by the phenotype of Ihh knockout mouse in which chondrocyte proliferation is severely
retarded (50). Second, although Ihh mRNA expression is ceased when a growth plate is closed, its
expression is reactivated during fracture healing in adult (48,49). Our data suggest that Ihh is an essen-
tial mediator that connects mechanical stress to chondrocyte proliferation. Thus, Ihh may play an
important role in sustaining and amplifying mechanical signals to promote cartilage and bone remodel-
ing in adult as well. This hypothesis remains to be tested.

Every Road Leads to BMP
BMPs are another family of secreted proteins that regulate cartilage growth and differentiation

(55). BMPs are found to be downstream of the Ihh pathway in vertebrate (52,49). Furthermore, the
equivalent of BMP in Drosophila, DPP, is induced by hedgehog (56,57). The actions of BMP can be
inhibited by it antagonists, such as noggin. Noggin knockout mice exhibits fused and malformed joints,
a consequence from overproliferation and defective differentiation of chondrocytes (58).

Recently, we identified BMP 2/4 as the molecules that were upregulated by mechanical stress in
an Ihh-dependent manner (54). Thus, Ihh mediates the mechanotransduction process in a BMP-depen-
dent and parathyroid hormone-related peptide-independent manner. BMP 2/4 are upregulated by mech-
anical stress through the induction of Ihh, and BMP antagonist noggin inhibits mechanical stimulation
of chondrocyte proliferation. This suggests BMP lies downstream of Ihh in mechanotransduction
pathway. In support of our data, previous studies have shown that (1) BMP 2/4 are the closest homo-
logues of DPP, which lies downstream of Hh in the Drosophila signaling pathway (56,57), (2) BMP 2/4
have the highest affinity for the BMP antagonist noggin (58), which abolished the mechanical stimu-
latory effect in our study, and (3) BMP 2/4 have been identified to be upregulated by mechanical
loading in vivo (59). BMPs have been shown previously to have proliferative effects on chondrocytes
(60). Conversely, it has also been shown that expression of a dominant-negative BMP receptor actually
increased chondrocyte proliferation (61). Thus, BMP pathways may stimulate or inhibit cell prolifera-
tion depending on cellular context, that is, whether other BMP-independent pathways are also acti-
vated by extracellular signals (55). Thus, the Ihh-BMP 2/4 pathway and other pathways may act together
to regulate chondrocyte proliferation. The complete elucidation of these different mechanotransduc-
tion pathways awaits further experimentation, such as microarray analysis.

Based on our data, we suggest that the mechanotranduction process can be divided into two stages
(Fig. 3). In the first stage, mechanical signals resulting from cyclic matrix deformation induce the
gene expression of Ihh by chondrocytes, among activation of other genes. During this stage, mechan-
ical stress signals are converted to chemical signals. In the second stage, Ihh may induce BMPs that
participate in stimulation of cartilage growth under permissive environment. During this stage, chemi-
cal signals are converted to biological responses. Thus, Ihh may serve as a critical link to a pathway
that connects mechanical signals and the activity of cells in response to those signals.

QUESTIONS AND FUTURE DIRECTION

In summary, our study have provided some answers to the mechanisms of mechanotransduction in
cartilage: (1) mechanical to chemical conversion is important for sustaining and amplifying mechanical
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effects to surrounding cells and tissues, (2) many mechanoresponsive genes are mechanotransducers
themselves, thereby providing and important feedback mechanism for regulation, and (3) the structure
of extracellular matrix that transduces mechanical signals is modified by mechanical load, thereby
achieving mechanical adaptation.

There are still questions remaining to be answered in the future studies. For example, there are at
least three types of pathways to transduce mechanical signals: electrical, chemical, and biological.
Although the speed of electrical transmission is fast (seconds), the speed of chemical transmission is
medium (minutes to hours), and the speed of biological transmission that involves gene expression is
slow (hours to days). Which type(s) is important for mechanotransduction in cartilage? Second, how
is the mechanoregulatory effect achieved? Does it involve one cell, a population of cells, or a popu-
lation of cells plus surrounding extracellular matrix and tissues? Third, how is mechanical adaptation
achieved by cartilage? The extent of adaptation varies by site, age, and gender. Why are some cells
responsive and other cells are unresponsive? Why do some cells have positive responses whereas
other cells have negative responses? Is there any feedback mechanism? Finally, what are the mole-
cules that are involved in mechanotransduction? Is there any overlap between mechanoresponsive
genes and mechanotransducing genes? If so, what is the significance of this overlap?
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of the HoxD Complex in Skeletal Development

Impact of the loxP/Cre System
in Targeted Mutagenesis of the Mouse HoxD Complex

Marie Kmita, Denis Duboule, and József Zákány

INTRODUCTION

There is an ever-growing list of human and mouse genes with implications in skeletal develop-
ment. Among them, Hox genes represent a particular class for at least two reasons: first, in absence of
Hox gene products, skeletal development becomes altered in many respects, including variation in
spatial anatomical pattern and temporal tissue-maturation sequence. Second, Hox genes show clus-
tered genomic organization, which in itself is expected to exert profound, as yet poorly understood,
influences in executing their function through influencing gene expression control. Therefore, ana-
lyzing the role of Hox genes in skeletal development must involve large-scale manipulations at the
level of gene complexes. In this chapter, we give a brief overview of our experimental strategies that
involve site-specific recombination at the HoxD gene cluster. These are experimental manipulations
of the mouse genome applying the loxP/Cre recombination system (Fig. 1). The most important aspect
of this system for targeted mutagenesis is that it allows sequential modifications of the genome at pre-
defined positions as a result of the specificity of recognition and polarity of recombination induced
by the Cre enzyme between loxP sites (1). This 35-nucleotide long recombination target site, the loxP
site, does not normally occur in the mammalian genome but can be introduced to selected genomic
positions by homologous recombination thanks to embryonic stem (ES) cell technology. When two
loxP sites and the Cre recombinase are present in a cell, the recombination reaction can occur either
in vitro or in vivo in individuals derived from such modified ES cells. A large number of alleles can
be generated in this way, facilitating the genetic analysis of complex loci, like the Hox gene clusters
(Fig. 2).

HOXD GENES IN SKELETAL PATTERNING

Hox genes are developmental control genes. They code for transcription factors that are related to
the products of the homeotic genes of Drosophila. Like in Drosophila, Hox genes are clustered and
together determine morphological specification along the anterior–posterior body axis. Vertebrate Hox
genes are essential for the proper organization of the body plan during development. Inactivation of
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these genes usually leads to important alterations, or transformations, in the identities of the affected
developing structures. The structural and functional organization of the four vertebrate Hox gene
clusters (HoxA, B, C, and D) are very similar. All four are composed of up to 11 genes, each of which
belongs to one of 13 paralogy groups. Paralogous genes follow one another in the same order in all
four clusters, and this gene order is colinear with their functional domains along the body axis (spa-
tial colinearity). The gene order also determines the activation sequence in time during ontogenesis
(2,3). Hox genes, which are functional in anterior body regions, turn on early, whereas progressively
more posterior genes get active gradually (temporal colinearity). The transcriptional 5' to 3' polarity
of the genes in all four complexes is invariant. It is believed that the correct timing of activation of
this gene family is necessary to properly establish the various gene specific expression domains.
Slight modifications in the respective times of gene activation (heterochronies) may shift expression
domains along the rostrocaudal axis and thus induce concurrent changes in morphologies (3). This
strict structural and functional organization is the molecular basis of anterior to posterior specifica-
tion, but it lends itself to determine polarity along other axes, like, for example, the proximodistal
limb axis. Genes that control the development of digits are located at the posterior, 5' end of the HoxA
and HoxD clusters.

Fig. 1. Site-specific targeted recombination strategies. Depending on the orientation and relative position of
loxP sites, genetic loci can be rearranged as a result of Cre-mediated site-specific recombination acting on those
loxP sites. Three recombination reactions, giving rise to four different recombinant chromosomes, are schematized.
A, A model chromosome segment, containing loci a, b, c, and d, is depicted. Arrowheads represent loxP sites. Their
left or right polarity reflects the polarity of the loxP sites. Two identically oriented sites located on the same chro-
mosome (in cis) when recombined lead to the loss of the intervening loci resulting in a deletion. B, Recombination
between two inversely oriented loxP sites located in cis results in the inversion of the intervening loci. C, When
one loxP site is located on one chromosome while a second is on the homologous chromosome (i.e., in trans), with
both loxP sites being identically oriented, Cre-mediated recombination induces targeted chromosomal exchanges.
In this example, the result is a deletion on one hand and a reciprocal duplication on the other hand of the DNA
fragment located in between the relative position of the two loxP sites. This reaction occurs with high frequency
during meiotic pairing of homologous chromosomes during spermatogenesis (targeted meiotic recombination, or
TAMERE for short).
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Fig. 2. Schemes of some selected variants of the murine HoxD cluster produced by site-specific targeted recombination. Horizontal block arrows represent
individual genes, and their orientation shows the direction of transcription of each gene along the chromosome. Evx2 and Mtx2 are the two neighbor genes of
the HoxD cluster. The wild-type chromosome is depicted by scheme D. It contains the normal set of nine Hoxd genes: Hoxd1, Hoxd3, Hoxd4, Hoxd8, Hoxd9,
Hoxd10, Hoxd11, Hoxd12, and Hoxd13, identified here by gene number only. Darker shadows indicate the contiguous set of four Hoxd genes involved in digit
development. Schemes A, B, and C show recombinant chromosomes obtained by targeted meiotic recombination that all contain parts of the HoxD cluster
duplicated, all including Hoxd13. Schemes E, F, and G depict a nested deletion series, including Hoxd13, and progressively larger chromosomal segments.
Scheme G represents a full cluster deletion. Scheme H depicts a targeted inversion of the entire HoxD cluster.
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A major aim of our laboratory during the past few years has been to find out about the molecular
mechanisms that control Hox gene expression. The posterior end of the HoxD cluster was the point of
departure and the study of its role in digit development proved to be a complex task (3). We now
know that several genes are involved in digit development because mice homozygous for a simulta-
neous deficiency of Hoxd13, 12, and 11, in particular, showed small-digit primordia, a disorganized
cartilage pattern and reduced skeletal mass. Although loss of any one of these genes’ functions alone
produced digit defects, the combined loss proved more severe than any single gene loss. The anatom-
ical alterations were similar to the defects seen in a human synpolydactyly, suggesting that this syn-
drome, which is associated with a subtle mutation in HOXD13, may involve the loss of function of
several Hoxd genes. These results illustrated the existence and pathological relevance of a functional
hierarchy among these genes, and provided an animal model to study a human digit syndrome (4).

Besides digits, homeobox genes located in the 5' part of the HoxA and HoxD complexes are required
for proliferation of skeletal progenitor cells in broader domains of the limb. Specific combinations of
gene products determine the length of the upper arm (genes belonging to groups 9 and 10), the lower
arm (groups 10, 11, and 12), and the digits (groups 11, 12, and 13). In these different domains, indi-
vidual gene products appear to quantitatively contribute to an overall protein dose with predominant
roles for group 11 in the lower arm (5) and 13 in the digits (6). Quantitative reduction in the gene dose
in each set results in truncations of the corresponding anatomical regions.

Although the skeletal patterns of the upper and lower arm are relatively stable throughout the tetra-
pods, more variation is seen in the digits. In genetic analyses using multiple loss-of-function alleles,
a simple picture arises. A progressive reduction in the dose of Hox gene products leads first to ectro-
dactyly and then to oligodactyly and adactyly. Interestingly, this transition between the pentadactyl
to the adactyl formula goes through a step of polydactyly. This suggests that in the distal appendage of
polydactylous short-digited ancestral tetrapods, such as Acanthostega, the HoxA complex may be pre-
dominantly active. Subsequent recruitment of the HoxD complex might contribute to both reductions in
digit number and increase in digit length. Thus, transition through a polydactylous limb before reaching
and stabilizing the pentadactyl pattern may rely, at least in part, on asynchronous and independent changes
in the regulation of HoxA and HoxD gene complexes (7,8).

In mechanistic terms, the physical order of the genes in the HoxA and HoxD complexes, as well as a
unidirectional sequence in gene activation, emerged as decisive players for completion of the process
in a precise order, which in turn makes possible the sequential outgrowth of the respective primordia.
Molecular analysis of the underlying regulatory processes promised further exciting insights into the
genetic control of development, pathology, and the course of evolution. In the next section, an account
is given of the various targeted alleles that were established and analyzed in an effort to understand the
functional organization of the HoxD gene cluster, with special emphasis given to skeletal development
along the main, anterior–posterior body axis or the vertebral column, and the appendicular or limb axis.

ANALYSIS OF LOCALLY ACTING GENE REGULATORY SEQUENCES

Identification and experimental manipulations of gene proximal regulatory regions in the HoxD
complex in mice have given insight into coordinate gene regulation along the main body axis. Tar-
geted mutagenesis of small regulatory regions, and in some cases targeted base substitutions, required
that the alleles be created free of selection cassettes and associated exogenous promoters and regula-
tory elements. In all the alleles summarized below, the loxP/Cre system was used to eliminate such
artifactual inserts in and around the HoxD cluster. As a consequence, a single copy of a loxP site was
left behind. Up to date, there has been no report of any activity of this short 35-basepair long sequence
motif that could introduce interference.

The relationship between the clustered organization of vertebrate Hox genes and their coordinate
transcription in space and time is still lacking a convincing mechanistic explanation. Recent work
on the regulatory interactions within Hox complexes suggests some reasons why these genes have
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remained clustered. Although these results did not address the puzzling issue of colinearity directly,
they nevertheless added novel important input to the debate.

It is worth considering the case of the Hoxd11 locus. Hoxd11 and Hoxa11 are paralogous genes
that are required for proper development of the vertebral column, the limbs, and the urogenital sys-
tem. When, for example, a Hoxd11-expressing transgene is introduced into Hoxa11/Hoxd11 mutant
genetic backgrounds, the functional equivalence between these gene products can be revealed in
patterning the lumbosacral transition zone of the vertebral column (Fig. 3). A range of phenotypes is
observed, with transgenic mice displaying as few as four lumbar vertebrae, whereas double-null mutant
mice have as many as eight instead of the normal number of six, whereas transgenic, double-null mutant
animals show six lumbar vertebrae, that is, the normal set, instead of the eight usually observed (9).
This result showed that Hoxd11 and Hoxa11 proteins are functionally equivalent in patterning the
vertebral column and that regulatory sequences located in the proximity of the Hoxd11 gene are suf-
ficient to control its expression at the lumbosacral transition zone, even when located outside of the
HoxD cluster.

A considerable amount of molecular genetic evidence was gathered to explain how expression of
Hoxd11 is regulated in the lumbosacral transition zone. This gene is expressed in the posterior part of
the embryo, up to the level of prevertebra 27, and its expression boundary is mimicked by a Hoxd11/
lac transgene. Expression of this transgene anterior to prevertebra 27 is prevented by the silencing
activity of a cis-acting element. This repression of Hoxd11 is necessary to position the sacrum prop-
erly. This silencing activity depends on phylogenetically conserved sequences able to bind in vitro
retinoic acid receptors and COUP-TFs. ES cell technology was used to generate mice carrying a sub-
tle mutation involving the substitution of seven nucleotides that abolished binding of nuclear recep-
tors at this regulatory region. Mutant mice displayed an anterior shift of their lumbosacral transition
inherited as a codominant trait. In mutant embryos, the expression of both Hoxd11 and Hoxd10 mRNAs
in the prevertebral column was anteriorized. These results illustrate the sharing, in cis, of a single
regulatory element to establish the expression boundaries of two neighboring Hoxd genes (10).

In a parallel set of experiments, a phylogenetically conserved transcriptional enhancer necessary
for the activation of Hoxd11 was deleted from the endogenous HoxD complex of mice. Although
genetic and expression analyses demonstrated the role of this regulatory element in the activation of
Hoxd11 during early somitogenesis, the function of this gene in developing limbs and the urogenital
system was not affected, suggesting that Hox transcriptional controls are different in different axial
structures. In the trunk of mutant embryos, transcriptional activation of Hoxd11 and Hoxd10 was
severely delayed but subsequently resumed with appropriate spatial distributions. The resulting cau-
dal transposition of the sacrum indicated that proper vertebral specification requires a precise tempo-
ral control of Hox gene expression, in addition to spatial regulation. A slight time delay in expression
(transcriptional heterochrony) cannot be compensated for at a later developmental stage and, in turn,
eventually lead to morphological alterations (11). The reciprocal temporal modulation was achieved
also by bringing forward the expression of the Hoxd10 and Hoxd11 genes. The same evolutionary
conserved Hox regulatory sequence was replaced by its fish counterpart in the HoxD complex of mice.
Fetuses carrying this replacement activated Hoxd11 transcription prematurely, which led to a rostral
shift of its expression boundary and a consequent anterior transposition of the sacrum (12).

Looking further into the HoxD cluster, extensive sequencing in several vertebrate species has revealed
many conserved DNA sequences interspersed between neighboring Hox genes. Their high degree of
conservation strongly suggests that they serve regulatory purposes. However, this was not always
easy to establish. The deletion of the most tightly conserved regulatory sequence located in the HoxD
complex gave different results, depending on the transgenic approach used. In “conventional” trans-
genesis, it was necessary for proper expression in a subdomain of the developing limb, but no effect
was seen, when the element was deleted from its endogenous genomic context, that is the HoxD
cluster. This ambiguity could illustrate a redundancy in regulatory circuits and, thus, justify the com-
bination of parallel experimental strategies (13).
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Fig. 3. Vertebral column defects due to HoxD cluster mutations. A–C, Lateral views of the cervical region of
adult mice as revealed by X-ray analysis. A, Normal mouse. B, Targeted inactivation of the Hoxd1 gene induces
malformations of the atlas and axis, the first two cervical vertebrae (c1 and c2, respectively). C, Targeted deletion
of the entire HoxD cluster induces a severe reduction of both atlas and axis that most often form a single fused
structure (c1,2). Malformations of the atlas-axis complex arise from genetic constitutions involving loss of func-
tion of Hoxd1, Hoxd3, and Hoxd4. Such severe vertebral fusions, depicted in panel C, are common in simulta-
neous absence of all three gene products. D–F, Frontal views of the lumbar region of adult mice. The last thoracic
vertebra is marked T13, and the last lumbar vertebra is marked L5, L6, or L7. D, In stocks, where the Hoxd11
gene is expressed ectopically in slightly more anterior regions, involving the primordia of the sixth lumbar verte-
bra, the latter is often transformed into the form of the first sacral vertebra giving the L5 formula. In mice with a
strong ectopic expression of Hoxd11 in the primordia of both the fifth and the sixth lumbar vertebrae, an L4
formula also occurs as a result of the transformation of both these two structures. E, Normal anatomy character-
ized by six lumbar vertebrae, an L6 type. F, In stocks, where the Hoxd11 gene is inactivated transition from
lumbar to sacral character becomes delayed by one vertebra, resulting in the vertebral formula L7. The same
transformation occurs in absence of the Hoxa11 gene. In compound mutant Hoxd11;Hoxa11 double homozygous
animals the vertebral formula is L8.

Another regulatory element located in the vicinity of the Hoxd12 gene is well conserved in tetra-
pods, but little sequence similarity was scored when compared with the cognate fish DNA. Analyses
of animals homozygous for the mutant allele of this regulatory region revealed its function in controll-
ing Hoxd12 expression in the presumptive posterior lower arm, where it genetically interacts with Hoxa11.
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Downregulation of Hoxd12 expression was also detected in the trunk, suggesting that this element may
mediate a rather general function in gene activation. This is evidence that locally active elements are
necessary to build up the complex expression patterns of Hoxd genes during limb development, and
some of the regions may serve both in the vertebral column and limb regulatory circuits (14).

An engineered fusion of the 5' exon of Hoxd13 with the 3' exon of Hoxd12 was also studied in this
respect. This hybrid transcription unit was regulated like Hoxd11, with expression limits in the trunk,
limbs, intestinal, and urogenital systems more anterior than those expected for either Hoxd13 or Hoxd12.
This suggested the presence of a regulatory element between Hoxd13 and Hoxd12 that may contribute
to the establishment, early on, of a repressive state over these two genes (15).

A reverse approach corroborated most of the above findings but also brought the importance of
global regulatory influences into focus. During development, the functional domains of individual
Hox genes are colinear with their genomic positions within the HoxD cluster such that Hoxd13 and
Hoxd12 are necessary for digit and lower sacral vertebral column development, whereas Hoxd11 and
Hoxd10 are involved in making lower arms, and the lumbosacral transition region. To study the nature
of this control, the posterior part of the HoxD complex was scanned with a targeted reporter transgene.
The response of this foreign promoter to limb regulatory influences suggested that this regulation
was achieved through the opposite effects of two enhancer elements. The physical position of a given
gene within this genomic interval of opposite regulations might thus determine its final expression
pattern (16).

Previous work has suggested that Hox genes are made progressively available for transcription in
the course of gastrulation, implying the existence of an element capable of initiating a repressive con-
formation and later allowing this repression to be relieved sequentially according to the order of the
genes along the clusters. By combining a genomic walk with successive transgene insertions upstream
of the HoxD complex, followed by a series of deletions, evidence was found for the position of such
a regulatory region. The largest deficiency induced posterior homeotic transformations coinciden-
tally with an earlier activation of Hoxd genes. These data suggest that a regulatory element located
upstream of the complex is necessary for setting up the early pattern of Hox gene colinear activation
along the main body axis (17). This is in agreement with transposition of Hoxd genes to a more pos-
terior 5' location within the HoxD complex. These studies reinforced the hypothesis that colinearity in
the expression of these genes was caused, in part, by the existence of a silencing mechanism originat-
ing at the 5' end of the cluster and extending towards the 3' direction.

Both the strength and specificity of this repression was tested by inserting a Hoxb1/lac transgene
near Hoxd13. This recombinant cluster thus contained a copy of the most anterior gene (group 1)
inserted at the most posterior position, that is, near group 13. A complex interference was obtained.
Although the anterior-specific activity of the transgene in the hindbrain was lost, early and anterior
transgene expression in the mesoderm was unexpectedly not suppressed. Rather, the transgene induced
a transient ectopic activation of the neighboring Hoxd13 gene without affecting other genes of the
complex. Such a local and transient break in colinearity was also observed after transposition of the
Hoxd9/lac reporter gene, indicating that it may be a general property of these transgenes when trans-
posed at an ectopic location (18).

Taken together, the mutagenesis of short DNA fragments and transgene relocations followed by
subsequent internal modifications point to the combined importance of local and global distantly act-
ing regulatory regions in the regulation of multigenic complexes, such as Hox clusters.

A SERIES OF NESTED TARGETED DELETIONS IN THE HOXD CLUSTER

The interplay of the various regulatory strategies was clearly seen in the series of alleles based on the
Hoxd11/lac transgene. Hoxd11 is one of the digit genes; yet, when a conventional transgene is intro-
duced into transgenic mice, that is, inserted at heterologous genomic loci, it mimics aspects of regu-
lation only along the main body axis. It gives a posterior expression domain but it is never expressed
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in the digit primordia. To get expression in digits, the transgene must be re-introduced into the HoxD
cluster (19). Site-specific transgene insertion is achieved by homologous recombination in ES cells.
Depending on the immediate neighborhood, the Hoxd11/lac transgene expression pattern shows
modulations: expression could be more or less restricted both along the main body axis and along the
limb axis. The first of the Hoxd11/lac alleles was made by introducing this transgene, flanked by a
loxP site at the 5' end of the HoxD cluster, just upstream of Hoxd13. In later rounds of homologous
recombination, an identically oriented loxP site was introduced to one of various positions of inter-
est, one between Hoxd11 and Hoxd10, one between Hoxd4 and Hoxd3, and one into Hoxd1. The last
step was the application of Cre to bring along the excision reaction between two loxP sites, either in
ES cells, or in mice, thus eliminating the intervening genes. In the first case we deleted several digit
genes, Hoxd13, 12, and 11 (4); in another case, the Hoxd13 to Hoxd4 region (20), and finally the entire
cluster (21). The first manipulation induced a deficiency, eliminating the products of the Hoxd13,
Hoxd12, and Hoxd11 genes simultaneously. The Hoxd11/lac reporter gene replaced the deleted region
and allowed monitoring the effect of this triple inactivation at the cellular level. Indeed, the same
reporter was maintained after each deletion event.

From detailed analysis of early and late phases of limb development by using the Hoxd11lac marker
and other histological markers, Hox gene dependence of a broad spectrum of developmental features
becomes apparent (Fig. 4). Deficits are seen first in early limb bud size; later in the size of the distal
limb, which includes the digit primordia, and the pattern of the emerging prechondrogenic condensa-
tions; even later in the sequence of appearance of ossification centers; and last in the progression and
completion of endochondral ossification (4).

Deleting the whole complex was interesting from the regulatory perspective (22) because even
in the absence of all digit Hoxd genes, reporter gene expression in the digit domain was maintained.
Deletion of the entire complex was a good way to show that the shared digit regulatory element was
outside of the complex. We have collected thus far a set of five mouse strains that contain the Hoxd11/
lac reporter gene all in the identical 5' environment. This is a valuable resource, not only for studying
the function of the HoxD complex but also its underlying regulation. Progressive deficiencies toward
the inside of the cluster signal the presence of regulatory regions interspersed with the genes. HoxD-
type regulation observed in the absence of the entire cluster suggests regulatory influences coming
from the outside. Simply using the X-gal assay on similarly staged embryos, one can monitor differ-
ences in reporter gene expression and thus make a number of interesting observations.

At a relatively early stage, the main influence of the internal part of the cluster is to suppress early/
anterior activation of a posterior gene. When close to early acting anterior element, the posterior gene-
derived reporter can be expressed in anterior, early forming structures, like the hindbrain, or the cer-
vical spinal column. The next endpoint can localize such elements, in this case near the Hoxd3 gene.
Although such anterior elements cannot access the posterior genes, it appears to access the nearby
anterior promoter easily. The full deficiency suggested that the digit element is located outside of the
cluster (21,22).

This latter claim needed independent support because the reporter gene was derived from a proper
digit gene. To show formally that a digit enhancer was located outside of the cluster, a reporter gene
replacement was necessary. An allele raised with the Hoxb1/lac gene was used for this purpose, in the
TAMERE protocol (see Trans-Allelic Targeted Meiotic Recombination section). By crossing mice con-
taining the Hoxb1/lac allele relocated to the posterior Hoxd cluster and a Hoxd11/lac reporter with a

Fig. 4. (opposite page) Limb defects caused by HoxD cluster mutations. Limb skeletons of adult (A–F) and
juvenile mice (G and H) illustrate the involvement of several Hoxd genes in digit development. A and D shows
part of the forelimb and hindlimb skeleton, respectively, of hemizygous animals, with one complete set of HoxD
genes, and a deficient chromosome that lacks Hoxd13, Hoxd12, and Hoxd11, produced as a result of targeted
deletion. The anatomical pattern is almost completely normal, except for slight reductions of the second phalanges
of digits II and IV in the forelimb. B and E show forepaw and hindpaw of an animal homozygous for a mutation
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of Hoxd13. The gene is present, but no functional HOXD13 protein is produced because of a targeted insertion of
lacZ sequence into the homeodomain. Digit defects are present in essentially the same structures but to a less
severe degree as compared with the simultaneous loss of Hoxd13, Hoxd12, and Hoxd11 (see next panels). C and
F show the corresponding parts of the skeleton of a homozygous mutant of the Hoxd13-, Hoxd12-, and Hoxd11-
deficient chromosome. In homozygous individuals, all digits are shorter (ectrodactyly), lack well-formed articu-
lations between the phalanges (p2, p3, etc., in panel C), and a diagnostic pattern of synpolydactyly is observed in
the hindlimb, which involves the fourth digit (IV in panel F). In addition to these patterning defects, skeletons of
mice 1 wk after birth show ossification deficiency. Ossification centers of the different skeletal elements were
visualized by alizarin red staining, and here appear in dark grey in panels G and H. When comparing G and H, the
absence of the longest metatarsal ossification centres signals a delay of approx 10 d in endochondral ossification.
Similar heterochrony is seen in all mutants that involve a loss of the Hoxd13 gene product, but the full extent of
the defect can be seen only when both Hoxd12 and Hoxd11 are inactivated in addition to Hoxd13 (see scheme E
in Fig. 2).
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large HoxD cluster deficiency, the same deficiency was established, but this time with the novel reporter.
Hoxb1/lac expression in digits was strong evidence of the independence of the digit enhancer from
Hoxd11 proximal sequences (Kmita et al., unpublished results).

TARGETED INVERSIONS IN THE HOXD CLUSTER

After these sections of describing experiments involving short or longer loxP/Cre mediated dele-
tions, we should touch upon a second kind of cis manipulation, that involving inversions. Two major
functional involvements of the HoxD cluster were linked to multiple gene regulatory domains. In
both of these cases, distant regulatory elements that appeared to be located outside of the cluster pro-
vide for gene dose-dependent mechanism by regulating contiguous sets of genes. As discussed earlier,
doses of Hoxd13, Hoxd12, Hoxd11, and Hoxd10 are involved in digits and coexpression of all these
genes seems to be a result of the activity of a shared enhancer located 5'. The rest of the complex,
including Hoxd9, Hoxd8, Hoxd4, Hoxd3, and Hoxd1, is not expressed in digits to any appreciable
level. However, genes from Hoxd11 to Hoxd1 were all found expressed at the transition of the small
intestine to the large bowel, the so-called ileo-cecal valve. We hypothesized that the coregulation of
this contiguous set of the first seven genes reflects the activity of a shared gut enhancer located in the 3'.
When five of the seven genes were deleted together, a smooth muscle organ, the ileo-cecal sphincter,
did not form properly. The importance of gene dose was indicated by the need to inactivate at least
five genes simultaneously (20).

When taken together, it became apparent that the HoxD cluster is subdivided into two overlapping
domains of regulation. Hoxd12 belongs to the digit domain, but it and the more posterior Hoxd13
is excluded from the gut regulatory domain. At the same time, Hoxd11 and Hoxd10 belong to both
domains. Because of the multiple polarities involved, it seemed to be a good approach to reverse
polarity of the region that included the limit of the gut expression domain. First a Hoxd13/lac locus was
created, ending with a loxP site. A second inversely oriented loxP site was then introduced between
the Hoxd11 and Hoxd10 genes in cis. This allele was established as a mouse line. To achieve the inver-
sion, these mice were then crossed with mice expressing Cre ubiquitously. As long as the Cre trans-
gene was present both direct and inverse configurations were present in about equal proportions.
After segregating out this transgene in the next generation, both alleles could be established indepen-
dently. Mice carrying the inversion showed a reciprocal re-assignment of the limb vs gut regulatory
specificities, suggesting the presence of a silencer element with a unidirectional property. This polar
silencer appears to limit the number of genes that respond to one type of regulation and thus indicates
how separate regulatory domains may be implemented within intricate gene clusters. A corollary of
this mechanism is that the activity of the unidirectional silencer element and the enhancer promoter
interactions do not involve tissue specific components, but work similarly in skeletogenic progeni-
tors and gut mesoderm (23).

In a second inversion study, we obtained data about the importance of gene cluster polarity in the
control of spatial and temporal colinearity at earlier stages of the development of the main body axis,
and in limb buds. The entire HoxD cluster was inverted in ES cells by loxP/Cre manipulations (Fig.
2H). Using this allele, we can test further the hypothesis about unidirectional silencer elements. This
will also provide a means to test if functional domains can be redefined in an even broader context.

TRANS-ALLELIC TARGETED MEIOTIC RECOMBINATION

Functional studies of large transcription units, clustered genes, and chromosomal loci required the
design of novel experimental tools to engineer genomic macro-rearrangements. We established a
novel strategy to produce deficiencies or duplications directly in vivo by crossing mice carrying a
loxP site on homologous chromosomes. When a loxP site is present in both parental chromosomes,
during meiotic pairing, at a stage crossing over normally occurs, targeted recombination between these



HoxD Complex in Skeletal Patterning 111

two sites located in trans could be used to generate unequal interchromosomal exchanges. These give
rise to rearrangements, such as deletion and reciprocal duplication of the DNA fragment located
between the relative position of the two loxP sites (Fig. 1C). This was successfully achieved with the
use of a transgene in which the Cre coding sequences are under the control of the Synaptonemal
complex protein 1 promoter that recapitulates the expression profile in pachytene spermatocytes of
the Synaptonemal complex protein 1 gene that is involved in meiotic chromosome pairing.

This trans-allelic targeted meiotic recombination protocol, through the combination of various
alleles within a particular locus, allows the production of a variety of novel genetic configurations
without multiple targeting and selection steps in embryonic stem cells. Application of this genetic pro-
tocol is limited by the availability of loxP inserts but the high frequency of such targeted exchanges
in vivo makes the trans-allelic targeted meiotic recombination a powerful genetic tool (24).

The first time, we used a set of sites inserted near the digit genes Hoxd13, 12, 11, and 10. These
loxP sites were offset by one, two, or three genes (4,10,13,14,16). By crossing any pair of them and
bringing the two alleles in the same “transloxer” male, deletions and reciprocal duplications of one,
two or three digit genes could be established (schemes A, B, and C in Fig. 2). We embarked on such
systematic deletion and duplication approach with the aim of dissecting the function of these posterior
Hoxd genes in an unambiguous manner as well as to investigate the mechanism underlying colinear-
ity in limbs. Such systematic modifications either in the presence or in the absence, in the respective
positions, or in the total number of genes helped elucidate the underlying processes. Indeed, compara-
tive analysis of this allelic series revealed that modifications of either the topology or number of 5'
Hoxd genes induce regulatory reallocations that give rise to abnormal number and morphology of the
digits. Such digit phenotypes are seen only when the Hoxd13 gene is altered, as expected from the
prevalent role of HOXD13 protein in digit morphogenesis. Interestingly, 5' Hoxd genes are expressed
in the presumptive digit domain after a gradual decrease in transcriptional efficiency with the 5'-most
gene in the cluster, Hoxd13, being the most widely activated. This phenomenon, referred to as quan-
titative colinearity (25), could be related to the special importance of Hoxd13 in making digits. The
regulatory reallocations observed, as a result of the rearrangements we produced, prove that actually
5' Hoxd genes compete for the activity of the digit enhancer. However, competition between 5' Hoxd
promoters is not related to a distance effect toward the enhancer and does not primarily rely on pro-
moter identity. Instead, comparative analysis of our allelic series clearly suggested that the preference
of the digit enhancer for the 5'-most Hoxd gene depends mostly, although not entirely, upon regu-
latory sequences located at the 5' extremity of the HoxD cluster (26). As a consequence, the enhancer
would gradually loose the capacity of activating genes located further 3', thus explaining why only
the four most 5' genes are activated in the digit domain. Such mechanism could have been established
to secure high level of HOXD13 protein in distal limb because of its particular importance in making
the distal part of our limb, that is, hands and feet.

PERSPECTIVES

In ongoing experiments, we are extending the scope of our analysis beyond the bounds of the
HoxD cluster, into the flanking regions, both in the 5' and the 3' direction, in an attempt to establish
long-range chromosomal rearrangements. We also are trying to establish alleles of Hoxd genes, marked
with molecular markers, that could be used in isolating purified native cells representing early stages
of skeletogenic patterning. Targeted deletions, inversions, and duplications will no doubt stay with us
for some time and will facilitate the analysis of complex genetic loci. We are also considering the avail-
ability of future tools, such as variant loxP sites, Flip recombinase target sequence (FRTs), and flip-
ases and the zoo of Cre-expressing mice, to increase the potential of this molecular genetic approach.
Together. these studies will help to find answers to some of the many unresolved questions concern-
ing the role of Hox genes in limb development, evolution and human dysmorphogenesis (27,28).
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Control of Development and Homeostasis

Via Regulation of BMP, Wnt, and Hedgehog Signaling

Renee Hackenmiller, Catherine Degnin, and Jan Christian

INTRODUCTION

Secreted signaling proteins play fundamental roles in the embryonic patterning of multicellular
organisms from insects to humans. Three protein families, bone morphogenetic proteins (BMPs),
Wnts, and hedgehog (Hh) are secreted cell–cell signaling molecules that have been shown to be
important regulators of a wide variety of normal and pathological developmental processes. BMPs,
Wnts, and Hh can all be termed as morphogens in that they act directly at a distance and induce dis-
tinct differentiation programs at different concentrations. Signaling by BMPs, Wnts, and Hh is regu-
lated in both positive and negative fashions at the extracellular, membrane, cytoplasmic, and nuclear
levels. The range of molecular strategies involved in regulating the signaling activities of these pro-
teins in a developing embryo highlights the crucial importance of maintaining tight spatial and tem-
poral control of morphogens during development.

BMPs comprise a subclass of the transforming growth factor- (TGF- ) superfamily, which also
includes TGF- s, activins, inhibins, and Mullerian inhibiting substance. The first BMPs were identified
by their ability to induce ectopic bone formation when implanted under the skin of rodents (1). Molec-
ular cloning has subsequently identified a family of structurally related proteins, including BMP-2 through
-8, Xenopus Vg1, Nodals, GDFs, and the Drosophila proteins Decapentaplegic (Dpp), Screw and 60A.
BMP ligand dimers bind to a heteromeric complex of type I and type II transmembrane serine/threo-
nine kinase receptors. Ligand binding to a receptor complex results in the phosphorylation of cytoplas-
mic proteins Smad1, 5, or 8, which then translocate to the nucleus and regulate BMP target gene
expression (Fig. 1A).

Wnt-1, the first Wnt family member to be discovered, was originally identified as an oncogene
leading to mouse mammary tumors when activated by viral integration (2). It was later shown to be
the vertebrate ortholog of the Drosophila segment polarity gene, wingless (wg; ref. 3). In vertebrates,
the Wnt family of proteins encodes more than a dozen structurally related secreted glycoproteins.
There are several Wnt signaling pathways, but the canonical Wnt pathway describes the salient sig-
naling events and introduces the important players. In the absence of Wnt signal, the constitutively
active serine–threonine kinase GSK3 phosphorylates -catenin, targeting it for ubiquitination and pro-
teasome-mediated degradation. Upon Wnt stimulation by binding of ligand to its receptor, Frizzled,
GSK3, no longer phosphorylates -catenin, and -catenin becomes enriched in the cytosol and nucleus,
where it binds to T-cell/lymphoid-enhancing transcription factors to derepress transcription of Wnt
target genes (Fig. 1B).
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Hedgehog (hh) was identified in the Nusslein–Volhard and Wieschaus screen looking for genes
that are required for segmentation of the Drosophila embryo (4). Three mouse homologs have been
identified: Indian Hedgehog, Desert Hedgehog, and Sonic Hedgehog. The Hh signal is transduced
when Hh ligands bind to the multipass membrane protein Patched (Ptc), antagonizing Ptc activity.
Binding of Hh to Ptc relieves inhibition of Smoothened (Smo), a transmembrane protein related to
the secretin G protein-coupled receptor. Uninhibited Smo transmits the Hh signal intracellularly
through several cytoplasmic steps, leading to the nuclear action of the Ci/Gli proteins, which regulate
Hh target genes. In the absence of Hh signaling, Ci is constitutively cleaved, generating a repressor
form that binds to and inactivates Hh target genes. When Smo transmits the Hh signal, Ci is no longer
cleaved and the full-length Ci protein activates Hh target genes (Fig. 1C). The exact mechanism
through which Smo transduces the Hh signal remains unclear, but it most likely involves a conforma-
tional change in the receptor complex or a cellular redistribution of the Smo and/or Ptc protein.
Although this is the generally accepted view of basic Hh signaling, the specifics are still being debated.

The finding that BMPs, Wnts, and Hh function as long-range signals in some tissues, but only
signal to neighboring cells in others suggest complex regulatory mechanisms that control the actions
of these proteins. Dpp, for example, acts over long range to specify cell fate in the Drosophila wing
disc but signals only at short range between germ layers of the gut (5). Wnt also shows both short-
and long-range activities, with both activities even being observed within a single tissue. In the embry-
onic epidermis, for example, Wnt protein can be detected in vesicles three to four cells anterior, but
only one cell posterior, to where the gene is transcribed (6). Similarly, Hh signals at short range to
induce floor plate within the neural tube but at long range in patterning the limb (7). How the range
of action of a signaling molecule can be restricted in one tissue or cell type but not another is a com-
plex problem in trying to understand the actions of these morphogens.

Fig. 1. Schematic representation of BMP, Wnt, and Hh signaling pathways (see text for details). A, The BMP
signaling pathway.
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Fig. 1. B, The Wnt signaling pathway. C, The hedgehog signaling pathway.
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Here, we focus on regulatory events that occur after translation of BMP, Wnt, and Hh but before
receptor-mediated signaling events. First, we discuss how posttranslational modifications can lead to
activity changes. Second, we highlight some of the extracellular regulators that impact on BMP, Wnt,
and Hh activity and action, in particular the role of secreted extracellular binding proteins and heparan
sulfate proteoglycans (HSPGs) in regulating these morphogens. Finally, we examine autoregulatory
feedback loops that alter receptor levels or activation on target cells as a direct result of BMP-, Wnt-,
or Hh-mediated regulation. Each of these signaling pathways is also regulated at the intracellular
level after receptor activation, and readers are referred to several recent reviews that include coverage
of these intracellular mechanisms (8–10). It is important to remember that although we discuss a
variety of mechanisms used to regulate the actions of these proteins, different strategies may be used
in different developmental context.

POSTTRANSLATIONAL MODIFICATION

BMPs, Wnts, and Hh undergo a variety of posttranslational modifications, including cleavage, gly-
cosylation, and/or covalent attachment of lipids. These processing events occur during transit through
the secretory pathway or after secretion into the extracellular space. In some cases, these modifications
are required to generate a bioactive molecule; in others, they are not essential for activity but instead
modify the level of signaling and/or the distance over which a signal can spread. The latter types of
modifications are particularly intriguing in that they may provide a mechanism to posttranslationally
alter the signaling properties of a single gene product in a tissue-specific fashion.

Processing of BMPs

Proteolytic Activation
BMPs are synthesized as prepropeptides consisting of a signal sequence, a minimally conserved

amino (N)-terminal prodomain and a more highly conserved carboxy (C)-terminal mature domain
(11). After cotranslational cleavage of the signal peptide, BMPs form homo- or heterodimers that are
covalently linked via an intermolecular disulfide bond between a conserved cysteine residue located
within the mature domain of each monomer (reviewed in ref. 12). An additional six conserved cys-
teines in the mature domain form intramolecular bonds that help fold each monomer into a character-
istic cystine knot motif. After dimerization, BMPs are proteolytically cleaved immediately C-terminal
to a RXXR-motif and the prodomain fragments and mature dimerized ligand are secreted from the cell.

The enzymes that proteolytically activate BMPs are members of a family of higher eukaryotic
endoproteases, the proprotein convertases. In mammals, seven members of this family have been
characterized. Three of these, furin, PACE-4, and PC5/6B, are the most likely candidates for process-
ing BMPs based on their expression patterns, substrate specificity, in vivo inhibitor studies, and/or
mutational analysis in mice (13–18).

The prodomains of TGF- family members lack signaling activity, yet the presence of this region
is essential for the generation of bioactive dimers in most cases. Deletion of the prodomain of activin
A or TGF- , for example, prevents dimerization and secretion of the mature ligand, but activity can
be rescued by addition of the prodomain in trans (19). These findings have led to the suggestion that
the prodomain of TFG- family members, like that of several prokaryotic and eukaryotic proteases,
acts as an intramolecular chaperone to direct proper folding of the mature domain (reviewed in ref.
20). Domain swap experiments have shown that the prodomain can dictate the half-life, bioactivity,
and signaling range of mature TGF- family members. BMP-4 and nodals, for example, normally act
over a range of only one to two cells, whereas activin B is freely diffusible. When the prodomain of
activin B is fused to the mature domain of either BMP-4 (21) or Nodals (22), ligand cleaved from these
precursors is more readily released from the cell and can signal over many cell diameters. Furthermore,
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mature Nodal cleaved from its native precursor protein is highly unstable whereas that cleaved from
a chimeric precursor containing the BMP-4 prodomain is stable (16).

The requirement for proteolytic removal of the prodomain for activity is supported by the finding
that cleavage mutant forms of BMPs in which the -RXXR- motif has been disrupted are inactive and
can dimerize with and inhibit the cleavage, secretion and bioactivity of native BMPs (23). A few
exceptions to this rule do exist, however, in that precursor forms of inhibin A (24), lefty (25), and
Xenopus nodal related-2 (26) possess some bioactivity.

The mechanism(s) by which the prodomain regulates the activity of mature BMPs is unknown and
is likely to vary between individual family members. In the case of TGF- , which has been better
studied than BMPs, the prodomain remains noncovalently associated with the mature ligand, form-
ing an inactive, latent complex that is stored in the extracellular matrix (ECM) in association with the
latent TGF- binding protein. The major regulatory step controlling TGF- activity takes place out-
side of the cell when proteases or other agents either release the prodomain or induce a conformational
change that exposes the receptor binding sites on TGF- (27). Analogous to TGF- , the prodomain
of BMP-7 remains noncovalently associated with the mature region after cleavage but, unlike TGF- ,
this complex can bind to and activate BMP receptors without further processing or alteration (28).
Recent genetic data support a functional interaction between BMP-7 and the latent TGF- binding
protein family member Fibrillin-2 and suggest that the bioactivity or availability of BMP-7, like that
of TGF- , may be regulated by interactions with the ECM (29). Processing of BMP-4 is more com-
plex than that of BMP-7 in that the precursor is sequentially cleaved by furin at two sites and this
ordered proteolysis regulates the activity and signaling range of mature BMP-4 (14,15). Specifically,
proBMP-4 is initially cleaved at a consensus furin motif adjacent to the mature ligand domain and
this allows for subsequent cleavage at an upstream nonconsensus furin motif within the prodomain.
Failure to cleave at the upstream site generates a ligand that is targeted for rapid degradation, leading
to lower bioactivity and signaling distance in vivo. Conversely, a mutant form of the precursor that is
rapidly cleaved at both sites generates ligand that is more active and signals over a greater range. An
intriguing possibility is that the upstream site is cleaved in a tissue-specific fashion, thereby provid-
ing a mechanism to spatially regulate the levels and distance of BMP signaling in vivo. This same
mechanism may operate for the closely related family member BMP-2 because the two cleavage sites
are conserved in BMP-4 and BMP-2 from all species, but not in other family members.

Role of Homo- vs Heterodimerization
Closely related members of the BMP family, for example BMP-2-4 and/or -7, BMP-2 and GDF-6,

or different nodal-related proteins, can form heterodimers within the secretory pathway before pro-
teolytic processing and in some cases the heterodimers are more potent signaling molecules than are
homodimers (30–33). Recent studies have shown that more distantly related family members can also
heterodimerize. BMP-4, for example, forms heterodimers with Xenopus derriere or nodal-related pro-
teins (26) and BMP-7 forms heterodimers with nodal (34). BMP-4 and -7 bind to a distinct class of
receptors and activate a different intracellular signal transduction pathway than do derriere or nodals,
raising the questions of whether these heterodimers are active and, if so, which class of receptors and
signaling pathways are activated. An alternate possibility is that this class of heterodimer blocks acti-
vation of both signaling pathways as has been suggested for BMP-7/nodal heterodimers (34).

Processing of Wnts
Regulated Glycosylation

Unlike Hh and BMPs, Wnts are subject only to regulated glycosylation and not cleavage. In trans-
fected tissue culture cells, most Wnt protein is retained as an unglyosylated form in the endoplasmic
reticulum associated with an HSP70 protein (35). This inefficient processing suggests that generation
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of active Wnt protein is a complex process and may require tissue specific accessory proteins. Consis-
tent with this, genetic studies identified Porcupine (Porc) as a member of an evolutionarily conserved
family of multipass transmembrane ER proteins, which is required for processing the Drosophila Wnt
family member, Wg (36,37). Porc was recently shown to bind an N-terminal region of Wg that is highly
conserved among all Wnts and to stimulate glycosylation of nearby sites. In addition, Porc was shown
to be dispensable for N-glycosylation in the presence of dithiothreitol (DTT), suggesting that the cotrans-
lational formation of intramolecular disulfide bonds in Wnt proteins normally inhibits efficient glyco-
sylation. Based on these studies, a model has been proposed in which Porc tethers Wg to the ER membrane
bringing it into close proximity with the oligosaccharyl transferase complex, thereby accelerating
glycosylation and minimizing competition with cotranslational disulfide bond formation. Porc shares
homology with a family of acetyltransferases, raising the possibility that it may anchor Wg to the ER
membrane via acetylation (38).

Processing of Hedgehog

Autoproteolysis and Cholesterol Attachment
Hh is synthesized as a 45-kDa precursor that is autoprocessed to generate a 20-kDa N-terminal

fragment (Hh-N) that possesses all known signaling activity and a 25-kDa C-terminal domain (Hh-C)
that catalzyes intramolecular cleavage of the precursor (39–41). Cleavage occurs through the for-
mation of a thioester intermediate that undergoes nucleophilic attack by cholesterol, resulting in the
covalent attachment of cholesterol to the C-terminus of Hh-N (42). This yields the mature signaling
form of Hh, which is denoted Hh-Np.

The addition of cholesterol to Hh-N initially was thought to be essential for ligand function, possi-
bly by mediating binding to the Hh receptor, Ptc (reviewed in ref. 43), but is now known to be dis-
pensable for activity and receptor binding. This was demonstrated with a truncated form of Hh lacking
the cholesterol modification, which retains full signaling activity both in vitro and in vivo (41,44)
and binds to Ptc with similar affinity as does Hh-Np (45).

In Drosophila, the cholesterol adduct can limit the range over which Hh signals, as evidenced by
the finding that overexpressed Hh-N signals over a much greater distance than does Hh-Np. This
restriction is caused by the ability of Ptc to sequester and thereby limit the travels of Hh-Np, but not
Hh-N. This presents an unresolved paradox, however, because earlier studies have shown that Ptc binds
to Hh-N and Hh-Np with equal affinity. The difference in receptor interactions in vivo may be medi-
ated by differential association of Hh-N and Hh-Np with HSPGs, as described in the Activity Regula-
tion by HSPGs section.

Curiously, the cholesterol moiety not only restricts the range over which Hh can signal but also
enables Hh to signal beyond producing cells. Hh-Np can signal across several cell diameters whereas
a membrane tethered form of Hh can signal only to adjacent cells, thereby demonstrating that choles-
terol does not function as a simple membrane anchor. Release of Hh-Np from producing cells is depen-
dent on the function of yet-to-be identified HSPGs, which is discussed in the next section on extracellular
regulation of activity, and a novel transmembrane protein, Dispatched (Disp).

Disp is a 12 pass transmembrane protein with a sterol sensing group that was identified by genetic
studies as being required in Hh-producing cells for release of Hh-Np but not Hh-N (46). In the absence
of functional Disp, Hh-Np is synthesized, processed, reaches the cell surface, and can signal (47) but
is not released from the cell. The mechanism by which Disp regulates Hh release is unknown.

Most of what is known about the role of cholesterol in modulating the range of Hh signaling has
come from genetic studies in Drosophila. Recent studies in mice led to the surprising conclusions
that, unlike in the fly, addition of cholesterol to vertebrate Hh is essential for long range activity but
is dispensable for short-range signaling and sequestration by Ptc (48). Specifically, mice were gener-
ated in which a stop codon was introduced into the Sonic Hh (Shh) gene such that only a truncated
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form of Shh analogous to Hh-N was expressed. This unprocessed, unmodified form of Shh protein
was expressed at normal levels, interacted genetically with Ptc, and was able to signal to nearby cells
but was not distributed to distal cells that normally receive Shh. The observed differences in the signal-
ing range of Hh-N in the fly vs the mouse may be caused by the use of overexpression approaches in
Drosophila vs knock-in mutations in the mouse, the use of different accessory proteins to regulate
Hh signaling in each species (e.g., Disp in flies, HIP in mouse, see below), or differences in cellular
context.

Palmitoylation
In addition to cholesterol modification, Hh undergoes an additional posttranslational lipid modifi-

cation, the palmitoylation of its most N-terminal cysteine via an acylation intermediate (45). Studies
in tissue culture suggest that palmitoylation, like cholesterol coupling, can anchor Hh to the mem-
brane (45), but a variety of indirect evidence suggests that acylation alone is not sufficient to restrict
the range of action of Hh in vivo. This issue remains to be resolved, but what is clear is that palmitoy-
lation is essential to generate a fully active ligand. In Drosophila, acylation is catalyzed by a transmem-
brane acyltransferase encoded by the skinny hedgehog (ski) gene (49), also referred to as sightless (sit;
ref. 50), central missing (cmn; ref. 47), or Rasp (51). The activity of Hh-N and Hh-Np is abolished in
embryos mutant for this gene. Further evidence that acylation is required to generate functional Hh is
provided by studies in which the N-terminal cysteine to which palmitate is attached was mutated. This
mutation inactivates the protein and generates a dominant mutant form that interferes with endog-
enous Hh activity (52). In vertebrates, palmitoylation is not absolutely essential for Hh activity but
generates a more potent signaling molecule in cell culture (45) and tissue assays. Specifically, although
unacylated recombinant Shh can induce formation of ventral cell types in chick forebrain explant cul-
tures, it is much less potent on mouse forebrain explants than is acylated protein (53). In addition, muta-
tion of the N-terminal cysteine residue to serine generates a signaling molecule with reduced patterning
activity in a mouse limb bud assay relative to the wild-type Shh (52).

 The mechanism by which acylation potentiates the signaling activity of Hh is unclear. Addition of
hydrophobic amino acids or other hydrophobic moieties to the N-terminus of Shh enhances the potency
of the ligand but does not alter binding affinity for Ptc and has no apparent effect on structure (54).
Although these modifications do not appear to restrict the range of Hh, they may localize the protein
to specific membrane domains and/or alter its affinity for cofactors or other proteins involved in sig-
naling and transport.

ACTIVITY REGULATION BY EXTRACELLULAR MODES

In addition to the posttranslational modifications that impact on the action of BMP, Wnt, and Hh,
there are a large number of extracellular proteins that regulate ligand activity and/or availability. In this
section we focus on two extracellular regulatory mechanisms: secreted extracellular binding proteins
and cell surface HSPGs. These diverse extracellular modulators either facilitate or inhibit the signal-
ing activities of BMP, Wnt, and Hh by a variety of molecular mechanisms.

Sequestration of BMPs and Wnts by Secreted Extracellular Binding Proteins
In general, the soluble extracellular binding proteins described below affect the concentrations of

BMPs and Wnts (no secreted extracellular regulators have been identified for Hh) that signal at the
surface of responding cells. These interactions serve to regulate the amount of a particular ligand that
a cell “sees,” thus indicating its position within the morphogen gradient. Most of these extracellular
regulators are high-affinity secreted binding proteins that prevent receptor activation by binding to the
ligand, thereby acting as antagonists. Interestingly, there is little or no sequence similarity between
the different classes discussed below.
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BMP-Secreted Extracellular Regulators
Noggin

Noggin is a small glycoprotein (32 kDa) that was originally identified as a molecular component
of Spemann’s organizer, a specialized signaling center located on the dorsal side of gastrulating
Xenopus embryos. Noggin functions as a homodimer that binds specifically to BMPs secreted by ven-
tral cells and antagonizes BMP signaling by blocking interaction with its receptors (55). These inter-
actions are critical for normal dorsoventral patterning in Xenopus embryos. Noggin can also bind to
and inhibit Xenopus GDF-6 (a TGF- family member), preventing its ability to induce epidermis and
blocking neural tissue formation (56). Additional biochemical studies have shown that noggin binds
to BMP-2, BMP-4 and GDF-6 with high affinity, but to BMP-7 with low affinity (55,56).

Noggin-null mice demonstrate that antagonism of BMP activity by noggin is critical for proper
skeletal development. In addition to defects in neural tube and somite development noggin-null mice
have excess cartilage and fail to initiate joint formation (57). Two human genetic disorders, proximal
symphalangism and multiple synostoses syndrome, which are characterized by bony fusions of joints,
have been shown to be caused by dominant mutations in noggin (58), further underscoring the impor-
tance of noggin in joint development.

Chordin/Short Gastrulation (Sog)
Chordin is a 120-kDa protein secreted from the Spemann’s organizer. In the same manner as noggin,

chordin, and its Drosophila ortholog, short gastrulation (Sog) antagonizes BMP signaling by binding
the ligand and preventing it from interacting with its receptor (59). Because it is much larger than other
BMP antagonists, chordin may diffuse less efficiently in tissues, altering its ability to function as a
BMP inhibitor.

In both vertebrates and invertebrates, the activity of chordin orthologs is negatively regulated by a
family of secreted zinc metalloproteases, including Drosophila Tolloid, Xenopus Xolloid, and human
BMP-1. Biochemical studies have shown that Tolloid cleaves chordin and decreases its affinity for
BMP ligands, thus functioning as a BMP agonist (60–62). The activity of Drosophila Tolloid appears
to be different than that of the other Tolloid orthologs. Drosophila Tolloid cleavage activity is depen-
dent on the formation of the Dpp–Sog complex, whereas in Xenopus and zebrafish, chordin cleavage
is independent of BMP binding (60,61,63). Nonetheless, Tolloid orthologs can regulate the availabil-
ity of BMP signals by regulating the amount of BMP bound by chordin.

Paradoxically, in Drosophila, whereas Dpp is inhibited by high levels of Sog, it appears to be
enhanced by low levels of Sog, and this process requires Tolloid (64). Sog may facilitate diffusion of
Dpp, allowing the inactive complex to accumulate and then be activated by tolloid-mediated cleav-
age at sites distant from the Sog source.

Adding complexity, it has recently been shown that the secreted protein Twisted gastrulation (Tsg)
acts as a BMP antagonist when complexed with chordin and BMP (65–68). Tsg promotes the binding
of chordin to BMP and together the three form a ternary complex that inactivates BMP signaling
more efficiently than chordin alone. Additionally, Tsg enhances tolloid cleavage of chordin. It is not
clear whether this generates “supersog-like molecules,” that can inhibit additional members of the
BMP family not inhibited by unprocessed Sog (69) or whether it inactivates chordin, freeing BMP to
signal (70). One possibility is that the chordin/Tsg/BMP complex helps BMP diffuse through the
embryo, in part by preventing its association with cell surface receptors along the way. This would
allow for high levels of BMP signaling at a distance from the chordin source (see above and ref. 71).

Follistatin
Follistatin is a soluble secreted glycoprotein with cysteine-rich modules originally identified as a

protein that binds and inhibits activin (72). When follistatin is overexpressed in ventral blastomeres
of a Xenopus embryo, it can induce a secondary body axis (73) and when overexpressed in Xenopus
ectoderm, it can induce neural tissue (74). These results suggest that follistatin might inhibit the
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action of proteins in addition to activin, namely BMPs. Additionally, follistatin has been shown to
co-immunoprecipitate with BMP-4 in tissue culture (75), indicating a direct interaction between BMPs
and follistatin. In contrast to the mode of action of noggin and chordin, follistatin does not compete
with the type I receptor for BMP-4 binding. Instead, it forms a tetrameric complex with BMP and the
type I and type II BMP receptor to block receptor activation (73).

DAN Family
DAN, Cerberus, Gremlin, Caronte, and other structurally related proteins are collectively called

the DAN family (76). All members of this family characterized to date have been shown to antago-
nize BMP signaling by preventing BMP–receptor interaction. Unrelated to other BMP antagonists,
all DAN family members have a conserved 90 amino-acid cystine-knot motif that at least in Cerberus
and Caronte includes the BMP-binding region (77,78).

DAN
DAN, originally isolated as a putative zinc-finger protein that has tumor-suppressor activity

(79,80) was later shown to be a secreted factor that like other BMP antagonist can neutralize ectoder-
mal explants from Xenopus embryos and convert ventral mesoderm to more dorsal fates (76). DAN
directly binds to BMP-2 in vitro (76) but experimental evidence suggests it may be a more potent
inhibitor of the GDF class of BMPs in vivo (81). The exact role of DAN in developmental processes
is unclear because DAN mutant mice have no obvious abnormalities (81). In developing mouse
neurons dan mRNA is localized to axons, suggesting a potential role for DAN in axonal outgrowth or
guidance.

Cerberus
The Xenopus cerberus gene was identified as a Spemann organizer-associated transcript that encodes

a secreted protein able to induce ectopic heads when injected into Xenopus embryos (82). Cerberus is
a multidimensional antagonist: it has been shown to bind and inhibit BMPs, Wnts, Nodals, and Acti-
vin, but the binding sites are independent (77). BMP-4 and Xnr1 (nodal family member) bind in the
cystine-knot region, whereas Xenopus wnt-8 (Xwnt-8) binds to the unique amino terminal half of
cerberus. Cerberus appears to restrict trunk formation to the posterior part of the body by coordinately
antagonizing three trunk-forming pathways—the BMP, Nodal, and Wnt pathways—in the anterior
part of the developing embryo.

Gremlin
Gremlin was isolated in studies to identify dorsalizing factors that can induce a secondary axis in

the Xenopus embryo (76). In addition to antagonizing BMP activity, Gremlin also blocks signaling of
Activin and Nodal-like members of TGF- superfamily. Gremlin is expressed in cells of the neural
crest lineage, suggesting it may have a role in neural crest induction and later patterning events. Grem-
lin has also been shown to be a central player in the outgrowth and patterning of the vertebrate limb (83).

Wnt-Secreted Extracellular Regulators
The sFRP Family

The Wnt antagonists known as secreted frizzled-related proteins (sFRP) are a large family of
secreted proteins that share homology to the putative Wnt-binding region of the Frizzled (Fz) family
of transmembrane receptors (84,85). Frzb-1 is the founding family member, and it was identified by
researchers two ways: in a screen while looking for cDNAs enriched in the Xenopus Spemann’s orga-
nizer (84,85) and in articular cartilage extracts while looking for in vivo chondrogenic activity (86).
Frzb-1 coimmunopreciptates with Xwnt-8, showing a direct interaction between Frzb and Wnts (84),
and Frzb blocks the axis-inducing activity of Xwnt-8 and mouse Wnt-1 when coinjected on the ven-
tral side of cleaving embryos, demonstrating that Frzb is an antagonist of Wnt signaling. Additional
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experiments have demonstrated that the antagonistic effects of Frzb and Wnt take place in the extra-
cellular space where the two proteins are secreted (87), preventing productive interactions between
Wnt and the Fz receptor.

All sFRP family members have been shown to have dorsalizing activities in Xenopus whole embryo
assays, but the various family members have diverse expression patterns and different affinities for
specific Wnts (88). This suggests that particular sFRPs are required at specific times and in specific
tissues to antagonize signaling of specific Wnts. Biochemical data regarding the target Wnt protein
for the various sFRPs has been inconclusive. For example, Frzb1 can bind to Xwnt-3a, Xwnt-5, and
Xwnt-8 in vitro but only interacts with Xwnt-8 in the embryo (89). Similar results have been obtained
for Frzb2 and Sizzled 2 (90), making the in vivo requirement for the different sFRPs unclear.

A simple interaction between sFRP and Wnt proteins may not be able to fully explain the mecha-
nism by which FRPs act. Recent data have demonstrated that sFRPs interact not only with Wnt pro-
teins but also with other FRPs and with Fz receptors (91), leaving open an alternative mode of action
for sFRP-mediated antagonism of Wnt signaling.

Wnt Inhibitory Factor-1
Wnt inhibitory factor-1 (WIF-1) is another secreted Wnt antagonist that binds to Wnt proteins and

blocks their interaction with the Fz receptors (92). Its earliest expression is seen at neurula stages in the
somitic mesoderm and anterior forebrain of mice (92), and WIF-1 has been shown to bind to Xwnt-8
and Wg in vitro. WIF-1 has an N-terminal signal sequence, a domain of approx 150 amino acids termed
the WIF domain that binds to Wnt/Wg, five epidermal growth factor-like repeats, and a hydrophobic
domain of approx 45 amino acids at the C-terminus. The WIF domain partially overlaps with the Wnt
binding domain in Fz-2.

Xenopus studies demonstrate that the action of WIF-1 is different than that of the Frzb family mem-
bers. Coinjection of the BMP antagonist chordin with Frzb leads to a low frequency of secondary
axis formation and when formed, the ectopic heads are always cyclopic. By contrast, co-injection of
WIF-1 and chordin promotes complete secondary axes and no cyclopic eyes. The WIF domain alone
is able to synergize with chordin to give secondary axes, but the heads are always cyclopic, suggest-
ing that the epidermal growth factor-like repeats are necessary for full activity of WIF-1 (92).

Cerberus
As discussed above, cerberus is a multivalent inhibitor that can block BMP, Wnt, Nodal, and Acti-

vin signaling. Cerberus directly binds to Xwnt-8, inhibiting its interaction with the Fz receptors. It is
expressed in the Xenopus Spemann’s organizer and is thought to have a role in head induction, a pro-
cess inhibited by ectopic Xwnt-8 signaling in the gastrula dorsal mesoderm (93).

Dickkopf
Dickkopf (Dkk-1) encodes a member of a novel protein family of secreted Wnt antagonists. Dkk-1

is expressed in the anterior mesentoderm and is proposed to function in head induction (94). Dick-
kopf’s mode of antagonism is different than previously described antagonistic proteins. Dkk-1 antag-
onizes Wnt signaling by binding to and inactivating the Wnt co-receptor LRP (arrow in Drosophila;
refs. 95–98) but does not directly bind to Wnt. Dkk regulates coreceptor availability rather than ligand
availability. It has recently been demonstrated that the membrane-anchored molecule Kremen binds
to Dkk and triggers internalization and clearing of the Dkk-LRP complex from the cell surface (99).
This renders Wnt unable to activate the intracellular pathway necessary for target gene expression. It
remains to be determined how Kremen triggers internalization of the Dkk-LRP complex.

Activity Regulation by HSPGs
HSPGs are large macromolecules found abundantly on the cell surface that modulate the function

of intracellular signaling molecules in many ways (100). BMPs, Wnts, and Hh have been shown to
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interact with components of the ECM, such as HSPGs, and it is becoming clear that these interactions
play an important role in modulating the levels, facilitating the movement, and/or acting as corecep-
tors for these ligands (101).

BMP
In Drosophila, genetic analysis of a mutation in the glypican gene dally (division abnormally delayed)

has implicated this protein in both Wg (discussed below) and Dpp signaling (102,103). Reducing
Dpp levels in a dally mutant background enhances defects in the eye, antenna and genitalia, and over-
expression of Dpp can rescue the defects in these tissues (104). Interestingly, although these genetic
interactions indicate that Dally regulates Dpp activity (103), the requirement for Dally in Dpp signal-
ing appears to be restricted to the imaginal disks.

Several studies on mouse glypican-3 (gpc-3) knockouts have provided evidence that BMP/HSPG
interactions are important in mouse embryogenesis. When gpc-3-deficient animals are mated to BMP-
4 haploinsufficient mice, the offspring display a high penetrance of postaxial polydactyly and rib
malformations not seen in either parent strain (105). Additional studies show that Gpc-3 modulates
BMP-7 activity during embryogenic kidney morphogenesis (106).

Work in Xenopus has identified a basic core of amino acids in the N-terminal region of BMP-4
necessary for BMP binding to HSPGs (107). Mutating these three amino acids does not alter receptor
binding or induction of target genes but does increase the effective range of BMP signaling, indicat-
ing that HSPGs restrict the diffusion of BMPs in vivo. Together, these results demonstrate that HSPGs
are important regulators of BMP function and signaling range during both Drosophila and vertebrate
development.

Wnt/Wg
Genetic studies in Drosophila confirm a role for HSPGs in Wg signaling. Sugarless (sgl/kiwi) encodes

an uridine diphosphate (UDP)-glucuronate involved in the biosynthesis of heparin, heparan sulfate
(HS), chondroitin sulfate, and hyaluronic acid. Mutations of sgl demonstrate a noncell autonomous
defect in Wg-receiving cells (102,108), which is mediated by loss of HS. Exogenous HS can rescue sgl
mutants whereas overexpression of HS in wild-type embryos gives rise to excess Wg signaling (102).
Wg signaling is also impaired in sulfateless (slf) mutants, which lack an enzyme involved in the modi-
fication of HS. Together, these studies suggest that proteoglycans and specifically HSPGs interact
with Wg in receiving cells either to stabilize the ligand, limit its diffusion, increase the effective local
concentration of the ligand (102), or to act as a low-affinity co-receptor (108).

As discussed above, Dally is a GPI-linked glypican that is modified by Sfl. Dally protein is expressed
in the same cells as the Wg receptor, Dfz2 where it may act as a co-receptor with Dfz2 to generate a
high-affinity binding site for Wg (103,109).

A second glypican molecule involved in reception of Wg signaling is Dally-like (Dly). Overex-
pression of Dly leads to an accumulation of extracellular Wg and generates a wg phenotype. This sug-
gests Dly acts to sequester Wg and acts as an antagonist, preventing access to or activation of Dfz2
(110). In contrast to the apical localization of Wg mRNA, association of Wg with glycosylphosphatidyl-
inositol (GPI)-linked HSPG targets it to the basolateral surface of cells (111), contributing to the poste-
rior spread of Wg signaling.

QSulf1, a sulfatase family member, is another genetically linked enzyme in the Wg pathway (112)
necessary for the degradation of HSPGs (113). Disruption of QSulf1 specifically inhibits expression
of MyoD, a Wnt-responsive gene, suggesting that breakdown of HSPGs is integral to Wnt signaling.
In transient transfection assays, addition of QSulf1 enhances Wnt signaling, whereas addition of hep-
arin or chlorate antagonizes QSulf1, abrogating Wnt signaling (112). One explanation for how Qsulf1
alters Wnt signaling is that QSulf1 desulfates HS to locally release Wnt-bound HSPG, enabling the
ligand to bind its cognate receptor and initiate signaling.
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Hh
Genetic evidence that HSPGs are essential for trafficking of Hh was provided by the identification

of tout velu (ttv) as a gene that is required for movement of Hh-Np, but not Hh-N, in Drosophila (114,
115). Ttv is a homolog of the human EXT genes that were identified through their association with
the bone disorder multiple exostoses (116). These genes encode enzymes essential for heparan sul-
fate glycosaminoglycan biosynthesis (117). Glycosaminoglycan have also been shown to be impor-
tant for movement of vertebrate Hh away from its source (118). Several models have been proposed
for the role of HSPGs in Hh-Np movement or receptor binding. It is possible, for example, that
association of Hh-Np, but not Hh-N, with HSPGs increases its local concentration, thereby enabling
it to bind to and be sequestered by Ptc. Alternatively, or in addition, binding to a specific class of
HSPGs, such as the GPI-linked glypicans, might enable transport of Hh from cell to cell directly (119)
or via transcytosis (120) as has been observed for other GPI-linked proteins. Association with glypi-
cans might also function to promote localization of Hh-Np to lipid raft microdomains within the mem-
brane through which transport can occur. Rafts are microdomains rich in cholesterol, sphingolipids,
and GPI-anchored proteins and Hh-Np is associated with this membrane fraction, either by virtue of
its sterol modification alone, or perhaps by association with a glypican molecule (121).

REGULATION OF RECEPTOR ACTIVATION: FEEDBACK LOOPS

Research in recent years has shown that the BMP-, Wnt-, and Hh-signaling pathways are often
subjected to regulation by autofeedback loops in addition to the action of extracellular regulators.
Most of these feedback loops consist of transcriptional targets of the pathways that once activated
turn off or downregulate BMP, Wnt, or Hh activity by interfering with future signaling events. Intra-
cellular targets, such as inhibitory SMADs, which block intracellular events in the BMP pathway, are
not discussed, although these are an important component of feedback loops that are further described
in several recent reviews (8–10). Instead, we highlight feedback loops that alter receptor activation
or accessibility.

BMP Feedback Loops
BAMBI

BMP and activin membrane-bound inhibitor) (Bambi; ref. 122) is a transmembrane protein related
to TGF- -family type I receptors that lacks an intracellular kinase domain. In all species examined,
embryonic expression of Bambi overlaps that of BMPs and is induced by BMP ligands. Bambi acts
as a pseudoreceptor by intercalating in the TGF- complex and disrupting receptor signaling, thus func-
tioning as a naturally occurring dominant mutant of BMP signaling.

Tkv
In the developing wing disk of Drosophila, Dpp negatively regulates expression of its own type I

receptor thickveins (Tkv; ref. 123). This results in Tkv levels being lowest in Dpp-expressing cells
and highest in cells furthest from the source of Dpp (123,124). Low levels of Tkv enable Dpp to
spread over long distances, in part generating the Dpp morphogen gradient. High levels of Tkv pre-
sumably limit the spread of Dpp. Hh also represses tkv expression in dpp-expressing cells (125), add-
ing an additional level of regulation.

Noggin
Noggin expression in chondrocyte and osteoblast cultures is increased by BMP signaling and

noggin in turn abolishes the bioactivity of BMPs (see Regulation of Receptor Activation: Feedback
Loops section and refs. 126,127). This suggests that noggin may participate in a BMP-negative feed-
back loop.
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Wnt Feedback Loops
Binding of Wg to its receptor, Dfz2, has been shown to stabilize Wg in the wing imaginal disk (128).

This stabilization allows Wg to diffuse further from its source at the dorsoventral boundary of the
imaginal disk. Wg signaling represses dfz2 transcription, resulting in dfz2 expression being low near
secreting cells and increasing distally. This sets up an inverted gradient of wg/dfz2 expression, which
promotes ligand stability at a distance (129). Conversely, early in embryogenesis, overexpression of
Dfz2 acts to restrict distribution of Wg, suggesting the receptor can also act to sequester ligand (87).

Hedgehog Feedback Loops
ptc Upregulation

The ptc gene is a transcriptional target of the Hh-signaling pathway. In Drosophila and mouse, ptc
upregulation in response to Hh signaling is responsible for the sequestration of Hh and restriction of
Hh movement (130,131). Hh upregulation of ptc is a self-limiting mechanism by which Hh attenu-
ates its own movement through responsive tissues. In addition, high levels of Ptc block the intrinsic
activity of Smo. As discussed above, Ptc-mediated sequestration of Hh is dependent on cholesterol
modification of Hh.

HIP
Hedgehog-interacting protein (HIP) is a membrane glycoprotein that binds to all three mammalian

Hh proteins with an affinity similar to Ptc (132). HIP was the only protein identified in an expression
screen for Hh-interacting proteins that promoted cell surface binding of Hh. Binding of Hh to HIP
most likely regulates the availability of ligand, resulting in signal attenuation (10). An example of
HIP-negative regulation of Hh signaling is seen in cartilage where Indian hedgehog (Ihh) controls
growth, and overexpression of HIP leads to a shortened skeleton similar to that observed in ihh knock-
out mice (132). Hip, like ptc, is a transcriptional target of Hh signaling. HIP expression is induced by
ectopic Hh expression and is absent in Hh-responsive cells in Hh mutants. Interestingly, no HIP
othologs have been identified in Drosophila, providing a possible molecular mechanism to explain
the different actions of Hh in the mouse vs the fly.

CONCLUSION

mRNA expression patterns alone do not describe the activities and interactions of BMPs, Wnt, and
Hh as mediators of many fundamental processes in embryonic development. As we have described,
these proteins are regulated at multiple levels beyond transcription. They are regulated posttransla-
tionally via covalent modifications, proteolytic processing, and regulated secretion; within the extra-
cellular space by secreted binding proteins and HSPGs; and via autoregulartory feedback loops. These
modifications and interactions result in a complex pattern of ligand activity that cannot be achieved
by transcriptional regulation alone.

Although we have tried to highlight some of the modes of regulating the activity of BMP, Wnt,
and Hh signaling, there has been a large amount of recent work on how ligands move from cell to cell.
Passive diffusion, long thought to be the way morphogen gradients were generated, is now viewed as
only one of a handful of ways that a tissue/organism traffics its morphogens. Movement by carrier
molecules, endocytosis, argosomes (vesicle-mediated transport), transcytosis (sequential endocyto-
sis and exocytosis), and cytonemes (threads of cytoplasm connecting distant cells) are additional mech-
anisms used to generate morphogens gradients (for recent reviews, see refs. 133–136). It is becoming
apparent that depending on the time in development the tissue, and even the organism, many different
tools can be used establish the necessary distribution of particular morphogens. Future studies will
likely show that differently modified forms of the ligands have different affinities for antagonistic
proteins and HSPG molecules and that these associations in turn regulate how, when, and where the
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ligand is transported. Although many of the specifics of the BMP, Wnt, and Hh pathways have been
worked out, understanding how these pathways (and others) are integrated to form complex organisms
remains a critical problem in developmental biology.
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INTRODUCTION

Of vertebrate organ systems, the developing limb has been especially well characterized. Embryo-
logical studies combined with molecular manipulations have yielded a wealth of information about the
control of pattern formation during limb outgrowth. A number of key signaling pathways have been
implicated in the control of numerous aspects of limb development, including the establishment of
the early limb field, determination of limb identity, elongation of the limb bud, specification of digit
pattern, and sculpting of the digits. Although there is clear evidence that specific signaling pathways
that operate in the limb field and early limb bud control the specification of pattern, little is known
about how these signals interface with the cell biology of limb development (1). One instance where
some progress has been made concerns the role of FGF4 signaling by the apical ectodermal ridge
(AER) in the limb bud.

The AER is a developmentally transient ectodermal specialization at the distal tip of the limb bud,
where it runs along the distal boundary separating the dorsal and ventral ectodermal surfaces. It is typi-
fied by closely grouped, pseudostratified columnar epithelial cells that are linked by gap junctions
(2) and separated from underlying mesenchymal cells by a basement membrane (3). The AER is indis-
pensable for limb outgrowth (4,5) and achieves its function by maintaining underlying mesenchymal
cells in an undifferentiated, proliferative state known collectively as the progress zone (6). Pattern
specification occurs within the progress zone, and its importance is indicated by the distally localized
expression of a number of developmentally important genes, many of which are regulated by the AER.
Among these are the 5' members of the Hoxa and Hoxd gene clusters, which play roles in the regional
specification of the limb skeletal pattern (reviewed in Chapter 7). As the limb bud grows, cells leave
the progress zone, and differentiation is initiated at proximal levels of the limb bud.

Limb patterning is most frequently related to the pattern of differentiated skeletal elements that
can be described along its three primary axes: proximal–distal, anterior–posterior, and dorsal–ven-
tral. The early skeletal pattern is useful for morphological studies because of clear anatomical differ-
ences between the various skeletal components that make up the proximal–distal axis. Additionally,
the general organization of tissue types is highly conserved among tetrapod vertebrates, even though
there is considerable diversity of final morphology (7). The anterior–posterior limb pattern is assessed
based on the digit sequence, and there is firm evidence that digit identity is controlled by the production
of sonic hedgehog protein (SHH) by the zone of polarizing activity (ZPA) located in the posterior limb
bud (8). Digit identity is defined in the early limb bud long before the initiation of differentiation (9),
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but it can be modified even at relatively late stages of limb outgrowth (10). Thus, the developmental
window for digit specification is open for a relatively long time. The limb skeleton is first established
as a chondrogenic template that is later replaced by bone tissue during endochondrial ossification. In
all vertebrates, the pattern of chondrogenesis occurs in a proximal to distal sequence.

The interface between the specification of cell fate in the progress zone and the actual differentia-
tion of limb structures at more proximal levels represents an important area of limb development that
is almost completely unexplored. In this review, we provide a model for skeletal morphogenesis that
bridges this interface by linking the control of cell movements within the progress zone by the AER
to the onset of chondrogenic differentiation at levels proximal to the progress zone.

Fibroblast Growth Factor (FGF) Signaling in the Limb Field
Before the appearance of a limb bud, a field of cells along the embryonic flank acquires the capac-

ity to develop into a limb. In the chick embryo, the limb bud is apparent by stage 17, but explant
studies indicate that the wing-forming region has the capacity to form limb structures by stage 12 (11).
The stage 12 prebud region has been mapped to an area adjacent to somites 15 to 20 and is approx
480 µm along the anterior–posterior axis, 200 µm along the dorsal–ventral axis, and 120 µm along
the prospective proximal–distal axis. Fate mapping studies suggest that this prebud region expands
in an organized manner (Fig. 1). During stages 12 to 14, the anterior–posterior dimension more than
doubles whereas the dorsal–ventral and proximal–distal dimensions remain constant (12). From stage
14, the anterior–posterior dimension remains relatively constant whereas the dorsal–ventral compo-

Fig. 1. Schematic illustration depicting changes in limb field size as determined by fate mapping studies. The
limb field increases in size in a highly organized manner before the appearance of the limb bud. The size of the
limb field changes in only the anterior–posterior dimension between stages 12 and 14; the dorsal–ventral and
proximal–distal dimensions remain constant. Between stage 14 and 16, the expansion of the anterior–posterior
dimension declines and the dorsal–ventral dimension increases in size. After stage 16, the proximal–distal dimen-
sion grows in a disproportionate manner in comparison with the other axes.
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nent increases (13). The proximal–distal dimension expands as the limb bud forms between stages 16
and 17, and this expansion continues with bud elongation (12). Thus, changes in the size of the pre-
bud region and the limb bud itself indicates highly coordinated patterns of growth and expansion.

The FGF family of signaling proteins play an important role in setting up the prebud field. FGFs
are intercellular signaling molecules that display a strong binding affinity for the extracellular matrix
and signal via the FGF receptor (FGFR), a member of the tyrosine kinase superfamily of cell surface
receptors (14). The Fgf gene family is very large and includes at least seven members expressed
during limb development, Fgf2, Fgf4, Fgf8, Fgf9, Fgf10, Fgf17, and Fgf18 (15,16). Of these Fgf10
and Fgf18 are expressed only in mesenchymal cells, Fgf4, Fgf8, Fgf9, and Fgf17 are expressed only
in the ectoderm, specifically the AER, and Fgf2 is expressed in both the ectoderm and the mesen-
chyme. The FGFr gene family includes four members, of which three, FGFr1, FGFr2, and FGFr3,
are expressed during limb development. FGFr1 is expressed predominately in undifferentiated mes-
enchyme (17–19). There are two isoforms of FGFr2 expressed in the limb bud; FGFr2b is expressed
in the limb ectoderm, including the AER, and FGFr2c is expressed in the ectoderm and in prechon-
drogenic condensations (18–20). FGFr3 is expressed late in skeletogenesis and is associated with dif-
ferentiating cartilage (18,19).

Fgf10 loss-of-function studies in the mouse result in a limbless phenotype, indicating that FGF10
is required for limb outgrowth (21,22). Similarly, interrupting the action of FGF10 either by over-
expressing a soluble, dominant-negative derivative of the FGFr2B gene or by the deletion of the FGF
binding domain of the FGFr2 gene results in a limbless or distally truncated phenotype (23,24). In the
chick, Fgf10 is expressed in lateral plate mesoderm at stage 12 when the limb field becomes tissue auton-
omous (25). At this stage, Fgf10 is expressed beyond the mapped boundary of the limb; however, it is
downregulated in the surrounding tissue so that by stage 15 it is expressed only in the prebud mesoderm.

One downstream target of FGF10 signaling is the AER-specific gene Fgf8. Fgf8 expression in the
prebud ectoderm in first observed at stage 16, some 3 h after localization of Fgf10 expression to the
prelimb mesenchymal tissue (26–30). The initial Fgf8 expression domain encompasses a broad band
of ectodermal cells that includes the future AER, and once the bud forms, Fgf8 expression is exclu-
sively restricted to the AER. Expression of Fgf8 in the limb ectoderm is FGF10 dependent (21,22)
and can be induced by ectopic FGF10 application (25,31). FGF8 application in the limb bud induces
an expansion of the Fgf10 expression domain, thus suggesting a reciprocal regulatory loop between
mesenchymal FGF10 and ectodermal FGF8 (14,25). The absence of FGF8 during limb outgrowth
results in relatively normal limb limbs that display reduced skeletal elements at all levels (32,33).
The absence of FGF8 in the limb bud results in the anterior expansion of the Fgf4 expression domain,
thus suggesting that Fgf4 expression in the AER is negatively regulated by FGF8.

Limb defects are not observed in loss of function studies targeting Fgf2, Fgf4, Fgf9, or Fgf17
genes (34–37); however, gain of function studies in which purified FGF proteins are delivered on
slow-release microcarrier beads into the limb-forming region provide evidence that these factors play
key roles in the regulation of limb outgrowth. In the chick, nonlimb, embryonic flank tissue (stages
13–17) responds to an ectopic source of FGFs by initially forming an ectopic limb bud that later
develops into identifiable limb structures (38,39). The ectopic limb is always of reverse handedness
in comparison with the neighboring, endogenous forelimbs and hindlimbs, and the ectopic limb is
generally a chimera of both tissues types (40). A number of FGFs have been tested using this assay,
including FGF1, FGF2, FGF4, FGF7, FGF8, and FGF10. Of these, only FGF7 failed to induce the
formation of ectopic limb structures (29,30,38,39). Ectopic limbs are generally induced by implants
of microcarrier beads loaded with purified FGF protein, although implantation of cells expressing dif-
ferent Fgfs can induce a similar response (39). Ectopic expression of Fgf4 or Fgf8 in flank cells through
retroviral infection (30,41) or ubiquitous expression of Fgf2 or Fgf4 in transgenic models (42,43) do
not result in ectopic limb formation, thus suggesting that the spatial distribution of FGF is important
for this response.
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CELL MIGRATION AND A DYNAMIC PROGRESS ZONE

In the chick, the transition between prebud stages to limb bud stages is marked by the lateral bulg-
ing of the limb mesenchyme to form the limb bud, a homogeneous population of mesenchymal cells
covered by ectoderm. The AER is a prominent ectodermal structure that rims the distal tip of the limb
bud in all amniote vertebrates. In the chick, the AER forms soon after the bud is visible, and in the
mouse, the AER does not form until limb bud outgrowth is well underway (44). The late appearance
of the mouse AER as well as studies of the limbless mutation in the chick shows that initial formation
of the limb bud is an AER-independent event (45).

As with limb initiation, the dependency of mesenchymal outgrowth on the AER is known to be a
function of FGF activity. Numerous studies have shown that outgrowth can proceed after AER removal
in the presence of ectopically applied FGF; thus, FGF signaling is linked to the maintenance of the
progress zone. Although this function can be provided for by either FGF2, FGF4, or FGF8 (30,46–
48), FGF8 is assumed to be physiologically relevant because it is expressed throughout the AER with
no axial bias (26,27). Fgf2 is present in the dorsal ectoderm and peripheral mesenchyme in addition
to the AER (49,50), and Fgf4 transcripts are restricted to the posterior AER in the early limb bud (51,
52) but are expressed distally as bud outgrowth proceeds. Both the AER and ectopically applied FGF
also induce distal outgrowth of amputated limb buds, thus indicating that FGF signaling is involved
in the reformation of the progress zone associated with a regeneration response (53–55).

The outgrowth-promoting properties of FGFs in the limb bud is contrasted by studies showing
that ectopic FGF application in the presence of the AER has an inhibitory effect on limb outgrowth
(56,57). Studies with ectopic FGF2 bead implantation into the ZPA of an otherwise-normal chick limb
bud inhibits limb outgrowth in a dose-dependent manner (Fig. 2A-E). This FGF2 response is position
specific in that a similar response is not observed after ectopic application of FGF-2 into the anterior
limb bud (56,58). Outgrowth inhibition by FGF2 is associated with dramatic changes in limb bud shape
and with the expansion and bifurcation of the Shh and HoxD13 expression domains. Cell marking stud-
ies show that ectopic FGF-2 modifies the normal distalward movement of ZPA cells, but not anterior
cells, during limb outgrowth. Thus, understanding the role of FGF2 signaling in the limb bud is com-
plicated by the apparent paradoxical result that FGF2 promotes limb outgrowth but also inhibits limb
outgrowth (56). A similar set of paradoxical findings are known for both FGF4 and FGF8. Application
of FGF4 to the limb bud after AER removal or bud amputation replaces AER function by inducing
distal outgrowth (47,55); however, application of FGF4 to a subdistal location of an otherwise-intact
limb bud causes localized shortening of the limb bud and reductions in the length of skeletal elements,
thus FGF4 inhibits bud outgrowth (Fig. 2F-H). As mentioned above, FGF8 application to the flank of
the embryo results in the induction of supernumerary limbs from flank tissues; however, the inhibition of
limb bud outgrowth is observed when FGF8 beads are implanted near the endogenous limb field (30).

As a solution to these paradoxical effects of FGFs on limb formation, we have proposed that a
major role of FGF signaling by the AER is to control patterns of cell movements important for mor-
phogenesis and pattern formation (1,57). In our in vivo studies, we have found that FGF4 acts as a
potent and specific chemoattractive agent for mesenchymal cells of the limb bud (Fig. 3). Thus, an
ectopic source of FGF4 can induce posterior limb bud cells to migrate in either an anterior or proxi-
mal direction. The in vivo migration response to FGF-4 is dose dependent both in the number of cells
stimulated to migrate and the distance migrated. The AER was also found to be a potent chemo-
attractant, directing the migration of mesenchymal cells within 75 µm of the AER to make contact
with the AER within a 24-h period and mesenchymal cells within at least 150 µm to migrate toward
the AER. These studies indicate that FGF4 produced by the AER has a long-range chemoattractive
function and regulates proximal–distal patterns of cell migration during limb outgrowth. In experi-
ments that result in the inhibition of limb bud outgrowth, we propose that altering the normal migra-
tion of these cells results in dramatic and rapid changes in limb bud shape and alters morphogenesis
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Fig. 2. FGF bead implantation studies demonstrate that FGF2 and FGF4 cause a dramatic alteration of limb
bud shape, inhibiting outgrowth and modifying skeletal morphogenesis. Affi-Gel Blue beads containing FGF-2
implanted into the posterior mesenchyme of an otherwise normal wing bud (A) induced dramatic alterations of
limb bud morphology 18 and 40 h (B) after implantation. Distal outgrowth (arrow) of the posterior region of the
bud was inhibited as compared with the nonoperated bud on the same embryo (shown on the left). Skeletal
morphogenesis is modified from control limbs (untreated bead implantation; C), displaying severe loss of digits
(D) or truncation (E) . The arrows in C–E identify implanted beads. Taken from Li et al., 1996 (56). FGF4 bead
implantation also inhibits limb outgrowth and skeletal morphogenesis. Two FGF-4 beads (*) implanted into the
subapical region of a stage 24 limb bud (F) locally inhibits outgrowth (arrows) 24 h later, giving the distal limb
bud an “arrowhead” appearance. Skeletal preparation of the resulting limb shows a complete skeletal pattern in
which proximal-distal elongation of many skeletal elements is inhibited. Taken from Li and Muneoka, 1999 (57).
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of the skeleton (57). FGF-4 has also been shown to direct the migration of nonlimb cells into the limb
bud (59). These findings indicate that the progress zone is a dynamic region of the limb bud where
differential cell migration toward the AER results in continuous changes in the type of cell–cell inter-
actions that can occur.

There are a number of implications important for our understanding of limb morphogenesis that
result from this dynamic description of the progress zone. Based on direct measurements, we are able
to estimate that migrating mesenchymal cells move at a maximum rate of about 50 µm/h (Li and
Muneoka, unpublished data). At that rate, migrating cells encounter and move pass about five cells

Fig. 3. FGF-4 is a chemoattractant for limb bud cells. A, The in vivo assay for migration consisted of DiI label-
ing of posterior–distal cells of a stage 24 limb bud (arrowhead) and implantation of a carrier bead (*) containing
FGF-4 into the central–distal region of the bud. Figures B–F are computer overlays of whole-mount limb buds
(dorsal view, distal is to the right and posterior is at the bottom) imaged in bright field and also with fluorescence
microscopy to identify DiI-labeled cells. B, In phosphate-buffered saline-treated bead implantation control limb
buds, DiI-labeled cells after 12 h of incubation expanded distally (arrowhead) but did not migrate toward the
implanted bead (*). C, 12 h after implantation of a FGF-4-treated bead, two clusters of DiI-labeled cells are appar-
ent: one associated with the FGF-4 bead (*) located centrally in the limb bud (arrow) and a second at the posterior
injection site (arrowhead). D, In a minority of cases, DiI-labeled cells were scattered along a trail that extended
from the posterior injection site (arrowhead) to the FGF-4 bead (*). E, 6 h after implantation of a FGF-4 treated
bead, DiI-labeled cells are observed migrating anteriorly toward the FGF-4 bead (*) and a few cells can be seen
making contact with the bead (arrow). F, Experiments in which a FGF-4 bead (*) was implanted proximal to the
posterior injection site (stage 24 limb bud) resulted in the migration of labeled cells in a proximal direction. After
12 h of incubation, the majority response was the formation of two clusters of DiI-labeled cells: one associated
with the FGF-4 bead (arrow) located at the base of the limb bud and a second at the posterior injection site
(arrowhead).
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each hour, or one cell every 12 min; thus the nature of cell–cell interactions occurring within the limb
bud will be influenced by these cell movements. Because only a subset of cells are migrating to pop-
ulate the progress zone, it is reasonable to speculate that these cells are uniquely different from their
nonmigrating counterparts. The recent demonstration that FGF1-induced migration in NBT-II rat
bladder carcinoma cells in vitro is cell cycle dependent (60) raises the possibility that a similar cell
cycle-specific response occurs in migrating limb bud cells. In the distal limb bud, all cells are prolif-
erating; thus, it is possible that the response to FGF4 signaling could vary in a cell cycle-dependent
manner. This possibility can account for our observation that cells that failed to migrate to the FGF4
bead were later found to migrate distally during limb outgrowth (57). One consequence of a cell cycle–
dependent migration response in the limb bud is that there will be a tendency for both migrating and
nonmigrating cells to become synchronized, and reports of unexplainable regions of synchronized cells
in the limb bud have been reported (61). In addition, if G1 is the migration-responsive phase, as has
been shown for cultured cells, then the migration event would also cause an artificial depletion of S-
phase cells (low apparent proliferation rate) immediately subjacent to the AER, and an artificial enrich-
ment of S-phase cells (high apparent proliferation rate) at more proximal levels. This unusual and
unexplained observation has been noted multiple times in studies characterizing the growth dynamics
of the early limb bud (62–64).

It is generally assumed that the AER provides a mitogenic signal that maintains cell proliferation
within the progress zone. The AER and FGFs have been shown to be mitogenic for limb bud cells in
vitro (65–68); however, the endogenous patterns of cell proliferation in the limb bud do not support
the conclusion that the AER produces a unique mitogenic signal. Mesenchymal cell proliferation in
the early limb bud is initially uniform, and only after significant elongation and the onset of proximal
chondrogenesis are gradients of proliferation evident (69). In the chick limb bud, a distal-to-proxi-
mal gradient of cell proliferation is discernible by stage 24, but this gradient is associated with a prox-
imal decline in mitotic rate associated with chondrogenesis in the center of the limb bud. At this same
stage, the dorsal–ventral axis also displays a gradient of mesenchymal cell proliferation that is high-
est at the dorsal and ventral surfaces and lowest at the center of the limb bud where chondrogenesis
is commencing. Importantly, growth differences are not apparent when comparing mesenchymal cells
at the distal tip to cells at either the ventral or dorsal periphery at proximal levels. Thus, the mitotic
gradients in the limb bud are linked to the onset of differentiation and not to specific mitogenic sig-
naling associated with the AER. In support of this conclusion, after AER removal, the rate of 3H-thy-
midine incorporation in subridge mesoderm is not changed, and the mitotic index is only transiently
depressed (70,71). Thus, there is no in vivo evidence for an AER-specific mitogenic signal. Because
AER removal inhibits limb outgrowth without modifying cell proliferation rates, the data indicate
that cell proliferation and the control of limb elongation by the AER are independent events. How-
ever, these data are consistent with a cell migration model in which limb bud outgrowth is driven by
distalward cell movements and a relatively uniform rate of cell proliferation. We have proposed that
the mitogenic effects of the AER and FGFs in vitro is an indirect consequence of FGF regulated cell
migration; limb cell proliferation can be either stimulated or inhibited by FGFs depending on where
they are directed to migrate (57).

FGF SIGNALING AND BRANCHING MORPHOGENESIS

The elongating limb bud is characterized by an apical progress zone where pattern specification
occurs, a subapical zone of proliferating undifferentiated cells, and a proximal differentiation zone
where the onset of differentiation is associated with a decline in cell proliferation. The entire inter-
face between the events important for the specification of patterns that are occurring in the progress
zone and the events regulating the differentiation of limb structures is largely a mystery. In the limb,
patterning studies have focused almost exclusively on the skeletal pattern, and therefore it is appropri-
ate to target skeletal formation in considering the interact between patterning events and differentiation
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events. The onset of chondrogenic differentiation is marked by the condensation of mesenchymal cells.
These condensations are characterized by an increased packing density, the associated expression of
a number of surface proteins (e.g., fibronectin, tenascin, neural cell adhesion molecule, and N-cadhe-
rin), and a change in the extracellular matrix composition. Differential adhesion between cells plays a
critical role in the initiation of mesenchymal condensations (see Chapter 1 by Tuan). Shubin and Alberch
(72) have proposed that the morphogenesis of the vertebrate limb skeletal pattern occurs through a
hierarchical sequence of de novo condensation followed by elongation, branching, and segmentation
of chondrogenic rudiment. Thus, once initiated, condensations grow by cell recruitment and the skel-
etal pattern emerges as these condensations elongate, bifurcate, and segment. For example, the proxi-
mal long bones of the forelimb, that is, humerus, radius, and ulna, form as a result of elongation with
a single bifurcation and segmentation event, and the short bones of the carpal/tarsal region form as a
result of multiple bifurcation and segmentation events. Although the actual skeletal pattern is specified
early in limb development, the pattern itself is laid down much later by regulating these morphoge-
netic processes.

The development of the limb skeleton and the evolution of diverse tetrapod limb morphologies
can be explained as a result of controlling the spatial–temporal pattern of branching and segmentation
events. The axis from which branching events arise is called the metapterygial axis, and it is gener-
ally accepted that this axis runs along the proximal–distal axis on the posterior side of the limb and
curves from posterior to anterior in congruence with the digital arch (72,73). Skeletal elements proxi-
mal to the digits arise from a segmentation/bifurcation mechanism and the digits themselves form by
a bifurcation from the digital arch followed by elongation and segmentation without bifurcation. This
model of skeletal morphogenesis proposes that alteration in skeletal pattern emerges as a result of
physiochemical interactions that regulate whether or not a bifurcation response occurs. During skele-
tal morphogenesis, the expansion of the prechondrogenic domain reaches a critical mass and induces
a mathematical bifurcation as has been proposed in mechanochemical models of skeletal pattern for-
mation (74). In the developing limb bud, these morphogenetic events are occurring at the interface
between the undifferentiated subapical zone and the differentiation zone where mesenchyme conden-
sation is initiated.

Ectopic application of FGF4 modifies patterns of cell migration that are associated with changes in
limb bud shape and the pattern of chondrogenesis, and we have proposed that these events are causally
linked. One obvious way that FGF4-modified cell migration patterns can result in changes in skeletal
patterning is by modifying, either directly or indirectly, the processes controlling skeletal morpho-
genesis. During normal limb outgrowth, we have shown that the AER can influence the migration of
cells in the subapical zone; thus, we propose that apical cell migration plays a role in controlling the
pattern of skeletal morphogenesis (Fig. 4). One way that this might occur is if the interaction between
chondrogenic cells is favored or enhanced by the distal emigration of nonchondrogenic cells toward the
AER. Differential cell migration toward the AER in the dynamic progress zone model makes two clear
predictions about limb outgrowth. First, undifferentiated cells in the progress zone and the subapical
zone migrate distally and remain undifferentiated. Second, nonmigrating cells remain at a proximal
location, enter the differentiation zone, and initiate chondrogenesis. One consequence of these dif-
ferential cell movements is that there will be a reorganization of cells within the subapical zone. Thus,
the emigration of distally migrating cells out of this zone results in a concentration of non-migrating
cells. We propose that this reorganization of cells in conjunction with the expression of cell adhesion
molecules facilitates adhesive interactions between prechondrogenic cells that trigger mesenchymal
condensation. In this model, patterns of cell migration that is, in part, under the control of the AER
provide the interface between the specification of skeletal pattern and the actual regulation of mesen-
chymal condensation associated with the establishment of the pattern. This model is supported by the
results of fate mapping studies that show anterior or posterior shifts in the migration of mesenchymal
cells that are associated with the branching of specific skeletal elements (75).
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The hypothesis that FGF signaling is controlling branching morphogenesis of the limb skeletal pat-
tern is supported by studies in other developing organ systems that link the regulation of cell migra-
tion by FGF to the control of branching morphogenesis. Organs such as the lung, kidney, and salivary
gland in vertebrates develop abnormally or fail to develop at all in mice carrying null mutations for
either an FGF family member or an FGF receptor (21–23,76–78). For example, lung development is
inhibited in mice carrying a null mutation for Fgf10 (21,22) or FgfR2 (76–78), the putative receptor
for FGF10. In addition, in vitro experiments indicate that FGF10 functions as a chemotactic signal
important for branching during lung formation (79); thus, FGF10 in the developing lung and FGF4 in
the developing limb appear to play similar roles. In Drosophila, the FGF homolog branchless acts via
the FGF receptor, breathless, in controlling branching of the developing tracheal system, and here the
evidence also indicates that branchless acts as a chemotactic signal (80).

Beyond the link between FGF signaling and branching morphogenesis, there is considerable evi-
dence that FGF signaling control specific episodes of cell migration in many developing organs. Sex
cell migration is controlled in Caenorhabditis elegans by the FGF-like protein, EGL-17, which is secreted
by the target gonadal cell (81). FGF signaling is required for vertebrate myoblast migration (82), and
in vitro experiments indicate that FGF2 and FGF4 act as a chemotactic signals (83). FGF-8 and/or
FGF4 have also been shown to be critical for cell migration in gastrulating mouse embryos, and it is
required for successful gastrulation (84). Thus, vertebrate FGFs may have evolved from an ancestral
gene that functioned in the control of cell movements, and the extensive duplication of Fgf genes
correlates with the extensive use of cell migration in vertebrate development.

Fig. 4. The dynamic progress zone model for FGF4 directed cell migration and skeletogenesis. A, FGF-4
produced by the AER stimulates limb bud outgrowth by selectively directing cell migration distally (arrows),
thereby maintaining a progress zone at the tip of the bud and enhancing interactions between nonmigrating ( )
chondrogenic cells proximally. Light stippling indicates cells in the undifferentiation zone and dark stippling
indicates cells in the differentiation zone. B–D, Skeletogenesis is influenced by distal cell migration as a result of
emigration, promoting cell–cell interactions between chondrogenic cells. Modifying the direction of cell emigra-
tion can influence branching morphogenesis by modulating the size of the mesenchymal condensation.
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FGF4 AND SKELETAL BIFURCATIONS

Later stages of limb development are characterized by the formation and separation of the digits.
The autopodial plate is dorsal-ventrally flattened and fans out with chondrogenic rays that represent
the forming digits. Fate maps of these digit rays indicate that they primarily form the metatarsal/meta-
carpal of the mature digit, with the phalangeal elements forming from only the distal-most region of
each ray (85). Individual digit rudiments can develop at ectopic sites, indicating that at this stage
each digit rudiment is an autonomously developing morphogenetic field (86). The primary events of
digit morphogenesis are distal elongation of the digit blastema, segmentation of the chondrogenic
digit ray, and programmed cell death within the interdigital regions that separate the digits. The digits
themselves do not normally bifurcate, thus making their formation a potential model system for study-
ing the induction of bifurcation events. Digit formation is also characterized by the downregulation
of many of the Fgf genes that are expressed during earlier stages of limb development, providing a
temporal relationship with bifurcation events.

When prechondrogenic cells of the autopod aggregate to form the digit rays, the AER and the ZPA
are no longer present; however, many patterning genes that were expressed in the progress zone of
the early limb bud (such as the Hoxa and Hoxd gene clusters and the Msx genes) remain expressed in
the digit rudiments, suggesting that the patterning of individual digit rudiments is still incomplete.
Furthermore, a number of experimental observations indicating that active patterning of digit rudi-
ments continues into later limb bud stages. First, digit tip amputations result in a rapid level-specific
regeneration response that includes re-expression of the AER-dependent Msx genes (86). Second, the
digit rudiments of mouse limb buds (stage 7/8, E12.5) respond to implantation of a FGF4-releasing
microcarrier bead by inducing specific bifurcation of digit IV, indicating that patterning of digit IV is
incomplete (87). Third, interdigital cells of the chick autopod are able to form digits in response to
wounding or to implantation of transforming growth factor- -releasing microcarrier beads (88).
Fourth, digit identity in the chick hind limb can be modified by interdigital tissues and ectopic BMP
application after the formation of the digit ray (10). These studies support the view that patterning of
individual digit rudiments continues during later stages of limb development, although endogenous
patterning signals that act during digit formation are largely unknown.

Using exo utero surgery, we have used ectopic application of FGF4 into the autopod of the mouse
hindlimb at a stage shortly after AER regression to study the influence of FGF4 on digit formation (87).
Although our studies uncovered a number of FGF4-induced effects on digit formation, two observa-
tions are directly relevant for skeletal morphogenesis. First, FGF4 causes a local and transient inhibi-
tion of chondrogenesis involving the formed autopodial digit ray. A similar response has been reported
in the chick limb (89,90), and FGF signaling has been shown to inhibit chondrogenesis in high density
cultures of limb bud cells (91,92). Second, FGF4 induces a bifurcation response by prechondrogenic
cells at the tip of digit IV (Fig. 5A). We demonstrate with cell-marking studies that this bifurcation
response is associated with an FGF4-induced migration response that results in a reorganization of
prechondrogenic cells at the distal tip of the digit ray (Fig. 5B). This response does not involve inter-
digital cells known to have chondrogenic potential. Consistent with models that predict mathematical
bifurcation responses, the FGF4 response is associated with an expansion of the prechondrogenic zone
at the digit tip (Fig. 5C). Gene expression studies indicate that this response is associated with the mod-
ified expression of number of genes, including Msx1, Igf2, and the posterior members of the HoxD
cluster. These findings support our branching morphogenesis model for skeletogenesis by showing that
FGF4-induced cell migration is associated with the expansion of the distal prechondrogenic tissue
and a skeletal bifurcation response.

SUMMARY

Classical embryological and recent molecular studies have combined to increase our understand-
ing of the complex process of limb development. Although recent years have unarguably broadened
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Fig. 5. A, FGF4 bead implantation in E12.5 mouse left hind limb bud causes inhibition of cartilage growth and
differentiation (arrow) and the distal bifurcation of digit IV. B, FGF4 influences cell migration of digit cells. Cells
located at the anterior or posterior digit tip (digit III and IV) were labeled with DiI, and an FGF4 bead was simul-
taneously implanted in the interdigit III-IV (top left). Anterior is to the left, and distal is toward the top. After 72 h,
posterior digit IV cells (away from the bead) were not influenced by the FGF4 bead and migrated distally (lower
right), whereas anterior digit IV cells (closest to the bead) migrated toward the bead and established a secondary
digit tip (*). A summary map of cell migration in digits III and IV is presented (lower right): red dots represent the
location of posterior digit III and anterior digit IV injection sites and green dots represent the location of anterior
digit III and posterior digit IV injection sites. C, FGF4 influences gene expression and the pattern of condensation
in digit tips. Igf2 gene expression is used as a marker for chondrogenesis and identifies digit tip condensations in
control E13.5 day digits (left panel); 48 h after FGF4 bead implantation, Igf2 expression is distally expanded,
indicating a widening of the chondrogenic condensation associated with a bifurcation response (center panel).
The widening of Igf2 expression domain is associated with a Msx1-negative domain at the tip of digit IV (right
panel).
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our information base by identifying such morphogenetic signals, it is less clear how most of these
signals influence development at the cellular and tissue level. FGF4 is produced by the AER and func-
tions to regulate mesenchymal cell movements during limb outgrowth. We have shown that FGF4
acts as a chemoattractant and, by regulating cell migration, FGF4 functions to control skeletal bifur-
cation events important for limb morphogenesis. We present a model for skeletal morphogenesis that
integrates both the distalward movement of mesenchymal cells induced by FGF4 and the resulting
cell–cell interactions that occur as a result migration. In this model, the view of the progress zone is
modified to include distal migration of selective cells that become concentrated under the AER; thus,
the progress zone is considered to be dynamically maintained by FGF4 induced migration. One out-
come of this migration response is that nonmigratory cells become concentrated proximally, and we
propose that this emigration of migrating cells trigger cell–cell interactions between nonmigratory cells
necessary for the initiation of chondrogenic condensation. Our model provides a conceptual link between
pattern specifying signals that require FGFs in the progress zone, and morphogenetic events important
for skeletogenesis that occur in proximal regions of the limb bud.
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INTRODUCTION: COMPLEXITY OF THE RETINOID SIGNALING SYSTEM

Interest in the role of retinoid signaling during skeletal development was generated as early as the
1930s, when studies revealed the effects of vitamin A on fetal development. Both hyper- and hypo-
vitaminosis A in mothers resulted in offspring with a wide range of severe malformations, with skel-
etal deformities being particularly dramatic. Since those initial studies, retinoic acid (RA) was found
to be a much more potent teratogen than vitamin A (1). An important role for retinoid signaling in
many stages of skeletogenesis has been revealed, including the early stages of cartilage formation
through to the formation and remodeling of bone. RA inhibits chondrocyte differentiation in vivo
and in vitro (for review, see ref. 2), whereas it appears to stimulate chondrocyte hypertrophy. These
effects on chondrogenesis correlate with changes in expression of many cartilage-specific genes. RA,
therefore, is important at multiple stages during skeletogenesis.

As additional players in the retinoid signaling pathway continue to be identified, the role of the
retinoids in skeletogenesis becomes more complex. RA is the natural ligand for a class of nuclear
receptors belonging to the steroid hormone family of receptors that are thought to mediate most of
the effects of RA on cell behavior (3). These receptors function as ligand-inducible transcription fac-
tors and comprise two subfamilies, the RA receptors (RARs) and the retinoid X receptors (RXRs), each
consisting of three members, , , and . The RXRs can form homodimers or can heterodimerize with
the RARs to mediate gene transcription through interactions with retinoid X response elements (RXREs)
and RA response elements (RAREs), respectively. The importance of the RARs in skeletal develop-
ment has been studied extensively. Although analysis of mutant embryos lacking the various receptor
subtypes suggests a considerable degree of functional redundancy among these receptors, examina-
tion of the RAR compound-null fetuses offers strong evidence to suggest that these receptors are the
major transducers in the retinoid-signaling pathway. Ligand-induced activity of the receptor dimers
involves the displacement of co-repressors followed by the recruitment of co-activators (Fig. 1; ref.
4). In addition, RAR and RXR activity is modulated through interactions with other signaling path-
ways, many of which may still be unidentified. Because of the level of complexity of retinoid signal-
ing, the roles of this pathway in skeletal development are only slowly being elucidated.

Nuclear receptors are not the only RA binding proteins present in the cell. Cytoplasmic retinol and
RA binding proteins, CRBP and CRABP, respectively, constitute a separate class of intracellular RA
binding proteins (5). These proteins are thought to be important in retinoid metabolism, acting to
protect cells against excess RA or to sequester RA in those cells in which it is required. The availabil-
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ity of RA is also regulated by enzymes, such as retinaldehyde dehydrogenase (RALDH), which con-
verts retinal to RA, and P450RA, which are cytochrome P450 family members that metabolize RA
(6,7). The appropriate expression of these proteins is likely critical in skeletal ontogeny.

A more recent area of retinoid research is becoming popular as specific transcriptional changes in
response to activation of retinoid signaling continue to be uncovered. Some of the Hox genes are known
to contain RAREs and to be under the direct control of RA, and numerous other transcripts are also
regulated by RA. With respect to skeletal development, RA induces or represses the expression of
many genes that are involved in skeletogenesis. Some of these changes are mediated through the tran-
scriptional regulator AP-1. Cross-coupling with other signaling pathways, such as those regulating AP-1
activity, may underlie many of the effects of RA on skeletogenesis and may represent a common mech-
anism of RA-induced changes in cell behavior.

The role of retinoid signaling in skeletal development is clearly complex. With numerous stages
of skeletal development involving RA and with the multifarious components of the retinoid signaling
pathway, it would appear as though we are far from understanding the importance of this pathway in

Fig. 1. Overview of retinoid signaling. Retinoids are lipophilic and are thus thought to enter the cell through
passive diffusion. Once inside the cell, they interact with a number of cytoplasmic retinoid binding proteins (i.e.,
CRBPs, CRABPs), some of which may be involved in their metabolism and/or delivery to nuclear receptors. Retinal
can be metabolized to its more active form, RA, by RALDH-2 or can degraded to a more polar form(s) by the action
of P450RA. All-trans RA binds efficiently to RARs, whereas the 9-cis isomer of RA binds to both RARs and
RXRs. In the absence of ligand, an RAR/RXR heterodimer is bound to DNA and is associated with co-repressor
complex containing histone deacetylase activity, causing repression of transcription. Ligand binding to the recep-
tors displaces co-repressor and its associated components followed by recruitment of a co-activator complex that
in turn acetylates histones, thereby enhancing transcription.
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skeletogenesis. Nonetheless, substantial progress has been made in this area. As a result of this progress,
the retinoid signaling pathway is now recognized as a coordinator at multiple stages of skeletogenesis.
This review describes the retinoid signaling pathway’s role as a mediator at various levels, but specifi-
cally as a regulator of the cell transitions that occur during chondrogenesis.

RETINOID SIGNALING AND CHONDROGENESIS

Chondrogenesis is a critical step in skeletal development in that most of the adult skeleton forms
on a cartilage template. Cartilage formation begins when chondroprogenitors aggregate together to
form condensations that provide an outline of the future skeleton (reviewed in refs. 8 and 9). After
condensation, cells within the condensate begin differentiating into chondroblasts, which initiate syn-
thesis of a cartilaginous extracellular matrix. As development continues, chondrocytes proliferate
then mature into hypertrophic chondrocytes. These hypertrophic chondrocytes eventually die, leav-
ing behind an elaborate matrix to be used by invading osteoblasts as a scaffold for bone formation.

During development, the concentration of RA is spatially and temporally regulated. With respect
to skeletal development, activation of RAR-mediated signaling was followed closely in the develop-
ing limb using an RAREhspLacZ transgenic mouse model (10). Although detectable RARE activity
appears to be only sporadic among chondrocytes within the growth plate, it is highly present in the
mesenchyme of the interdigital region (IDR) and in the perichondrium. In addition, Koyama et al.
(11) used a retinoid bioassay to identify the perichondrium as a rich source of retinoids. RA concen-
tration differences are likely essential in the regulation of skeletogenesis and may be established by
the expression of enzymes, such as RALDH-1 and/or -2, and P450RA (Fig. 2). Indeed, RALDH-2 gene
expression domains in the developing limb coincide with, but slightly precede, those of RAREhspLacZ
activity (7). To date, however, the function of RALDH-2 in skeletogenesis is not entirely clear, and
mice with a targeted disruption of the RALDH-2 gene die too early (by E 10.5) to assess a skeletal
phenotype (12). P450RAI expression appears to be elevated in chondroprogenitors and chondroblasts
and may regulate skeletogenesis indirectly by controlling the amount of RA that remains available to

Fig. 2. Expression patterns of the retinoid signaling pathway components during chondrogenesis in the devel-
oping mouse limb. CRABPs I and II are expressed early on, in mesenchymal cells, but are undetectable in precartil-
aginous condensations. RAR and RAR are expressed in precartilaginous condensations, whereas chondroblast
differentiation is accompanied by decreased RAR expression and an increase in the expression of P450RA and
RAR . RAR and RALDH2 are expressed in proximal mesenchyme early on and at later stages in the IDR. (Inten-
sity of staining corresponds to relative levels of expression.)
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exert its effects (13). Interestingly, the forelimbs of P450RA-null mice do not present with detectable
skeletal defects (14,15). This suggests that P450RA may not be important in skeletal development or
that as suggested by Abu-Abet et al. (14), P450RAII may be able to substitute for P450RA function
in the limb. Furthermore, the P450RA-null mice exhibit a transient increase in RAR activity (as mea-
sured by an RAREhspLacZ transgene) in the developing forelimb between E9.5 and E10.5, with this
activity returning to levels closer to that of wild-type embryos shortly after this period. Earlier studies
have shown that increased levels of RA earlier in limb development have less of an effect on forma-
tion of the skeletal elements within the forelimb (16). Thus, a transient increase in RAR activity as
observed in P450RA-null embryos may be insufficient to invoke skeletal malformations. In addition to
the RALDH and P450RA enzymes, CRABPII has been shown to directly interact with RARs and may
be important in delivering ligand to these receptors (17). Mice devoid of CRABPs, however, exhibit only
minor skeletal defects, which consist of a single ectopic postaxial bone (18). Moreover, the CRABPs
are not expressed in either precartilaginous condensations or in cartilages during appendicular skel-
etal development. In summary, although there appears to be a tight spatial and temporal regulation of
RA concentrations during chondrogenesis, the mechanisms that control these concentrations are only
beginning to be understood.

RAR SIGNALING AND THE ESTABLISHMENT
OF A CHONDROGENIC TEMPLATE IN THE DEVELOPING LIMB

Several decades ago excess vitamin A was shown to be a skeletal teratogen. More recently, studies
performed with RA have revealed skeletal development, particularly chondrogenesis, as a process
that is exquisitely sensitive to increased concentrations of RA (16,19,20). Consistent with these obser-
vations, numerous studies have shown that RA inhibits cartilage formation both in vivo and in vitro
(21–23). In response to RA, chondroprogenitors remain in a mesenchyme-like state instead of differ-
entiating into chondroblasts (24,25). These effects are associated with the continued expression of
genes and their products that are abundant during condensation, and with a lack of induction of carti-
lage-specific genes and proteins (26,27). Contrasting an abundance of data to suggest that RA inhibits
cartilage formation, Paulsen et al. (28,29) showed, as convincingly, that the addition of physiological
concentrations of RA to micromass cultures can stimulate cartilage formation under serum-free con-
ditions and that only higher levels of RA act to inhibit cartilage nodule formation. From these studies,
one may presume that the chondrogenic effects of RA are stimulatory under normal physiological
conditions; however, other explanations cannot be discounted, including the effects of an absence of
growth factors, cytokines, and other components of serum that influence chondrogenesis and may
modify the retinoid response.

To better understand the effects of retinoids on skeletal cell behavior, a common approach has been
to modulate the activity of specific receptor subtypes. These receptors for RA provide an additional
level at which retinoid signaling is regulated. Given that three subfamilies of RARs and RXRs exist,
with various isoforms of each, this level of regulation provides much of the diversity of RA responses.
This diversity is largely the result of the dynamic spatial and temporal expression of these receptors
during development (Fig. 2; ref. 30). RAR  has a relatively ubiquitous distribution in the mouse fetus
but is downregulated in newly formed cartilaginous elements of the developing limb and in cartilage
nodules in vitro and in vivo (30,31). In contrast, RAR expression is restricted to cartilaginous elements
of the limb bud and the rest of the embryo, whereas RAR is excluded from many developing tissues
that express RAR , including cartilage. These expression patterns suggest that at least RAR and RAR
are important in early skeletal development. Similar to some of the receptor agonist studies, however,
the effects of RAR antagonism on chondrogenesis are unclear because some studies have shown that
inhibition of RA signaling stimulates chondrogenesis, whereas others have reported no effect. For
instance, addition of RAR-selective antagonists to micromass cultures, such as the pan RAR antago-
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nist AGN 193109 and the RAR -specific antagonist Ro 41-5253, has no observable effect on carti-
lage formation (32,33). In contrast, treatment of micromass cultures with antisense oligonucleotides
to either RAR , , or stimulates chondrogenesis, leading to increased expression of genes encoding
matrix proteins (34). Interestingly, this study found that antisense oligonucleotides directed against
any of the RARs are equally effective at promoting chondrogenesis. This is somewhat surprising
given that RAR in mice is not normally expressed in precartilaginous condensations or chondro-
blasts. Expression of a dominant-negative RAR in chondrocytes under the control of a collagen type
II promoter results in a decrease in the size of skeletal elements in the limbs of transgenic animals that
is speculated to result from decreased chondrocyte proliferation (35). However, transgenic animals that
express a weak constitutively active RAR in the developing limbs also exhibit a decrease in the size
of limb skeletal elements. In addition to the absent or duplicated bones, many of the malformations
seen in transgenic mice phenocopy RA-induced skeletal defects (31). Further examination of the trans-
genic defect demonstrated that ectopic activation of the RAR-mediated signaling pathway as a result
of continued expression of RAR inhibits chondrogenesis, strongly suggesting that downregulation
of RAR mRNA is important in cartilage formation. Further analysis of these mice has shown that the
transgene-expressing cells have a prechondrogenic phenotype in that they express low levels of type
II collagen and exhibit increased expression of type I collagen (36). In addition, this report showed that
treatment of wild-type micromass cultures with an RAR -specific antagonist (AGN 194301) stimu-
lates chondroblast differentiation, as indicated by the precocious expression of type II collagen and
the cessation of type I collagen expression.

Interestingly, animals devoid of RAR , , or do not exhibit any limb skeletal deficiencies (37–40).
Consistent with their expression pattern, however, animals that are deficient in RAR and exhibit a
number of skeletal deficiencies that result in the loss of skeletal elements or a reduction in their size
(41). Surprisingly, these embryos also present with a number of ectopic cartilages that are present in
several areas, including the heart, IDR, diaphragm, and meninges (41,42). In addition, RXR and
RXR are expressed throughout the developing limb and animals that contain a truncated RXR and
no RXR also present with skeletal abnormalities that involve the loss of the radius and some digits
(43). Thus, the absence of the RARs appears to inhibit chondrogenesis under certain circumstances
while promoting it under others. These results further illustrate the difficulty in interpreting the func-
tion of RAR-signaling in skeletal development.

Taken individually, the results from these various studies are not sufficient to formulate a poten-
tial function for RAR signaling in chondrogenesis. However, taken together, a coherent theme emerges
providing a model that clarifies the function of RA in the developing skeleton. In short, RA signal-
ing appears to regulate the prechondroblast-to-chondroblast transition, with an attenuation of ligand-
mediated retinoid signaling, inducing differentiation of chondroprogenitors (Fig. 3). In support of
this model, excess RA or overexpression of a weak constitutively active RAR inhibits chondroblast
differentiation, favoring the maintenance of the prechondrogenic cell phenotype, whereas an inhibi-
tion of RAR signaling promotes expression of the chondroblastic phenotype, limiting the expansion
of precartilaginous condensations. Moreover, proteins important in the synthesis or delivery of RA to
the receptors, such as the CRABPs and RALDH-2, are not expressed in chondroblastic cells, whereas
P450RAI, an enzyme involved in the degradation of RA, is upregulated during formation of embry-
onic cartilages. This model also reconciles the observations that both decreases and increases in RA
signaling yield similar skeletal outcomes, including shortened, fused, or missing elements. With this
model, the inappropriate antagonism of RA signaling would be expected to cause premature differ-
entiation of chondroprogenitors, thereby resulting in smaller condensations and smaller cartilages,
and in those instances when differentiation occurs too early, there may be insufficient numbers of
chondroblasts to support proper formation of an element at all, resulting in the absence of that ele-
ment. Such premature differentiation may explain why a loss of some skeletal elements is observed
in RAR double-null animals. Conversely, enhanced activation of RAR-mediated signaling would
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lead to a decrease in cartilage formation as the result of an inhibition of chondroblast differentiation.
Consequently, the skeletal elements would be reduced or absent as observed in RA teratogenicity.

Typically, increased or decreased RA signaling leads to a loss or reduction in skeletal elements;
however, both of these conditions can result in the duplication of some elements. For instance, digit
duplication observed in response to increased concentrations of RA may be a consequence of effects
on early limb patterning cues. In addition, by delaying differentiation of chondroprogenitors, increased
RA signaling may act to expand the population of prechondrogenic cells available to form digits. Despite
their apoptotic fate, mesenchymal cells of the IDR, in addition to anterior and posterior necrotic zones,
have chondrogenic potential (44). Interestingly, RAR / double-null mutants and CRABPI/II-null
mutant mice present with ectopic cartilages in these regions. In these instances, a loss in RA-mediated
signaling may induce cartilage formation before the initiation of the apoptotic program.

Of the two RARs ( and ) expressed in chondroprogenitors during early murine limb develop-
ment, it appears that a loss of RAR activity is important in regulating the prechondrogenic-chondro-
blast transition. Consistent with these observations are the reports that RAR is expressed in condensing
mesenchyme but is downregulated during chondroblast differentiation in vivo and in vitro. These obser-
vations, however, do not preclude the potential involvement of other RARs in this process because
RAR knockout animals do not present with skeletal abnormalities (39). RAR / double-null mutants
exhibit various appendicular skeletal malformations, suggesting that RAR can, in part, substitute for
RAR in the development of the limb skeletal elements (41); however, a single allele of RAR is
sufficient to rescue most of the skeletal defects of the double null mutants further emphasizing a role
for RAR  in these processes.

RETINOIDS AND BMPS IN CHONDROGENESIS

Aside from the retinoids, numerous molecules have been identified that modulate the expression
of the chondrogenic phenotype; however, to date it is unclear as to where, with respect to the network
of signals regulating chondrogenesis, the retinoid signaling pathway is placed. Of these molecules,
the members of the transforming growth factor- family, including transforming growth factor- -1,
-2, and -3, and the bone morphogenetic proteins (BMPs) have been shown to regulate many aspects
of endochondral bone formation, including the commitment of mesenchymal cells to the chondrocytic

Fig. 3. The importance of RA and other signaling molecules in mediating cell transitions of chondrogenesis in
the developing limb. Retinoid signaling appears to be involved in regulating the acquisition of new chondrocytic
phenotypes at multiple stages within the developing limb. The expression of the chondroblast phenotype is depen-
dent on a loss of RAR activity, as elevated RAR activity inhibits chondroblast differentiation and an inhibition of
RAR signaling promotes expression of chondroblastic markers. At later stages, RA appears to be important in reg-
ulating the onset of chondrocyte hypertrophy, as increased concentrations of RA promote hypertrophy, whereas
antagonism of RAR signaling suppresses chondrocyte hypertrophy. Localized synthesis of RA in the perichondrium
may be important in regulating the transition to hypertrophy and in preventing the premature differentiation of peri-
chondrial cells. In addition, BMPs appear to influence the commitment of mesenchymal cells to the chondrocytic
lineage, and evidence suggests that they also regulate chondroblast differentiation.
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lineage and their subsequent differentiation and maturation. During early appendicular skeletal devel-
opment, bmp-2 and -4 are expressed in regions surrounding precartilaginous condensations (45,46).
Unfortunately, null mutants die before overt skeletogenesis, making it difficult to ascertain the func-
tion of BMPs-2 and -4 in the establishment of limb cartilages (47,48). Subsequent studies using dom-
inant-negative or constitutively active BMP type II receptors in vitro and in vivo have demonstrated
that BMP signaling is important at numerous stages of skeletal development (49). Specifically, inhi-
bition of BMP signaling through the expression of dominant-negative BMP type I receptors, noggin,
or the generation of BMPR1B-null mutants demonstrates that BMP signaling is required for chondro-
blast differentiation (49–51). Although both BMP and retinoid signaling have demonstrated regula-
tory roles in chondroblast differentiation, until recently it was not known whether these two pathways
can function independently of one another to coordinate skeletal progenitor differentiation. To this
end, a series of experiments was performed in which BMP and/or RA signaling was manipulated to
determine the temporal relationship of these two pathways in chondroblast differentiation. Expres-
sion of the aforementioned RAR transgene was found to interfere with chondroblast differentiation
through a mechanism that could not be rescued by the addition of exogenous BMPs. In contrast,
inhibition of endogenous BMP signaling with the addition of Noggin led to decreased chondroblast
differentiation that could be restored by the addition of an RAR antagonist (36). Taken together, these
results revealed that RA signaling functions either downstream of, or in parallel to, the BMP signal-
ing pathway to regulate the onset of chondroblast differentiation.

MOLECULAR MECHANISMS UNDERLYING
RA ACTION IN THE DEVELOPING SKELETON

To date, the mechanisms underlying the demonstrated importance of RA signaling in chondrogen-
esis are poorly defined. A hallmark of chondroblast differentiation is the dramatic upregulation of
col II, a gene encoding the most abundant extracellular protein of cartilage. Within the first intron of
col II exists a binding site for the transcription factor Sox9 whose expression is required for induction
of col II (52). Prechondrogenic cells devoid of Sox9 do not contribute to cartilage in vivo and haplo-
insufficiency of Sox9 leads to campomelic dysplasia, a lethal disease associated with severe skeletal
defects (53,54). Sox9 is weakly expressed within precartilaginous condensations and becomes more
abundantly expressed as condensed cells differentiate into chondroblasts (55,56). In TC6 cells derived
from articular cartilage, Sox9 expression increases in response to RA (57). Thus, retinoid signaling
appears to influence Sox9 expression, but whether Sox9 represents a direct target of retinoid signal-
ing or is a consequence of RAR-induced chondroblast differentiation remains to be determined.

Aside from the well-characterized induction of col II by Sox9 that accompanies chondroblast dif-
ferentiation, other factors thought to influence the prechondroblast–chondroblast transition include
members of the activating protein-1 (AP-1) transcription factor family. This family of transcription
factors is central to many differentiation events, and its members may mediate some of the effects of
RA signaling on the differentiation events that occur during skeletogenesis. AP-1 is a dimeric com-
plex composed of either Jun/Jun, Jun/Fos, Jun/ATF, or ATF/ATF components. Each family (Jun, Fos,
ATF) contains multiple members, including, c-Jun, Jun B, Jun D in the Jun family; c-Fos, FosB, Fra1,
and Fra2 in the Fos family and ATF3 and B-ATF in the ATF family (58). Many studies have shown
that prechondrogenic cell differentiation is accompanied by changes in c-fos gene expression and
AP-1 activity. Prechondrogenic tissues, including condensing mesenchyme, express c-fos mRNA,
although this protooncogene is undetectable in cartilage. In addition, overexpression of c-fos in chick
limb buds or in the ATDC5 chondrogenic cell line results in truncation of the long bones and markedly
reduced cartilage formation, respectively (59,60). The truncated long bones are caused by severe retar-
dation of differentiation of proliferating chondrocytes into hypertrophic chondrocytes, whereas the
cartilage deficiency observed in the ATDC5 cells is the result of markedly reduced differentiation of
prechondrogenic cells. Surprisingly, mice lacking functional c-fos exhibit no phenotypic changes within
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the first 10 days after birth. At the growth plates of homozygous animals, however, there is a pronounced
reduction in the zone of proliferating chondrocytes with a corresponding increase in the hypertrophic
zone.

RA has been shown to be associated with both a negative and positive regulation of AP-1, a dis-
crepancy that is likely the result of cell-specific responses. In addition to binding to RAREs, the RARs
affect gene transcription through a mechanism independent of DNA binding but that involves the
inhibition of AP-1 assembly (61,62). It has recently been reported that many of the biological func-
tions of another steroid hormone receptor, the glucocorticoid receptor, can also act independently of
DNA binding through interactions with AP-1 (63). As mentioned, AP-1 plays an important role in
the proliferation and differentiation of skeletal cells; thus, it is reasonable to presume that the actions
of retinoids on skeletal cells involve a modulation of AP-1 activity. At this time, however, it is too
premature, to speculate on how AP-1 influences chondrogenesis.

In addition to the AP-1 family members, the Hox genes have been shown by various studies to
regulate the proliferation and aggregation of precartilaginous condensations. Bona-fide RAREs have
been identified in three Hox gene clusters: A, B, and D (reviewed in ref. 64), and many of these genes,
especially those between the A and D clusters, are expressed during early limb development (65).
Thus, RAR-mediated signaling may function to control expansion of precartilaginous condensations
and/or chondroblast differentiation by regulating the expression of Hox genes.

Several recent reports have described the isolation of genes whose expression is modified in response
to manipulation of retinoid signaling (66). Some of these genes represent potential targets for the action
of retinoids in the developing skeleton. For instance, a few candidates, namely Stra6 and 13, appear
to be expressed in precartilaginous condensations and are subsequently downregulated as cells dif-
ferentiate into chondroblasts (67,68). At later stages, they are expressed in the perichondrium, but only
weakly, if at all, in chondrocytes. In this respect, the expression pattern of Stra6 and 13 is consistent
with local sources of retinoids and with ligand activation of the retinoid signaling pathway during
skeletogenesis. Thus, retinoid signaling may be functioning, in part, to regulate chondroblast differenti-
ation by controlling the expression of genes, such as Stra6 and 13. Given the varied effects of the retinoid
signaling pathway however, these two genes likely represent only a small subset of those mediating
retinoid function. Thus, elucidating the function of the retinoids in skeletogenesis will rely largely on
the identification of some of these other downstream mediators.

RA SIGNALING AND THE GROWTH PLATE

Retinoid signaling appears to be critical not only in the regulation of chondroblast differentiation
but also in regulating chondrocyte hypertrophy. Rats treated systemically with a single dose of RA
exhibit a significant reduction in the tibial growth plate height, resulting from a reduced proliferative
and hypertrophic zone height (69). This negative regulation of growth plate chondrogenesis was recapit-
ulated in vitro by using a rat metatarsal organ culture system. In this system, a pan RAR-selective antag-
onist completely reversed the growth-inhibiting effects of RA. Further, Koyoma et al. (11) have reported
that inhibition of retinoid signaling in the chick growth plate interferes with chondrocyte hypertrophy.
Results from these studies also suggest that the perichondrium serves as a source of retinoids that regu-
lates the acquisition of the hypertrophic phenotype. Indian hedgehog (Ihh) has also been shown to be
important in controlling chondrocyte hypertrophy and to regulate proliferation of prehypertrophic chon-
drocytes (70). RA signaling has been recently shown to influence Ihh expression within the growth
plate (71). Taken together, these results imply that Ihh mediates, at least in part, the actions of RAR
signaling during chondrocyte maturation.

The parallels observed between the RA response in prechondroblasts and in growth plate chon-
drocytes indicate that the retinoid signaling pathway regulates chondrocyte behavior at multiple levels.
During the initial stages of cartilage formation, a loss of RAR-mediated signaling appears to regulate
the onset of chondroblast differentiation, while at later stages within the growth plate activation of
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this signaling pathway controls the acquisition of a hypertrophic phenotype. In this respect, both the
activation and inhibition of the RA signal transduction cascade controls the onset of new phenotypic
characteristics (Fig. 3).

CONCLUSIONS AND PERSPECTIVES

Skeletal development involves a balance between signals regulating proliferation and differentia-
tion. As in many biological systems, retinoid signaling appears to be important in regulating the
onset of cellular differentiation. Evidence accumulated from both in vitro and in vivo studies demon-
strate that the retinoid signaling cascade functions to regulate many aspects of skeletal development
and homeostasis. Unlike other systems, however, during skeletal development, it is an absence of
ligand-activated retinoid signaling that appears to trigger the onset of cell differentiation. Thus, RA
signaling is critical for maintaining populations of skeletal progenitors in an undifferentiated state,
and elevated local concentrations of RA may function to prevent premature differentiation. Too much
RA, therefore, negatively affects skeletal development by interfering with skeletal progenitor differ-
entiation. In this manner, RA may regulate the shape of skeletal cartilages by influencing the timing
of chondroblast differentiation. To better understand this role, it will be necessary to identify down-
stream effectors of RAR-mediated signaling and to determine their contribution to the chondrogenic
program. In addition, the mechanisms regulating receptor activity in skeletal cells, including ligand
availability, levels of expression, post-translational modifications, etc., need to be defined. Resolu-
tion of these mechanisms will allow us to determine the placement of the retinoid signaling pathway
within the context of the various other molecular networks functioning in skeletogenesis.
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Orchestrate Long Bone Development
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INTRODUCTION

Long bone formation is a complex process that has been studied for decades (1–3). It initiates with
the emergence, at specific times and sites, of mesenchymal cell condensations that are patterned by
the concerted action of the zone of polarizing activity (ZPA), apical ectodermal ridge, and dorsal ecto-
derm. The condensed cells differentiate into chondrocytes that produce characteristic cartilage matrix
components and give rise to readily identifiable cartilaginous elements. The chondrocytes within each
element start a process of maturation, which includes a proliferative, prehypertrophic, hypertrophic,
and post-hypertrophic phase, and become organized in growth plates. At the same time, diarthrodial
synovial joints develop at each epiphyseal end. Once formed, hypertrophic cartilage is invaded by
bone, marrow, and vascular progenitor cells from adjacent perichondrial tissues, is eroded, and is
finally replaced by endochondral bone and marrow. In addition, perichondrial cells give rise to an intra-
membranous bone collar surrounding the elements, which is critical to determine diameter and shape
of the shaft (1). Maturation, hypertrophy, blood vessel invasion, and ossification first occur in the dia-
physeal region and then spread toward the opposing epiphyses with increasing developmental time.
Thus, long bone formation requires multiple and topographically restricted events within the cartilag-
inous elements as well as coordinated events in perichondrial tissues. It is not fully understood how all
these processes are set and regulated, what signaling molecules mediate cartilage-perichondrium com-
munication and interactions, and how events in cartilage are coordinated with those in perichondrium.

Studies have indicated that the signaling molecules Indian hedgehog (IHH) and retinoids have
critical roles in long bone formation. IHH belongs to the powerful hedgehog family of secreted sig-
naling proteins and is exclusively expressed in prehypertrophic chondrocytes in the growth plate of
long bone anlagen (4–7). In contrast, the hedgehog cell surface receptor Patched and the hedgehog
nuclear factor GLI are strongly expressed in adjacent proliferative and early hypertrophic zones and
in perichondrial tissue surrounding the IHH-expressing prehypertrophic cells (5,6). These and other
findings led to the proposal that IHH prominently regulates chondrocyte behavior in the growth plate,
inhibits maturation, and determines the overall number of chondrocytes entering and completing the
maturation process with the aid of perichondrium-derived parathyroid hormone-related peptide (5,6).
Additional work from our group has indicated, however, that IHH may have other important roles in
long bone development. We were the first to report that the perichondrial tissue adjacent to the IHH-
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expressing prehypertrophic chondrocytes is the site of initiation of intramembranous bone collar
development (7,8). We then found that treatment of osteoprogenitor cell lines with recombinant IHH
induces their differentiation (9). These and other findings led us to propose that IHH is an osteoin-
ductive factor that directs intramembranous ossification along the outer perimeter of developing long
bones (7–9). In very good agreement with our proposal, St-Jacques et al. (10) have shown that in IHH-
null mice there is no ossification in the limbs; interestingly, the IHH-null long bone elements remain
cartilaginous and contain disorganized growth plates with much fewer proliferative chondrocytes and
more numerous and dispersed hypertrophic chondrocytes. In sum, IHH appears to have multiple key
roles in long bone development, and would (1) favor chondrocyte proliferation, (2) limit chondrocyte
maturation, and (3) induce intramembranous bone collar formation.

With regard to retinoids, their involvement in skeletogenesis was first suggested by nutrition studies
over four decades ago (11). Since then, such connection has been substantiated by work on retinoic
nuclear receptors. The receptors comprise two subfamilies, the retinoic acid receptors (RARs) RAR ,
RAR , and RAR , and the retinoid X receptors (RXRs) RXR , RXR and RXR (12,13). During limb
skeletal development, RAR and RAR are first expressed broadly; with time, RAR becomes expressed
preferentially in prechondrogenic condensations, RAR remains diffuse and RAR becomes restricted
to perichondrium (14). Gene inactivation studies have shown that loss of a single RAR gene usually
causes minor to no skeletal defect, whereas double gene inactivation, such as double-null mutants of
RAR and RAR , produces serious skeletal abnormalities (15). Past and recent work from our group
has provided more specific and detailed insights into the roles of retinoid signaling in skeletogenesis.
One of our initial findings was that prehypertrophic chondrocytes isolated from developing skeletal
elements and maintained in standard culture conditions appeared to be unable to fully mature into
hypertrophic mineralizing chondrocytes. The cells, however, promptly did so after treatment with
physiologic doses of natural retinoids, such as all-trans-retinoic acid or 9-cis-retinoic acid (16). We
went on to show that retinoids play a similar role in long bone development in the chick limb in vivo
(8). We found that the emergence of hypertrophic chondrocytes is invariably accompanied by a marked
upregulation of RAR gene expression and that endogenous retinoids are present in the developing
cartilaginous elements. Strikingly, we found that perichondrial tissues adjacent to the elements con-
tain extremely high retinoid levels. This was confirmed by a recent study by others using a transgenic
mouse that contains a retinoic acid response element (RARE)/ -galactosidase reporter gene construct
to depict endogenous retinoids (17); this study also showed that hypertrophic cartilage contains higher
endogenous retinoid amounts than proliferating and prehypertrophic cartilage. When we experimen-
tally blocked retinoid signaling by pharmaceutical means, the chondrocytes were able to reach only
the prehypertrophic IHH-expressing stage but could not pass it; thus, no hypertrophic chondrocytes,
no expression of hypertrophic gene markers, no vascular invasion of cartilage, and no endochondral
bone were present. In sum, our studies have provided clear evidence that retinoid signaling promotes
chondrocyte maturation and is required for completion of this process and replacement of hypertro-
phic mineralized cartilage with endochondral bone.

In the present chapter, we present data form our previous studies to illustrate the roles of IHH and
retinoids in long bone development. We also present new data showing that retinoid signaling switches
off IHH expression. This could represent a key mechanism by which retinoids promote maturation of
prehypertrophic into hypertrophic chondrocytes and bring endochondral ossification to completion.

IHH ROLES IN LONG BONE DEVELOPMENT

Our first clue that IHH may have roles in intramembranous bone collar development came from a
study we reported a few years ago (7). That study focused on the question of how the morphogenesis
of long bones is regulated and in particular on how the diaphysis comes to acquire its characteristic
cylindrical and elongated configuration compared with the three-dimensionally more complex epi-
physes. It had been reported at the time that the powerful morphogenetic factor Sonic hedgehog (SHH)
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is expressed in the ZPA located in the posterior part of the limb (18). The ZPA has a critical role in
patterning the prechondrogenic mesenchymal condensations during limb development. Thus, we rea-
soned that SHH itself or another member of its family (i.e., IHH) may be re-expressed in chondro-
cytes and may have a role in regulating morphogenesis of long bones. To approach this question, we
monitored the expression of SHH, IHH, and other relevant genes in developing long bones in chick
embryo limbs. We found that IHH gene expression was first turned on in the incipient diaphysis of early
long bone cartilaginous anlagen present in day 6–6.5 chick embryo; at this stage, the anlagen were quite
primitive and it was hard to precisely establish the maturation stage of the diaphyseal IHH-express-
ing chondrocytes. Once the anlagen had developed further and displayed recognizable growth plates
(Fig. 1A), it became apparent that IHH expression was restricted to prehypertrophic chondrocytes
(Fig. 1B, star). Strikingly, the IHH-expressing prehypertrophic chondrocytes were surrounded by a thin
intramembranous bone collar that was recognizable histologically (Fig. 1A, arrow) and was charac-
terized by very strong gene expression of type I collagen (Fig. 1C, arrow) and staining by alizarin red
(Fig. 1D, arrow). There was no bone collar nor strong type I collagen gene expression in perichon-
drial tissues adjacent to proliferating or more immature epiphyseal chondrocytes that did not express
IHH (Fig. 1A–D, arrowheads). We confirmed our data in a recent study showing selective expression of
the bone-characteristic matrix protein osteopontin in the incipient bone collar flanking IHH-express-
ing prehypertrophic chondrocytes (8). Thus, our data clearly showed that expression of IHH coincides
with formation of a bone collar, indicating that the two events may be causally related.

To strengthen that conclusion, we conducted studies (9) with two mesenchymal-osteogenic cell lines,
C3H10T1/2 and MC3T3-E1. We found that both cell lines express the hedgehog receptor Patched.
When the cells were treated with recombinant IHH or SHH, alkaline phosphatase activity and mineral-
ization were induced; these effects were synergistically enhanced by cotreatment with both hedgehog
protein and bone morphogenetic protein-2 (BMP-2) compared with hedgehog treatment alone. Reverse
transcription polymerase chain reaction analysis revealed that hedgehog protein treatment stimulated
expression of Patched, but left expression of BMP-2, -4, -5, -6, and -7 unchanged. Together, the data
demonstrated for the first time that hedgehog proteins act directly on osteoprogenitor cells to induce
differentiation. They demonstrated also that a positive feedback loop exists in these cells between hedge-
hog protein and its receptor Patched. This loop may account for the strong and selective expression

Fig. 1. Analyses of day 8.5 chick embryo skeletal anlage. Longitudinal sections were examined by phase
microscopy (A); in situ hybridization with IHH (B); and type I collagen (C); cDNA probes and histochemical
staining with alizarin red (D). Arrows in A, C, and D point to the intramembranous bone collar forming around
the IHH-expressing prehypertrophic chondrocytes (star in B).
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of Patched in perichondrial cells surrounding IHH-expressing prehypertrophic chondrocytes seen in
long bone anlagen in vivo (5,6,10). That is, IHH produced by the prehypertrophic chondrocytes, may
diffuse into the perichondrium where it would trigger Patched gene expression as well as osteogenic
cell differentiation and bone collar formation (as our model shown in Fig. 6 prescribes). As pointed
out above, our data and conclusions are supported by the very recent report that in IHH-null mice
there is no ossification in the limb (10).

NEED FOR RETINOID SIGNALING
IN ENDOCHONDRAL OSSIFICATION

In a series of previous studies from our laboratory (ref. 16 and refs. therein), we had provided evi-
dence that retinoic signaling promotes the development of immature chondrocytes into hypertrophic
chondrocytes in vitro. We found that upon induction by retinoids, the cells progress to the terminal
stage of maturation and closely resemble the posthypertrophic cells present at the chondro-osseous
border in the growth plate in vivo. The phenotypic traits expressed by the retinoid-induced chon-
drocytes include a very large cell diameter, production of mineralization-competent matrix vesicles,
ability to deposit apatitic crystals and high alkaline phosphatase activity. Because all these traits are
actually needed for the transition from mineralized hypertrophic cartilage to endochondral bone, our
data suggested that by inducing such traits, retinoid signaling may be required for cartilage-to-bone
transition in vivo. Thus, we conducted additional studies to obtain evidence in support of this impor-
tant conclusion; these studies have been reported (8) and only key findings are shown here.

In a first set of experiments, we asked whether expression of retinoid nuclear receptors is upregu-
lated in prehypertrophic and/or hypertrophic chondrocytes. We reasoned that such upregulation may
be necessary for retinoids to act on those cells and promote terminal maturation into mineralizing post-
hypertrophic chondrocytes ready for replacement by bone cells. Thus, we used in situ hybridization to
monitor expression of RAR , RAR , and RAR during long bone development in the embryonic limb.
As above, we first examined newly emerged cartilaginous anlagen in young day 5.5 chick embryo
limb; these anlagen are composed entirely of immature chondrocytes, display a still primitive mor-
phological organization, and do not contain growth plates. We found that in these anlagen, the expres-
sion of RAR and RAR was quite broad and diffuse throughout the cartilaginous tissue and that
RAR expression was strong in incipient perichondrial cells. We then examined older day 9 through
day 18 skeletal elements that display typical elongated morphologies, well-defined diaphysis and epi-
physes, and obvious growth plates (Fig. 2A). At these stages, RAR expression remained uniform,
broad, and relatively low throughout the cartilaginous tissue (Fig. 2B), whereas RAR remained con-
fined to perichondrial tissue. Interestingly, expression of RAR was sharply and selectively upreg-
ulated in hypertrophic chondrocytes (Fig. 2C). Identity of the hypertrophic cells was based on their
large cell size and location as well as strong expression of a typical marker, type X collagen (Fig. 2D).
Equally interesting was the finding that there was a sharp boundary and minimal overlap between
RAR expression in hypertrophic chondrocytes and IHH expression in the preceding prehypertrophic
chondrocyte zone (cfr. Fig. 2C,E). Type II collagen was uniformly strong from epiphysis to early
hypertropic zone (Fig. 2F).

Having shown that there is a selective upregulation of RAR in hypertrophic chondrocytes, we con-
ducted a second set of studies to determine whether these and/or other chondrocytes contain endog-
enous retinoids serving as RAR ligands. To approach this question, we used a bioassay commonly
employed to determine endogenous retinoid levels in embryonic tissues; the bioassay is very sensitive,
requires small amounts of tissue, and is thus ideal for analyses of scarce specimens such as embry-
onic tissues (19). It consists of an F9 cell line stably transfected with a retinoid sensitive RARE/ -galac-
tosidase construct; the cell line is exposed to tissue extracts, reporter activity increases in proportion
to retinoid content in the extracts, and reporter activity is finally measured biochemically or histochem-
ically. Accordingly, we isolated whole cartilaginous elements from day 5.5, 8.5, and 10 embryos by
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microsurgical procedures; for comparison, we isolated other tissues and organs from the same embryos,
including the perichondrial tissues immediately adjacent to the cartilages. About 100 mg of each
sample were homogenized and extracted, and extracts were added to the reporter cell line; 24 h later,
cultures were stained histochemically for -galactosidase. Standards included cultures receiving known
amounts of natural retinoids, such as all-trans-retinoic acid or 9-cis-retinoic acid. We found that at
each stage studied, the cartilaginous elements contained endogenous retinoids (Fig. 3A,C). These
levels were higher than those in brain but much lower than those in liver. Surprisingly and unexpect-
edly, extremely large amounts of retinoids were present in perichondrial tissues (Fig. 3B,D); on a tis-
sue wet weight basis, these amounts were comparable to those in liver. Very similar observations were
made in a recent study with a transgenic mouse carrying a RARE/ -galactosidase reporter construct
that is activated by endogenous retinoids (17); the authors found that strong -galactosidase activity
(and hence high retinoid content) was present in perichondrial tissues adjacent to the prehypertrophic
and hypertrophic zones of long bone growth plate as well as in hypertrophic cartilage itself. The above
data, combined with the finding of a specific RAR upregulation in hypertrophic chondrocytes, set the
stage for a third series of experiments in which we asked whether the endogenous retinoids and RAR
are actually required for chondrocyte hypertrophy and ossification in vivo. To approach this question,
we made use of powerful pharmacological agents with retinoid antagonistic activity (see Fig. 4). Beads
containing such agents were placed in the vicinity of newly formed early cartilaginous elements in
the chick wing, embryos were reincubated, and effects were determined over developmental time.
The major advantage of this pharmacological approach is that the antagonists can be used at specific
stages of development and can be placed in contact with specific skeletal elements or portions thereof.
Thus, their action and developmental consequences can be studied at the local level, minimizing the
possibility that the effects are global and of a systemic nature. The RAR antagonist used was RO 41-
5253 from Hoffman-LaRoche (20), which exerts antagonist effects on all RARs. Three to four beads
containing the antagonist were placed around the day 4.5–5.5 humeral anlagen, and embryos were
examined over time. The results were dramatic. By day 10, humerus in control embryos (implanted
with beads containing vehicle) had developed normally and displayed a typical elongated morphology

Fig. 2. In situ hybridization analysis of expression of indicated genes in day 10 chick embryo ulna. Arrows in
C and D point to hypertrophic chondrocytes expressing RAR and type X collagen. ac, articular cap; pz, prolif-
erative zone; pp, prehypertrophic zone; and hz, hypertrophic zone. Bar = 185 µm.
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and size; in sharp contrast, the antagonist-treated humerus was about half the length. No effects were
seen in radius and ulna, attesting to the fact that the effects were limited to the site of bead implantation
and were not systemic.

Histology and in situ hybridization provided further insights into the developmental perturbations
caused by the block of retinoid signaling (Fig. 4). In control humerus, the growth plate displayed nor-
mal zones of proliferating, prehypertrophic, hypertrophic, and mineralizing chondrocytes; the meta-
physis was surrounded by an intramembranous bone collar (Fig. 4A, arrowheads), and the diaphysis
was undergoing invasion and replacement by endochondral bone and marrow (Fig. 4A, arrow). There
was strong and typical gene expression of IHH in prehypertrophic chondrocytes (Fig. 4D, arrow), RAR
in hypertrophic chondrocytes (Fig. 4B, arrow), and osteopontin in endochondral bone (Fig. 4C). As
also shown above, osteopontin expression characterized the thin intramembranous bone surrounding
the IHH-expressing prehypertrophic chondrocytes (Fig. 4C, arrowhead). In sharp contrast, the antag-
onist-treated specimens were entirely cartilaginous and displayed no hypertrophic chondrocytes,
no endochondral bone and marrow (Fig. 4E) and no expression of RAR (Fig. 4F). Interestingly, IHH
expression was not only present but seemed broader than control (Fig. 4H, arrows), and the metaphy-
seal–diaphyseal portion was surrounded by a conspicuous intramembranous bone collar (Fig. 4E, arrow-
head) strongly expressing osteopontin (Fig. 4G, arrowheads). Thus, interference with retinoid signal-

Fig. 3. Bioassay of endogenous retinoid content in cartilage (A and C) and perichondrial tissues (B and D)
Tissue extracts were used to treat F9 cells stably transfected with a -galactosidase/RARE reporter construct, and
reporter activity was detected histochemically. A and C, day 8.5 and 10 chick embryo cartilage, respectively; B
and D, day 8.5 and 10 perichondrial tissues, respectively.
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ing has very specific consequences on long bone development and prevents completion of this process.
The chondrocytes can reach the prehypertrophic IHH-expressing stage but cannot pass it; likewise,
the intramembranous bone collar forms but there is no formation of endochondral bone and marrow
invasion. Retinoid signaling thus appears to be required for normal progression through the terminal
phases of long bone development (see our model in Fig. 6).

Fig. 4. In situ hybridization analysis of expression of indicated genes in control day 10 humerus (A–D) and
antagonist-treated humerus (E–H). See text for details. ep, epiphysis; me, metaphysis; and di, diaphysis. Bar =
250 µm.
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RETINOID SIGNALING AND IHH EXPRESSION

 The in situ in the previous section indicate that IHH gene expression is not only maintained in antag-
onist-treated skeletal anlagen but appears to be broader and more extensive than in control specimens.
This led us to ask whether under normal circumstances retinoid signaling may actually represent a mech-
anism to switch off IHH expression at the bottom of the prehypertrophic zone, thus favoring progres-
sion to the hypertrophic phase. It is worth reiterating here that turning off IHH expression may be a
very important step in chondrocyte maturation because constitutive IHH expression prevents chon-
drocyte hypertrophy (6) and IHH gene ablation results in excessive and disorganized hypertrophy
(10). To test our hypothesis, we conducted studies with cultured chondrocytes (these preliminary
experiments have not been reported and will be described in full here). As a source of chondrocytes,
we used the chick embryo sternum, which allows efficient and effective isolation of chondrocyte pop-
ulations at specific stages of maturation, compared with the more cumbersome long bone growth
plate (21). Accordingly, chondrocytes were isolated from the cephalic core portion of day 16 chick
embryo sterna, which contains prehypertrophic-early hypertrophic chondrocytes at this stage (21).
Cells were seeded in monolayer culture and allowed to grow for a few days in complete serum-con-
taining medium to recover from the enzymatic isolation procedure. The cells were then treated with
30 nM all-trans-retinoic acid for 2, 4, and 6 d; RNA was isolated from each culture and processed for
northern blot analysis, using a cDNA probe encoding IHH. This retinoid was chosen because it is a
natural retinoid and is present in the developing limb (22); the dose used is precisely within the range
seen in the developing limb as well (22). For comparison, we determined the effects of the retinoid
antagonist used above, namely RO 41-5253. The results of these experiments were clear-cut. Control
untreated chondrocytes displayed obvious expression of IHH (Fig. 5A, lane 1). Upon treatment with
all-trans-retinoic acid, IHH RNA levels were decreased markedly (Fig. 5A, lanes 2–4); on the contrary,
treatment with 50 nM retinoid antagonist boosted IHH gene expression by several fold (Fig. 5A, lanes
5–7), in good correlation with the in situ data (see Fig. 4H). Clearly, retinoid signaling appears to represent
a powerful and effective switch by which IHH gene expression is inhibited in maturing chondrocytes.

Retinoids should not only turn off gene expression of IHH but also should promote maturation
and expression of hypertrophic chondrocyte-characteristic traits. Thus, we examined in the above
cultures whether treatment with all-trans-retinoic acid or RO 41-5253 affected expression of alkaline
phosphatase (APase), a typical hypertrophic cell trait. Northern hybridization showed that treatment
with all-trans-retinoic acid led to a powerful increase in APase gene expression (Fig. 5B, lanes 2–4)

Fig. 5. Northern blot analysis of IHH and APase gene expression in cultured chondrocytes. Cells were left
untreated (lane 1) or were treated with all-trans-retinoic acid (lanes 2–4) or antagonist (lanes 5–7) for 2, 4, and 6 d.
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compared with control values (Fig. 5B, lane 1), whereas antagonist treatment decreased it (Fig. 5B,
lanes 5–7). Thus, retinoid signaling downregulates traits characteristic of prehypertrophic chondrocytes
(i.e., IHH) and induces expression of hypertrophic traits (i.e., APase).

PERICHONDRIAL TISSUES AS POSITIVE
REGULATORS OF CHONDROCYTE MATURATION

Perichondrial tissues adjacent to the prehypertrophic to hypertrophic zones of growth plate con-
tain large amounts of endogenous retinoids (see Fig. 3), which in turn could exert a positive effect on
neighboring chondrocytes and favor their maturation. To gain support for our hypothesis, we con-
ducted the following studies.

We reasoned that if perichondrial tissues were to provide positive signals for chondrocyte matura-
tion, hypertrophic chondrocytes should first emerge along the chondroperichondrial border in an
early developing long bone anlage because chondrocytes in that location would be closer to the source
of positive perichondrially derived signals. To test this possibility, we systematically examined the
development of long bone anlagen between day 7.5 and day 9.0 of chick embryogenesis. We knew
from previous observations that a day 7.5 anlage contains chondrocytes up to the prehypertrophic
stage but does not contain hypertrophic cells yet; conversely, a day 9 anlage displays a clear hyper-
trophic zone in the diaphysis. Thus, we prepared longitudinal sections of limbs from day 7.5 through
day 9 chick embryos and processed them for histology and in situ hybridization by using type X
collagen as a molecular marker of chondrocyte hypertrophy. We found that the first hypertrophic
type X collagen-expressing hypertrophic chondrocytes emerged on day 8.5 of development and were
indeed located along the chondroperichondrial border; no such cells were present in the center where
the distance from the border is greater (not shown; see Fig. 8 in ref. 8). By day 9, hypertrophic chon-
drocytes had formed a “zone,” that is, they were uniformly present from border to border.

To corroborate this finding, we performed another experiment. We implanted a single bead con-
taining the retinoid antagonist RO 41-5253 next to the incipient diaphysis of a day 5.5 humerus anlage
and reincubated the embryos until day 8.5. Because the antagonist emanates from a single bead, it
creates a concentration gradient in its surroundings (23), including one from the near side (closest to
the bead) to the far site of anlage’s diaphysis. If so, the antagonist should block the emergence of type
X collagen-expressing chondrocytes in the near side but may not do so in the far side. In situ hybrid-
ization on longitudinal sections of day 8.5 control and antagonist-treated humerus showed that this
prediction was correct. Type X collagen-containing chondrocytes were present only on the far side
and were absent in the near side (not shown; manuscript in preparation). Together, the data clearly
indicate that the chondroperichondrial border serves as the initial site for emergence of hypertrophic
chondrocytes. This site may thus have special promaturation properties, including presence of pro-
maturation retinoids.

CONCLUSIONS AND A MODEL

The lines of evidence presented here and in previous reports provide strong evidence that the
hedgehog and retinoid signaling pathways participate in, and regulate, long bone development. These
pathways act within zones of the growth plate to regulate behavior and function of resident cells as
well as amongst different growth plate zones. The latter is exemplified by the ability of IHH produced
in the prehypertrophic zone to influence mitotic activity in the preceding proliferative zone. In addi-
tion, these pathways appear to be able to mediate interactions between chondrocytes and surrounding
perichondrial tissues. This is suggested by the involvement of chondrocyte-derived IHH in bone collar
formation and of perichondrium-derived retinoids in chondrocyte function. Thus, these pathways
represent critical signaling mechanisms that are interrelated and interdependent, counteract and counter-
balance each other’s actions, and ultimately orchestrate long bone development. Their respective roles
are depicted in the model shown in Fig. 6, which can be summarized as follows: (1) In the growth
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plate of developing long bone anlagen, IHH expression is turned on in prehypertrophic chondrocytes
(step 1); (2) IHH diffuses, reaches chondrocytes in the preceding proliferative zone, and regulates
their mitotic activity and maturation rates (step 2); (3) IHH also reaches perichondrial cells and induces
intramembranous ossification. This would require a transition from perichondrium to periosteum, angio-
genesis and/or vessel recruitment, and osteogenesis (step 3); (4) The intramembranous process causes
or is accompanied by a marked upregulation of retinoid synthesis or delivery of retinoids from perichon-
drium/periosteum-associated blood vessels (step 4); and (5) The retinoids diffuse into the adjacent
cartilage, switch off IHH expression and turn on RAR expression, and promote terminal maturation
of chondrocytes and endochondral ossification (step 5).

The model correlates well with recent data on the roles of IHH in chondrocyte proliferation and
osteogenesis in developing long bones (24–27). For example, we and others have shown that IHH is
a direct stimulator of chondrocyte proliferation (25–27) and that IHH is located in both prehyper-
trophic and proliferative zones of the growth plate (28,29). In addition, the importance of retinoid
signaling in cartilage maturation, matrix mineralization and osteogenesis has been reiterated by ele-
gant recent studies (30–32). One particularly interesting insight is that retinoid signaling regulates
expression of Cbfa1/Runx2 (31–33), a master regulator of chondrocyte hypertrophy and osteoblast
differentiation (34). The model prescribes also that angiogenesis is an important aspect of long bone
development and may actually have previously unsuspected roles (8). Blood vessels have long been
known to be required for osteogenesis and marrow formation. In step 4 of the above model, however,
we speculate that blood vessels may also be required at an earlier step during long bone development
that is at the level of prehypertrophic/hypertrophic chondrocytes where the vessels would deliver
retinoids or stimulate local production of them. The resulting increase in retinoid signaling would pro-
mote further cartilage maturation, hypertrophy and endochondral ossification. Indeed, we and others
have shown recently that pharmacological or genetic interference with angiogenesis has severe reper-
cussions on not only osteogenesis but also chondrocyte maturation in developing long bones (28,35).
When blood vessels did not form normally, chondrocyte maturation was delayed and the cells failed
to display traits of their terminally mature phenotype.

Fig. 6. Model depicting the distinct but interrelated roles of IHH and retinoid signaling in long bone develop-
ment. See text for details.
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It is important to point out here work by others indicating that perichondrium is a negative regulator
of cartilage maturation (36,37) rather than a positive regulator as we propose. Before addressing this
important issue, it should be remembered that perichondrium is not a homogeneous and static struc-
ture. It is composed of cell layers with different organization, phenotype and function (38,39), and its
phenotype and gene expression patterns change dramatically depending on its location along the epi-
physeal–diaphyseal axis (40,41). Thus, it is actually possible that perichondrium has both negative
and positive roles in long bone development and such differing functions depend on its topographical
location/phenotype. In the epiphyses and proximal metaphyses where immature chondrocytes reside,
perichondrium could have a negative role on maturation, would help the cells to remain proliferative
and immature, and would clearly demarcate the cartilage boundary. In distal metaphyseal and dia-
physeal regions instead, perichondrium would undergo a phenotypic change and favor/permit matu-
ration as well as invasion of hypertrophic cartilage by progenitor bone and marrow cells and vessels.
Although speculative at the moment, this possibility offers an explanation for the fact that cartilage
does become hypertrophic and thus, mechanisms must exist to allow it to do so. Should perichondrium
be such a powerful negative regulator of maturation as suggested by others, cartilage would never
mature. These considerations and speculations underline the fact that much remains to be learned about
long bone development and that exciting insights are to be expected by current unabating interest in
limb skeletogenesis.
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Synergy Between Osteogenic Protein-1

and Osteotropic Factors in the Stimulation
of Rat Osteoblastic Cell Differentiation

John C. Lee and Lee-Chuan C. Yeh

INTRODUCTION

Osteoblastic cell differentiation and proliferation are multistep processes involving numerous growth
factors and signaling molecules in a regulated manner that is highly complex and not yet fully under-
stood. Osteogenic Protein-1 (OP-1), a member of the bone morphogenetic protein (BMP) subfamily
of the transforming growth factor- (TGF- ) superfamily (1–5), induces new bone formation in vivo
(6,7). In different osteoblastic cell cultures, including fetal rat calvaria (FRC) cells and human osteo-
sarcoma cell lines, the recombinant human OP-1 stimulates synthesis of various biochemical markers
characteristic of osteoblastic cell differentiation in a defined spatial and temporal manner (6,8–12).
OP-1 also stimulates synthesis of other growth factors, such as insulin-like growth factor (IGF)-I
(13–15). Knowledge of the functional relationship between OP-1 and these growth factors will not
only further our understanding of the mechanism of the inductive action of OP-1 but also the osteo-
blastic cell differentiation.

The fact that OP-1 stimulates osteoblastic cell differentiation and IGF-I gene expression led to the
hypothesis that the action of OP-1 on osteoblastic cell differentiation is, at least in part, through the
IGF-I system. Several recent findings lend credence to this hypothesis. First, OP-1 and IGF-I syner-
gistically stimulate FRC cell differentiation and proliferation in a dose- and time-dependent manner
(16). Maximal enhancement between OP-1 and IGF-I was observed when both proteins were added
simultaneously. Synergy was not observed in FRC cells pretreated with IGF-I. These observations
suggest that IGF-I acts on OP-1-sensitized cells. Second, coincubation of OP-1 and an antisense oligo-
nucleotide corresponding to the IGF-I mRNA sequence reduced the OP-1-induced elevation in alkaline
phosphatase (AP) activity by approx 40% (15). Third, we recently reported that OP-1 and interleukin
(IL)-6 in the presence of its soluble receptor (IL-6sR) synergistically stimulated FRC cell differentia-
tion without having a significant effect on cell proliferation (17). Maximal synergy was observed in
cells treated with OP-1, IL-6, and IL-6sR simultaneously. IL-6 and IL-6sR are known to enhance
IGF-I gene expression in FRC cells (18). However, the possibility that other signaling pathways, in
addition to the IGF-I pathway, might also be involved in the synergy between OP-1 and IL-6 plus IL-
6sR should not be overlooked.

The objective of the present work was to examine the effects of osteotropic factors on OP-1 action.
Three factors that are known to affect IGF-I expression were selected for the present study: human growth
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hormone (hGH), prostaglandin E2 (PGE2), and parathyroid hormone (PTH). Several excellent reviews
have been published recently on these factors (e.g., refs. 19–22), the following provides only a brief
review of these factors, focusing on their actions on gene expression at the cellular level and on those
that are closely related to the current topic.

Human Growth Hormone
Numerous studies show that hGH is required for normal bone remodeling (see reviews in refs. 19

and 20). At the cellular level, the high-affinity GH receptors are present in osteoblasts and the bind-
ing capacity is higher in differentiated cells. The binding of GH stimulates osteoblastic cell prolifera-
tion (23), IGF-I synthesis (24), and IL-6 synthesis (25). Conversely, the IGF binding protein-5 stimulates
GH synthesis in the osteosarcoma UMR cells (26). A feedback regulatory pathway between GH and
IGF-I has been proposed (27). Additionally, GH induces BMP-2 and -4 expression and BMPR-IA in
developing rat periodontium (28).

Prostaglandins
Ample data show that prostaglandins have important physiological roles in skeletal metabolism

(21). PGE2 stimulates IGF-I synthesis, upregulates the IGF-I receptor, and increases both the synthe-
sis and the degradation of IGFBP-5 (29–34). PGE2 also stimulates OP-1 expression (35) and bone
nodule formation in adult rat calvaria cells (36).

PTH
The effects of PTH, a protein consisting of 82 amino acids, on bone formation have been widely

studied both in vivo and in vitro, although the mechanisms of action remain to be fully established
(22). Most intriguing is the fact that PTH exhibits both anabolic and catabolic effects, presumably
dependent on the mode of administration. An anabolic effect usually results when PTH is adminis-
trated intermittently, and a catabolic effect results when it is continuously administrated. At the cel-
lular level, PTH affects gene expression in osteoblasts. For example, PTH stimulates c-fos expression
(37) and several nuclear matrix proteins (38) but inhibits expression of type I collagen (39). PTH also
stimulates matrix metalloproteinases and cytokines that regulate matrix metabolism, for example,
IL-6 and IL-11 (40–42). PTH stimulates IGF-I mRNA and protein in cultured newborn rat calvaria
cells (43) as well as in vivo (44).

RESULTS

Effects of OP-1 and hGH on FRC Cell Differentiation
To examine whether hGH affects OP-1 action in primary cultures of FRC cells, confluent cultures

were treated with OP-1 in the presence of varying concentrations of hGH. Two markers were used to
monitor the effects: AP activity, as a short-term biochemical marker, and nodule formation, as a
long-term marker of bone formation in cell cultures. Figure 1 shows that hGH alone in the concentra-
tion range tested did not alter the basal AP activity. OP-1 stimulated AP activity by approximately
twofold above the control. Treatment of FRC cells with a combination of a fixed concentration of
OP-1 with varying concentrations of hGH resulted in a dose-dependent enhancement of the OP-1-
induced AP activity. A maximum of approx 7- and 3.5-fold stimulation beyond the control and the
OP-1 alone-treated cultures, respectively, was observed at 1000 ng/mL of hGH.

Continuous treatment of long-term cultures (15 d) of FRC cells with hGH significantly enhanced
the number of mineralized bone nodule formed (Fig. 2). In agreement with the AP results, low concen-
trations of hGH did not affect the OP-1-induced bone nodule formation. Higher concentrations of hGH
(>10 ng/mL) potentiated the OP-1-induced formation of nodules. The enhancement of OP-1-induced
nodule formation was most evident in cultures treated with 200 ng/mL of OP-1 and 100 ng/mL of hGH.
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A 23 ± 3% increase in the number of nodules was observed, in comparison with the OP-1 alone-treated
cultures. hGH alone did not stimulate mineralized bone nodule formation in cultures treated continu-
ously for as long as 15 d.

The rate of nodule formation in FRC cells treated with a fixed concentration of OP-1 and varying con-
centrations of hGH was also studied by following and capturing the images of individual bone nodules
at regular time intervals (Fig. 3). In the OP-1-treated cultures, bone nodules (visible as white areas)
were visible after 3 d of treatment and mineralized bone nodules (visible as dark nodules) were observed
after 9 d of treatment. In the cultures treated with the combination of OP-1 and a low concentration of

Fig. 1. Effects of recombinant hGH on the OP-1-induced AP activity in FRC cells. Confluent cells were treated
with solvent, OP-1 (200 ng/mL) alone, recombinant hGH (5, 50, or 500 ng/mL) alone, or OP-1 (200 ng/mL) in the
presence of varying concentrations of hGH (5 to 1000 ng/mL) for 48 h with one change of media after the first 24 h.
Total AP activity in these cultures was determined. Results are normalized to the AP activity in the vehicle-treated
control. Values are the means ± SEM of 12 replicates of each condition with two different FRC cell preparations.

Fig. 2. Effects of recombinant hGH on the OP-1-induced bone nodule formation in FRC cells. Confluent cells
grown in 12-well plates were treated with either solvent vehicle, 200 ng/mL OP-1, or OP-1 + varying concentra-
tions of GH in MEM+5% fetal bovine serum (supplemented with 30 µg/mL gentamicin, 100 µg/mL ascorbic
acid, and 5 mM -glycerolphosphate). Media were refreshed with the same treatments every 3 d. Progress of
nodule formation was monitored every 3 d. After 15 d, the cells were fixed with formalin and photographed. Bone
nodules are visible as white areas and mineralized bone nodules as dark areas.
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hGH (e.g., <10 ng/mL), the rate of nodule formation and of nodule mineralization was similar to that
treated with OP-1 alone. However, in the cultures treated with a higher concentration of hGH (100
ng/mL) in the presence of OP-1, there were more mineralized nodules as early as 9 d compared with
those treated with OP-1 alone. The size and number of mineralized nodules continued to increase as
a function of time in culture.

Effects of OP-1 and PGE2 on FRC Cell Differentiation
To examine effects of exogenous PGE2 on the action of OP-1 in FRC cells, confluent FRC cells

were treated with OP-1 in the presence of different concentrations of PGE2. The total cellular AP
activity in these cultures was measured. Figure 4 shows that PGE2 alone in the concentration range
tested did not alter the basal AP activity. OP-1 alone stimulated AP activity by approx twofold, and
the OP-1-induced AP activity was further elevated by exogenous PGE2 in a dose-dependent manner.
At 0.5 nM PGE2, an approx 3- and 1.5-fold stimulation was observed, compared with the control and
the OP-1-induced activity, respectively. The enhancement of the OP-1-induced AP activity by PGE2
approached saturation at 0.5 nM.

The effect of a long-term exposure of PGE2 on OP-1-treated FRC cells was also examined. Figure 5
shows that the number of OP-1-induced bone nodules was enhanced by the presence of PGE2 in a dose-
dependent manner, reaching a maximum of 46 ± 9% increase at 5 nM of PGE2 compared with the
OP-1 alone-treated cultures. PGE2 alone did not stimulate mineralized bone nodule formation after
15 d of continuous treatment.

Fig. 3. Effects of recombinant hGH on the rate of bone nodule formation. Confluent FRC cells, grown in 12-
well plates, were treated as described in the legend of Fig. 2. Progression of nodule formation was monitored and
captured using an Olympus CK2 inverted microscope (Olympus America, Inc.) equipped with a CCD camera.
Representative images (phase contrast with 100× magnification) of nodules are presented.
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The rate of nodule formation in FRC cells treated with a fixed concentration of OP-1 and varying
concentrations of PGE2 was also studied (Fig. 6). In the OP-1-treated culture, bone nodules were
visible after 3 d of treatment. Mineralized bone nodules began to be detectable after 9 d of OP-1
treatment. The size and number of nodules continued to increase as a function of time in culture. In the
cultures treated with the combination of OP-1 and PGE2, the rates of nodule formation and of mineral-
ization were increased compared with those treated with OP-1 alone, in a PGE2 concentration-depen-
dent manner. The size and number of mineralized bone nodules were significantly enhanced by PGE2.

Effects of OP-1 and PTH on FRC Cell Differentiation
The effect of exogenous PTH on OP-1 action in FRC cells was examined by treating confluent cultures

with a fixed OP-1 concentration and different concentrations of PTH (1-34) for 48 h. Total cellular AP

Fig. 4. Effect of PGE2 on the OP-1-induced AP activity in FRC cells. Confluent cell cultures were treated with
solvent, OP-1 (200 ng/mL) alone, PGE2 (0.05, 0.5, or 5 nM) alone, or OP-1 (200 ng/mL) in the presence of
varying concentrations of PGE2. See Fig. 1 legend for additional experimental detail. Values are the mean ± SEM
of five replicates of each condition with two different FRC cell preparations.

Fig. 5. Effect of PGE2 on the OP-1-induced bone nodule formation in FRC cells. Confluent cells were treated
with solvent, PGE2 (0.5 nM) alone, OP-1 (200 ng/mL) alone, or OP-1 (200 ng/mL) in the presence of 0.05, 0.5,
or 5 nM PGE2. See Fig. 2 legend for additional experimental details.
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activity was measured. As shown in Fig. 7, OP-1 by itself stimulated AP activity by approx 2.5-fold.
Exogenous synthetic PTH (1-34) stimulated the OP-1-induced AP activity in FRC cells. At 0.1 nM
PTH, a maximum stimulation of 4- and 1.7-fold above the control and the OP-1 alone-treated cultures,
respectively, was observed. However, higher concentrations of PTH were less effective in increasing
the OP-1-induced AP activity. PTH alone, in the concentration range tested, did not change the basal
AP activity.

The effect of long-term, continuous treatment of FRC cells with PTH was also studied. Figure 8
shows that PTH alone did not stimulate bone nodule formation in FRC cells under these experimental
conditions. OP-1 potentiated the formation of mineralized bone nodules. PTH inhibited the OP-1-
induced formation of mineralized bone nodule (visible as dark areas) in a dose-dependent manner.
However, a closer examination of the cultures treated with OP-1 and PTH (>0.1 nM) revealed the
presence of nonmineralized nodules (visible as white areas), which increased in both size and number
with increasing PTH concentration. It became more evident, as shown in Fig. 9, that PTH enhanced
the OP-1-induced formation of bone nodules (visible as white areas), but inhibited the mineralization
process in a dose-dependent manner.

DISCUSSION

The results presented in this report confirm that OP-1 is capable of inducing the differentiation
and proliferation of FRC cells and further reveal that the induction could be significantly and syner-

Fig. 6. Effect of PGE2 on the rate of OP-1-induced bone nodule formation in FRC cells. Confluent cells were
treated with solvent, PGE2 (0.5 nM) alone, OP-1 (200 ng/mL) alone, or OP-1 (200 ng/mL) in the presence of
0.05, 0.5, or 5 nM PGE2. See Fig. 3 legend for additional experimental details. Representative images (phase
contrast with 100× magnification) of nodules are presented.
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gistically stimulated by hGH, PGE2, and PTH. The current study shows that exogenous hGH, PGE2,
and PTH did not affect the AP activity, a biochemical marker of osteoblast differentiation. A com-
bination of OP-1 and any one of these osteotropic factors resulted in a greater stimulation of AP activity
compared to OP-1 alone. Furthermore, hGH and PGE2 enhanced the OP-1 action in stimulating miner-
alized bone nodule formation, a hallmark of bone formation in cell cultures. PTH also enhanced the
OP-1 action in stimulating nodule formation but inhibited the mineralization of these nodules. Taken
together, the present studies provide biochemical and morphological evidence supporting the idea
that these osteotropic agents synergistically enhance the differentiation activity of OP-1 in primary
cultures of osteoblastic cells.

Previously, our laboratory showed that OP-1 and IGF-I synergistically enhance FRC cell differentia-
tion and proliferation (16). We subsequently showed synergism between OP-1 and IL-6 in the presence

Fig. 7. Effect of PTH on the OP-1-induced AP activity in FRC cells. Confluent cell cultures were treated with
solvent, OP-1 (200 ng/mL) alone, PTH (25, 50, or 100 nM) alone, or OP-1 (200 ng/mL) in the presence of vary-
ing concentrations of PTH. See Fig. 1 legend for additional experimental details. Values are the mean ± SEM of
five replicates of each condition with two different FRC cell preparations.

Fig. 8. Effect of exogenous PTH on the OP-1-induced bone nodule formation in FRC cells. Confluent cell
cultures were treated solvent, PTH (0.5 nM) alone, OP-1 (200 ng/mL) alone, or OP-1 (200 ng/mL) in the presence
of 0.1, 0.5, 1.0, or 10 nM PTH. See Fig. 2 legend for additional experimental details.
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of its soluble receptor, IL-6sR (17). Hence, together with the previous results, the present findings
further support the hypothesis that OP-1 acts in concert with other growth factors to influence the
bone formation process.

Although the molecular mechanism of synergy between OP-1 and these osteotropic factors is not
known at present, a common outcome of the tested osteotropic factors on a variety of osteoblastic
cells is that the IGF-I expression is elevated. hGH stimulates IGF-I synthesis in human osteoblastic
cells derived from trabecular explants (24). PGE2 stimulates synthesis of IGF-I and several compo-
nents of the IGF-I system in FRC cells (29–34). PTH stimulates IGF-I mRNA and protein in cultured
newborn rat calvaria cells (43) and in vivo (44). In addition, experiments with IGF-I knockout mice
showed that PTH treatment did not increase AP activity or bone mineral density, in contrast to the
results obtained with the wild-type animal. The data suggest that the anabolic effects of PTH on bone
formation require the presence of IGF-I (45). Moreover, IL-6 with IL-6sR also enhances the levels of
IGF-I mRNA and protein in a time- and dose-dependent manner in FRC cells (18). Thus, we are tempted
to speculate that the observed synergy between OP-1 and these different osteotropic factors may be
mediated, at least partly, by the stimulation of IGF-I expression.

That additional mechanism(s) and different signal transduction systems may also be involved in the
observed synergy cannot be overlooked. For example, PGE2 also stimulates OP-1 expression (35).
The increased OP-1 expression thus could elevate the OP-1 concentration in the cell culture media,
resulting in an autocrine effect that further stimulates FRC cell differentiation. GH has also been
shown to stimulate BMPR-IA expression in rat periodontium (28). It is conceivable that the increase
in BMPR-IA expression could also lead to enhancement of the OP-1 action.

Fig. 9. Effect of PTH on the rate of OP-1-induced mineralized bone nodule formation in FRC cells. Confluent
cells were treated solvent, PTH (0.5 nM) alone, OP-1 (200 ng/mL) alone, or OP-1 (200 ng/mL) in the presence of
0.1, 0.5, 1.0, or 10 nM PTH. See Fig. 3 legend for additional experimental details.
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Our observation that PTH enhanced the OP-1-induced AP activity as well as nodule formation but
inhibited the mineralization process is intriguing. One possible explanation may lie on the observed
differences in the in vivo effect of PTH when given continuously versus intermittently (22). An earlier
in vitro study revealed that PTH exerts incongruent effects on osteoblast differentiation depending
on the mode of administration (46).

It is noteworthy that, in several clonal cell lines, vitamin D and retinoic acid increased the actions
of BMP-2 and -3, which share 60% and 42% amino acid sequence homology with OP-1 (47–49). The
BMP-2 stimulated AP activity was enhanced by -estradiol, dexamethasone, and vitamin D3 in MC3T3
cells (50), and, in rat bone marrow stromal cell cultures, by dexamethasone (51) as well as basic fibro-
blast growth factor (52). On the contrary, higher doses of bFGF inhibited BMP-2 effect in vivo (53).
The combination of PGE1 and BMP-2 led to a significant increase in the mechanical strength of the
cranial bone of rabbits (54). Also of interest is the observation that the inductive effects of BMP-2, -4,
and -6 on a fetal rat secondary calvaria cell culture system were potentiated by co- or pretreatment
with the glucocorticoid triamcinolone (55). Another report revealed that vitamin D3 affected osteo-
blastic cells in an opposite manner to OP-1 and TGF- (56). TGF- 1 has been reported to stimulate
the action of OP-1 in adult baboons (57). Hence, most data support the notion that a combination of
BMPs with other factors may improve osteoblastic cell differentiation.

In summary, we have demonstrated a synergy between OP-1 and hGH, PGE2, and PTH in the stim-
ulation of biochemical and morphological markers characteristic of bone cell differentiation in the
primary culture of fetal rat calvaria cells. These data further suggest that a combination of OP-1 and
other osteotropic factors may enhance bone formation and repair, and that the availability of growth
factors locally may contribute significantly in influencing the induction of bone formation by OP-1
in vivo.
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INTRODUCTION

Osteogenesis or bone formation is a well-coordinated process mediated by osteoblasts. Under-
standing the molecular regulation of osteogenesis has important clinical implications for bone regen-
eration and the treatment of bone disorders. Osteoblasts are believed to differentiate from pluripotent
mesenchymal stem cells in a tightly regulated sequence of events mediated by a variety of growth
factors and cytokines (1–4). Among these factors and cytokines, bone morphogenetic proteins (BMPs)
appear to be the most potent inducers of osteoblast differentiation (5,6). BMPs are members of the
transforming growth factor- (TGF- ) superfamily and were originally identified by their unique abil-
ity to induce osteoblast differentiation in nonosseous cell lineages in vitro and bone formation in vivo
(5–10). BMPs are dimeric molecules with two polypeptide chains linked by a single disulfide bond.
Recent discoveries and the elucidation of signal transduction pathways mediated by BMPs in the last
decade have provided an important insight into the molecular mechanisms governing osteogenesis
and skeletal development. Given their unique capacity as osteoinducers, multiple approaches have
been developed and applied in human clinical trials to deliver BMPs to stimulate bone regeneration
and repair (5).

BASIC SIGNALING MECHANISMS OF BMP

BMP Signaling Is Mediated Through Smads
Like other growth factors, BMPs activate intracellular signaling cascades after binding to their

cognate receptors. There are two known transmembrane serine–threonine kinase receptors for BMP
ligands, designated type I (BMPR1) and type II (BMPR2). Upon BMP stimulation, the constitutively
active type II receptors phosphorylate and activate type I receptors. Type I receptors, in turn, phos-
phorylate a specific group of Smad proteins that are then responsible to transduce the signal to the
nucleus (1,4,7). To date, eight Smad proteins, Smad1 through Smad8, have been identified and charac-
terized. Smads are divided into three classes according to their signaling functions: receptor-regulated
Smads (R-Smad), common-Smads (Co-Smad), and inhibitory Smads (I-Smad; refs. 1,4,7). R-Smads
are ligand specific and include Smad1, Smad2, Smad3, Smad5, and Smad8. Among these R-Smads,
Smad1, 5, and 8 are involved in the BMPs-activated signaling pathway (9,11–16). Active BMPR1
phosphorylates Smads 1, 5, and 8 at a specific SSXS motif in the carboxy terminus, which leads to their
dissociation from the receptor. These dissociated Smads then form a heterotrimeric complex with
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Co-Smad, Smad 4, in the cytoplasm, which then translocates to the nucleus to activate gene transcrip-
tion (4,11). R-Smads Smad2 and 3 are activated by TGF and activin (7). I-Smads Smad6 and 7 inhibit
BMP signaling by competitively interfering with R-Smad phosphorylation by BMPR1. Additionally,
Smad6 inhibits BMP signaling by impeding the formation of the cytosolic heterotrimeric Smad com-
plex (4,11,17,18).

In addition to serving as transcriptional activators through the Smads, BMPs also stimulate several
important kinase-signaling pathways, including the extracellular signal-related kinase (ERK) and p38
(4,11,19). A cascade of phosphorylation events mediates the activation of these pathways, and they
play important roles in stimulating cell proliferation, differentiation, survival, and growth. Although
it is not clear how BMPs activate these signaling pathways, TAK1, a mitogen-activated protein kinase
kinase kinase (MAPKKK), and its activator, TAB1 (TGF- -activated kinase-binding protein), have
been identified as components of BMP-mediated kinase-signaling pathways. Additionally, X-linked
inhibitor of apoptosis protein (XIAP), a broad inhibitor of the caspases, has been found to interact
with the BMP type I receptor. It appears that XIAP functions to connect BMP-mediated signaling to
downstream signaling molecules TAB1 and TAK1 (4,11).

Regulation of BMP Signaling
Given the importance of BMPs in development, BMP signaling is tightly regulated. Like other

important cytokines, BMPs induce genes that feed back to regulate their own function. The I-Smad
Smad7 is induced by BMPs in a feedback loop that inhibits Smad1 and Smad5 phosphorylation by
BMPR1 (4,11). Recently, Tob, a member of a novel antiproliferative family of proteins, was shown
to be regulated by BMPs (20). Tob potently suppressed BMP-induced Smad-dependent transcription
through an interaction with Smads1, 5, and 8. Interestingly, Tob also was associated with Smad4.
Cofocal microscope image analysis found that Tob specifically regulated the subcellular localization
of R-Smads. Upon BMP-2 stimulation, Tob colocalized with R-Smad in nuclear bodies. Therefore,
Tob together with the Smad proteins may form a transcription regulatory complex and control the
expression of genes relevant to BMP2-induced cell growth and development (20).

An additional level of regulation of BMPs signal transduction that involves the degradation of
Smads by Smurf1 and Smurf2 has recently been identified (21). These Smurfs are ubiquitin-protein
ligases found in human and Xenopus cells. Ubiquitin–protein ligases, known as E3 proteins, mediate
the final steps in the process of protein ubiquitination, which begins with an ATP-dependent activation
of ubiquitin and culminates with its conjugation to the specific substrates. E3s have high substrate spe-
cificity and often act in a regulated fashion to control signaling pathways and cellular function. Smurf1
was identified by a two-hybrid screen for proteins that interact with Smad1. Smurf1 selectively inter-
acts with R-Smads specific to BMP ligand-mediated signaling pathways to trigger their ubiquitination and
degradation. In Xenopus, Smurf1 messenger RNA is localized to the animal pole of the egg. Ectopic
expression of Smurf1 inhibits the transmission of BMP signals, thereby affecting pattern formation in
Xenopus embryos (4,11,22). Currently, the role of Smurf1 and Smurf2 in osteoblast differentiation and
bone formation is unknown. The gene inactivation of Smurf1 and/or Smurf2 should greatly advance
our understanding in this regard.

MOLECULAR REGULATION OF OSTEOBLAST DIFFERENTIATION BY BMP

BMP Induction of Osteoblast Differentiation Is Dependent on Smad Signaling
Gene knockout experiments have demonstrated that BMPs are involved at multiple stages of devel-

opment and embryogenesis. Although a single BMP gene deletion has not demonstrated effects on
skeleton development, great evidence supports that BMPs play a pivotal role in osteoblast differen-
tiation and bone formation (3,11). Histological studies have found that BMPs are localized to the
region around bone growth. Importantly, several key transcription factors induced by BMPs, which
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is dependent on Smad signaling, have been found to play an essential role in osteoblast differentia-
tion and bone formation in vivo and in vitro (1,3,4,11). Inhibition of the Smad signaling pathway with
dominant-negative mutants has demonstrated that Smads play an essential role in BMP-induced osteo-
blast differentiation (13).

BMP-Inducible Runt-Related Gene 2 (RUNX2), Also Known as Cbfa1 (Core-Binding
Factor A1), Is Essential for Osteoblast Differentiation and Bone Formation

Because the small gla protein osteocalcin is a specific bone matrix protein that is predominantly
expressed by osteoblasts, studies have focused extensively on the elucidation of regulatory mecha-
nisms that transcriptionally control osteocalcin gene expression. These studies have lead to the iden-
tification of Runx-2 as an important regulator of osteoblast differentiation (23–26). There are three
Runx-2 transcription factors, Runx-2 (Osf2), Runx-1 (also called Pepb2aB and AML1), and Runx-3
(Pepb2aC and AML2). Among these factors, Runx-2 is a key player in osteoblast differentiation and
skeleton development (1,3,23). Runx-2 expression is initiated during the mesenchymal condensation
of the developing skeleton and is strictly restricted to hypertrophic chondrocytes and cells of the osteo-
blast lineage (23). Many studies have demonstrated that Runx-2 binds to and regulates the expression
of multiple genes expressed in osteoblasts, including osteocalcin, type I collagen, osteopontin, bone
sialoprotein, and fibronectin (12,23). Ectopic expression of Runx-2 in cells of nonosteoblastic lineages
induces the expression of osteoblast-specific proteins. Several studies have demonstrated that BMPs
induce Smad-dependent Runx-2 expression (3,11). Importantly, the role of Runx-2 in osteoblast dif-
ferentiation has been confirmed through in vivo gene deletion studies. Histological examination of
Runx-2-deficiant embryos revealed a complete lack of ossification, whereas chondrocyte differentia-
tion was largely unaffected. The expression of the genes encoding bone matrix proteins, such as osteo-
calcin, osteopontin, and type I collagen, are either not detected or weakly expressed in Runx-2-defi-
cient embryos. These studies establish an essential role of Runx-2 in osteoblast differentiation and
osteogenesis (24,25).

To further study the role of Runx-2 in bone formation after birth, Ducy et al. (27) generated trans-
genic mice that overexpressed a dominant-negative mutant of Runx-2 (DN-Runx-2) under the control
of the osteocalcin promoter in differentiated osteoblasts. Mice expressing the DN-Cbfa1 presented a
normal skeleton at birth but develop an osteopenic phenotype thereafter. Dynamic histomorphometric
studies found that the osteopenia was caused by a major decrease in the bone formation rate, whereas
the number of osteoblasts was normal. Molecular analyses revealed that the expression of the genes
encoding bone extracellular matrix proteins was nearly abolished in these mice (27). These results
indicate that Runx-2 also transcriptionally controls the function of mature osteoblasts. Conversely,
Liu et al. (28) generated transgenic mice that overexpressed wild-type Runx-2 under the control of
the type I collagen promoter in osteoblasts. Paradoxically, they found that Runx-2 transgenic mice
also had severe osteopenia and suffered from bone fractures within a few weeks after birth. Although
the number of neonatal osteoblasts was increased, their function was impaired in matrix production
and mineralization. The number of mature osteoblast and osteocytes were significantly decreased (28).
In contrast to the works by Ducy et al. (27) that suggested Runx-2 plays an important role in matura-
tion of osteoblasts, studies by Liu et al. (28) indicated that Runx-2 inhibits osteoblast differentiation
at a late stage. However, it should be pointed out that superphysiological overexpression of Runx-2
in osteoblasts may have a myriad of side effects and perhaps cannot reflect the true function of Runx-2.

Regulation of Runx-2 Transactivation by Smad Signaling
Given the fact that Runx-2 plays an essential role in osteoblast differentiation in vivo and in vitro,

it is conceivable that the transcription potential of Runx-2 is regulated by multiple factors and signaling
pathways. The expression of Runx-2 induced by BMP is dependent on the Smad signaling pathway.
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Interestingly, several recent studies have shown that BMP-activated R-Smads are also important for
Runx-2 transactivation by interacting with Runx-2. Cleidocranial dysplasia (CCD), an autosomal-
dominant human bone disease, is caused by heterozygous mutations to Runx-2 (24,29). To under-
stand the mechanism underlying the pathogenesis of CCD, Zhang et al. (29) studied crosstalk between
Runx-2 and the BMPs/Smad signaling pathway. They found that Smad1 interacted with wild-type
Runx-2 in vivo and in vitro to enhance the transactivation of Runx-2 as a coactivator. Moreover, they
found the interaction between Runx-2 and Smad1 to be dependent on BMP stimulation. In contrast, a
mutant of Runx-2, CCDA376, failed to interact with or respond to Smads, and was unable to induce an
osteoblast-like phenotype in C2C12 mesenchymal cells upon stimulation with BMPs (29). CCDA376
was isolated from a patient with CCD, and it was a nonsense mutation in the Runx-2 gene that yielded
a truncated Runx-2 protein (24). These results suggest the pathogenesis of CCD may be related to an
impaired BMP/Smad signaling pathway, which targets the transcription activity of Runx-2 during
bone formation.

Interestingly, studies by Alliston et al. (30) found that TGF- -activated R-Smads play an opposite
role in Runx-2 transactivation. It is known that TGF- is present in high levels in bone extracellular
matrix and inhibits osteoblast differentiation by unknown mechanisms. As osteoclasts resorb mature
bone during the process of bone remodeling, TGF-  is released from the matrix and becomes avail-
able to osteoblasts in the bone marrow microenvironment. To understand the molecular mechanism
by which TGF- negatively regulates osteoblast differentiation, Alliston et al. (30) studied the effects
of TGF- and its effectors, the Smads, on the expression and function of Runx-2. They found that
TGF- inhibited the expression of Runx-2-induced genes in osteoblast-like cell lines. This inhibition
was mediated by Smad3, which interacted physically with Runx-2 and repressed its transcriptional
activity. The repression of Runx-2 function by Smad3 contrasted with previous observations that Smad1
functions as a transcription activator. They also found that Smad3-mediated Runx-2 transcription
repression specifically occurred in mesenchymal but not epithelial cells and depended on the promoter
sequence. The demonstration that Smad3-mediated repression of Runx-2 has provided a regulatory
mechanism for the inhibition of osteoblast differentiation by TGF-  (30).

Regulation of Smad Signaling
by a Tumor Suppressor Retinoblastoma Protein (pRb)

pRb belongs to the pocket protein family, which includes p107 and p130. pRb acts as a generic
corepressor of the E2F family of transcription factors and is inactivated in many human cancers (31).
Specifically, pRb mutation has been associated with osteosarcoma, and viral oncoproteins that block
pRb function potently inhibit osteoblast differentiation. To understand how pRb regulates osteoblast
differentiation, Thomas et al. (31) examined the interaction between pRb and Runx-2. They found that
pRb played a key role in facilitating expression of late markers of osteoblast differentiation through a
physical association with Runx-2. Loss of pRb, but not p107 or p130, severely impaired late osteoblast
differentiation. Chromatin immunoprecipitation analysis found that pRb was associated with Runx-2
and bound to osteoblast-specific promoters in vivo in a Runx-2-dependent manner. pRb stimulated
Runx-2-mediated transactivation of an osteoblast-specific reporter by the direct interaction with Runx-2
and the transcriptional machinery. Moreover, tumor-derived pRb mutants were unable to interact with
Runx-2 and failed to potentiate Runx-2-mediated transactivation. These results suggest that pRb func-
tions as a direct transcriptional coactivator of Runx-2 to promote osteoblast differentiation.

Regulation of Runx-2 Function by MAPK
(Mitogen-Activated Protein Kinase) Signaling

Like other general transcription factors, the transactivation potential of Runx-2 is regulated by phos-
phorylation. Xiao et al. (32) have found that the MAPK signal cascade phosphorylates Runx-2 in vitro
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and in vivo during the induction of osteoblast differentiation. The transcriptional activity of Runx-2
was significantly potentiated by the overexpression of active MEK. Stimulation of MAPK through the
transfection of a constitutively active form of MEK1 into MC3T3-E1 preosteoblast cells increased
the expression of endogenous osteocalcin mRNA. In contrast, overexpression of a dominant-negative
mutant of MEK1 inhibited the expression of osteocalcin. The active MEK1 also stimulated activity of
the osteocalcin promoter, and this stimulation required the DNA binding site for Runx-2. The specific
MAPK inhibitor, PD98059, blocked extracellular matrix-dependent upregulation of the osteocalcin
promoter. These results indicate that the MAPK pathway and, presumably, Runx-2 phosphorylation
are also required for the responsiveness of osteoblasts to extracellular matrix signals. The findings may
also provide an explanation for the observation in several studies that BMP-induced osteoblast differ-
entiation is required for the MAPK signaling (32,33).

BMP-Inducible Transcription Factor
Osterix Is Essential for Osteoblast Differentiation

Very recently, another BMP-inducible transcription factor dubbed Osterix (Osx) was found to play
an essential role in osteoblast differentiation. Osx was identified and cloned through a differential dis-
play analysis that sought to identify BMP-induced genes. Osx is a novel zinc finger-containing transcrip-
tion factor that is specifically expressed in developing bones. Osx contains a proline- and serine-rich
transcription activation domain. The DNA binding domain of Osx consists of three zinc fingers at its
C-terminus that share a high degree of homology with motifs in transcription factors Sp1, Sp3, and
Sp4. Although to a lesser degree, Osx also has homology to motifs in the Krüppel-like factor family.
Biochemical characterization of Osx demonstrated that Osx bound to Sp1 consensus sequences and
to other specific G/C-rich sequences. Such G/C-rich sequences are present in the promoters of bone
matrix genes, including collagen I. Ectopic expression of Osx in nonosteoblastic lineages induced
expression of osteocalcin and collagen I (34).

Gene deletion studies in mice have demonstrated that Osx functions downstream from Cbfa1 and
is essential for osteoblast differentiation. In the absence of Osx, neither cortical nor trabecular bone
was generated through intramembranous or endochondral ossification. During the normal endochon-
dral bone formation, the degradation of the mineralized cartilage matrix by osteoclasts/chondroclasts
and the deposition of new bone matrix by osteoblasts are tightly coordinated. Histological studies
found that both osteoclast differentiation and active cartilage matrix degradation were not affected in
Osx null mutants. However, mesenchymal cells that comigrated with osteoclasts could not deposit
bone matrix, and no ossification was found in the mesenchyme. Similarly, no ossification was found
in the condensed mesenchyme of membranous skeletal elements in Osx-null mutants (34).

Because Runx-2 is essential for osteoblast differentiation as described above, Nakashima et al. (34)
further examined whether bone formation defects in Osx-null mutant mice may be caused by dis-
regulation of Runx-2 expression. Interestingly, they discovered that osteogenic cells from Osx-null
mutants express Runx-2 at levels comparable to wild-type osteoblasts, indicating that Osx was not
required for Runx-2 expression. In contrast, they found that Osx was not expressed in Runx-2-defi-
cient embryos, indicating that Runx-2 was required for the expression of Osx. However, currently, it
is unknown how Cbfa1 controls Osx expression. Taken together, elegant studies by Nakashima sug-
gest that Osx is an essential transcription factor for skeleton development and acts downstream from
Runx-2 to induce osteoblast differentiation (34).

REGULATION OF OSTEOBLAST APOPTOSIS BY BMP

Bone Development and Apoptosis
Apoptosis or programmed cell death is an important biological process that orchestrates cell removal

required to maintain cell turnover and integrity in multicellular organisms. Apoptosis is characterized
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by caspase activation, DNA fragmentation, and condensation of the nucleus (35,36). Although Ker et
al. formally proposed the concept of apoptosis in 1972, biologists have been aware that cell death
occurs in bone since the early 1960s. Frost et al. described empty osteocyte lacunae in human bone
specimens and suggested they were derived as a consequence of cell death (36–38). Emerging evidence
indicates that apoptosis is an important component in skeletal development and remodeling. Well-
coordinated homeostatic apoptosis of hypertropic chondrocytes in their terminal differentiation stage
is essential for the progression of endochondral bone formation. Abnormal apoptosis of osteoblasts
may be associated with bone disorders such as osteoporosis and Paget’s disease of bone. It is widely
accepted that once they have completed their bone-forming function, osteoblasts are either entrapped
in bone matrix and become osteocytes or remain on the surfaces as lining cells. Studies since Frost’s
have shown that the terminal stages of the osteocyte life cycle are structurally and functionally consis-
tent with the morphological modifications associated with apoptosis. Specifically, electron micrographs
have shown osteocytes with irregularly shaped nuclei containing condensed heterochromatin and
interrupted nuclear envelopes consistent with morphological characteristics of apoptotic cells. Apop-
totic osteoblasts or osteocytes have also been detected in vivo with the terminal UTP nick end label-
ing (TUNEL) assay, which specifically labels fragmented nucleosome-sized DNA strands (36,38).

In an elegant experiment using mouse fetal calvaria-derived osteoblasts, Lynch et al. (37) presented
evidence of cell death by apoptosis in the development of bone-like tissue in vitro. In this model
system, osteoblast differentiation can be divided into three well-characterized stages: a proliferation
period; a matrix maturation period where cell growth is arrested, abundant amounts of Type I collagen
are deposited and genes marking a bone cell phenotype are induced; and finally a mineralization stage
characterized by the expression of bone-specific genes. With the use of TUNEL and DNA laddering
assays, Lynch et al. (37) found cells that terminally differentiated to the mature bone cell phenotype
underwent apoptosis. During the proliferative period, only a small percentage of isolated apoptotic
cells were observed. As nodules form, more apoptotic cells were identified in the premineralized
multilayered cell nodule. With progressive development of mineral nodules in the extracellular matrix,
a marked increase in the proportion of apoptotic cells dispersed throughout the nodule was observed.
Additionally, they found that apoptosis of differentiated osteoblasts was associated with several pro-
apoptotic genes including p53 and Bax. Bax and p53, which can accelerate apoptosis, are expressed
in heavily mineralized bone tissue nodules. These findings provide important evidence that indicates
apoptosis in osteogenesis is essential to bone homeostasis and mineralized nodule formation (37).

Apoptosis and Bone Disorder
Recently, several studies have found that abnormal osteoblastic apoptosis may be associated with

osteoporosis (22,36,38,39). Bone mass can be increased by intermittent parathyroid hormone (PTH)
administration, but the mechanism of this phenomenon remains unknown. Jilka et al. (40) reported
that daily PTH injections in mice with osteopenia caused by defective osteoblastogenesis increased
bone formation without affecting the generation of new osteoblasts. Instead, PTH prolonged the life
span of mature osteoblasts by inhibiting apoptosis and thereby extended their matrix-producing func-
tion. Using primary rodent and human osteoblasts in an in vitro study, they demonstrated that the anti-
apoptotic effect of PTH required the hormone to bind to the PTH/PTHrP receptor of osteoblasts and
was mediated by the c-AMP signaling pathway. The evidence from these studies provides proof of the
basic principle that the promotion of bone formation may be obtained through suppression of osteo-
blast apoptosis.

On the contrary, several studies suggested that osteoporosis mediated by glucocorticoid is caused,
in part, by increased apoptosis of osteocytes and osteoblasts (36,38,41). Experimental and clinical
studies have demonstrated that bisphosphonates (BPs) are effective agents in the prevention of gluco-
corticoid-mediated osteoporosis. To understand BP-mediated therapeutic effects, Plotkin et al. (41)
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examined whether BPs modulated apoptosis of bone cells. They found that BPs blocked apoptosis of
primary murine osteoblastic cells in vitro induced by multiple stimuli, including etoposide, tumor
necrosis factor (TNF) and the synthetic glucocorticoid dexamethasone. BP-mediated antiapoptotic
effect was correlated with a rapid increase in the phosphorylated fraction of ERKs. Inhibition of ERK
activation abolished BP-mediated survival function. Moreover, BPs significantly suppressed apop-
tosis in vertebral cancellous bone osteocytes and osteoblasts that followed glucocorticoid administra-
tion in mice. These results suggest that the therapeutic efficacy of BPs, which is currently used to treat
Paget’s disease of bone and glucocorticoid-induced osteoporosis, may be caused by their ability to
prevent osteocyte and osteoblast apoptosis (41). Therefore, the regulation of osteoblast lifespan may
provide an important therapeutic strategy to treat osteoporosis.

Regulation of Osteoblast Apoptosis by BMPs
Induction of apoptosis by BMP was originally reported in studies focused on interdigital cell death

that leads to the regression of soft tissue between embryonic digits in many vertebrates. Results from
these experiments indicate that BMP signaling actively mediates cell death in the embryonic limb (11,
35). Consistent with BMP pro-apoptotic activity in development, Hay et al. (42) observed that BMP-2
promoted apoptosis in primary human calvaria osteoblasts and in immortalized human neonatal cal-
varia osteoblasts, as shown by TUNEL analysis. Moreover, BMP-2 induced the release of mitochon-
drial cytochrome c into the cytosol. Subsequently, BMP-2 increased caspase-9 and caspase-3, -6, and
-7 activity. Inhibition of caspase-9 activity suppressed BMP-2-induced apoptosis. However, over-
expression of dominant-negative Smad1 effectively blocks BMP-2-induced Runx-2 expression but
not the activation of caspases or apoptosis induced by BMP-2, indicating that the BMP-2-induced
apoptosis was independent of the Smad1 signaling pathway. They found that the proapoptotic effect
of BMP-2 was dependent on activation of protein kinase C (PKC). The inhibition of PKC by the selec-
tive PKC inhibitor calphostin C blocked the BMP-2-induced increase in the Bax/Bcl-2 ratio, caspase
activity, and apoptosis. In contrast, the cAMP-dependent protein kinase A (PKA) inhibitor H89, the
p38 MAPK inhibitor SB203580, and the MEK inhibitor PD-98059 did not affect BMP-2-induced
apoptosis. Therefore, Hay et al. (42) proposed that BMP-2 modulated apoptosis through a Smad-indepen-
dent, PKC-dependent pathway that uses Bax/Bcl-2, cytochrome c, and a caspase cascade that involves
caspases-9, 3, 6, and 7 in human osteoblasts.

To address the general concern that apoptosis induction in Hay et al.’s studies (42) was very weak,
we explored whether BMP played a role in the regulation of apoptosis during the induction of osteo-
blast differentiation using mesenchymal cells (35) . Using the death receptor inducer TNF, we found
that BMP-2 and BMP-4 inhibited TNF-mediated apoptosis by blocking caspase-8 activation in C2C12
cells, which are pluripotent mesenchymal cells that differentiate into osteoblasts when stimulated
with BMPs. Moreover, the antiapoptotic activity of BMPs functioned through the Smad signaling
pathway and inhibition of Smad signaling rendered cells sensitive to TNF-induced apoptosis. Our
results suggest that BMPs not only stimulate osteoblast differentiation but can also promote cell sur-
vival during the induction of osteoblast differentiation. Currently, we cannot explain the conflicting
pro- and antiapoptotic properties of BMPs reported by us and by others. This disparity may underline
the importance of cell context and stimuli. Interestingly, studies from Smad5-deficient mice suggest
BMP-mediated Smad signaling may play a role in survival of mesenchymal cells, the cells from which
osteoblasts are differentiated (43). Mice homozygous for the Smad5 mutation die between days 10.5
and 11.5 of gestation because of defects in angiogenesis and apoptosis. Histological analysis showed
that embryos lacked mesenchyme and that massive apoptosis was present in head mesenchyme. The
apoptosis was most concentrated in the mesenchyme of the head and somites, where Smad5 was
highly expressed. Because Smad5 is a BMPs-specific signaling molecule and osteoblasts are differ-
entiated from mesenchymal cells, these results strongly support the notion that signaling by BMPs
has antiapoptotic functions, at least, during the early stage of osteoblast differentiation (43).
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SUMMARY

The induction of osteoblast differentiation and osteogenesis by BMPs are well coordinated dynamic
processes. BMP-mediated osteoblast differentiation is dependent on the Smad signaling pathway. BMP-
inducible transcription factors, Cbfa1 and Osx, play an essential role in osteoblast differentiation and
osteogenesis. Additionally, BMP may regulate osteoblast cell survival during the induction of differ-
entiation from mesenchymal stem cells. It will be interesting to know whether Cbfal or Osx regulates
osteoblast survival in the future. The regulatory functions of BMPs on osteoblast differentiation and
survival are currently the focus of many laboratories around the world. A more clear understanding
of these regulatory mechanisms is critical to the elucidation of the origin of bone diseases and to the
development of exciting new therapies.
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Osteoclast Differentiation

Sakamuri V. Reddy and G. David Roodman

INTRODUCTION

The osteoclast is the primary bone-resorbing cell and the majority of evidence favors that it is
derived from the monocyte–macrophage lineage, although recently there have been reports that early
B lymphocytes, B220+ cells can also form osteoclasts (1). The earliest identifiable osteoclast precur-
sor is the granulocyte-macrophage colony-forming unit (CFU-GM), the granulocyte-macrophage
progenitor cells that proliferate and differentiate into committed precursors for the osteoclast (2).
These committed precursors are postmitotic and fuse to form multinucleated osteoclasts. These multi-
nucleated cells (MNCs) are then activated to form bone-resorbing osteoclasts. After a prescribed pe-
riod of time, the cells undergo apoptosis. The life cycle of the osteoclast is depicted in Fig. 1. The
molecular and cellular events involved in osteoclast differentiation and the large array of factors reg-
ulating osteoclast formation and activity are just beginning to be defined. In this review, the factors
that are known to be critical to osteoclast differentiation and the genes involved in this process will
be discussed.

PHENOTYPIC AND INTRACELLULAR CHANGES
ASSOCIATED WITH OSTEOCLAST DIFFERENTIATION

As noted above, during osteoclast differentiation, multipotent osteoclast precursors, which can
form both osteoclasts and monocyte–macrophages, proliferate and differentiate to become unipotent
committed postmitotic osteoclast precursors. The early precursor differentiates and begins to express
CD11b, CD45, and the Kn22 antigen (3). The Kn22 antigen is expressed on cells that are still bipotent
and can form monocyte–macrophages or osteoclasts. As these cells differentiate further, they begin
to express vitronectin receptors, which can be identified by the 23c6 monoclonal antibody (4), and
calcitonin receptors (CTRs). The mature human osteoclast expresses the interleukin-6 receptor, c-fms,
the receptor for macrophage colony-stimulating factor (M-CSF), vitronectin receptor, and CTR.

Suda and coworkers (5) have reported that 1,25-(OH)2D3 specifically stimulated the expression of
the third component of complement (C3) on osteoclasts in bone in vitro and in vivo. They also
reported that an anti-C3 antibody inhibits osteoclast formation when added between days 2–4 of the
total 6-d culture period needed for osteoclast development in marrow cultures. This time period
corresponds to the late proliferative phase and the early differentiation phase of osteoclast develop-
ment. This study also demonstrated that C3 protein, produced by the stromal cells in response to
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1,25-(OH)2D3, is involved in osteoclast development by potentiating M-CSF-dependent prolifera-
tion of bone marrow cells and induction of osteoclast differentiation.

Kania et al. (6) determined that CD44, a cell surface glycoprotein that is known to function as an
adhesion receptor, is also involved in osteoclast differentiation. They demonstrated that CD44 is
expressed on mouse osteoclasts that develop in primary bone marrow cultures treated with 1,25-
(OH)2D3. Monoclonal antibodies against CD44 inhibited osteoclast formation in these cultures in a
dose-dependent manner. Similarly, coculture experiments with mouse spleen cells and ST2 bone
marrow stromal cells to form osteoclasts indicated that the inhibitory effects of the CD44 antibody
were directed against hematopoietic cells rather than stromal cells. However, CD44 antibodies did
not inhibit the bone-resorptive activity of mature osteoclasts, suggesting that this surface antigen
plays a role predominantly in osteoclast formation.

In addition to changes in the surface phenotype that occur during osteoclast differentiation, early
osteoclast precursors but not macrophages express tartrate-resistant acid phosphatase (TRAP) in vivo,
which is a marker enzyme for the osteoclast. Expression of TRAP has been detected in early prolif-
erating osteoclast precursors and is expressed at high levels in committed osteoclast precursors that
fuse to form mature osteoclasts (7). However, this in itself is not a reliable marker for osteoclast
differentiation because human macrophages will express TRAP in vitro. The functional role of TRAP
in the osteoclast is unknown. Studies using homologous recombination to inactivate the TRAP gene
have demonstrated that these animals appear to have relatively normal bone resorption and in fact have
problems with endochondral bone formation and mild osteopetrosis (8). A substrate for this phos-
phatase activity has not been clearly identified in the osteoclast, but Halleen et al (9) have reported
that TRAP can generate reactive oxygen species in osteoclasts that facilitate fragmentation of colla-
gen degradation products that are transcytosed through the osteoclasts. In addition to TRAP, studies
using chick osteoclast culture systems have also suggested that tensin and cortactin expression may
be useful as osteoclast differentiation markers (10).

Fig. 1. Life cycle of the osteoclast.
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AUTOCRINE/PARACRINE REGULATION OF OSTEOCLASTOGENESIS

Osteoclast itself is an abundant source of cytokines. Ousler et al. (11) have shown that osteoclasts
produce transforming growth factor (TGF)- , which can inhibit or enhance osteoclast formation and
bone resorption, depending on its concentration. We have used an expression cloning approach with a
human osteoclast cDNA library and identified Annexin II, which stimulates osteoclast formation (12).
We further demonstrated that Annexin II enhanced GM-CSF production by bone marrow T-lympho-
cytes and stromal cells, increasing the proliferation of osteoclast precursors, and resulting in increased
osteoclastogenesis (13). We have also identified a novel intracellular signaling molecule, termed osteo-
clast stimulatory factor, that interact with the spinal muscular atrophy-determining gene product and
results in release of soluble factors that enhance osteoclast differentiation (14). Using a similar ap-
proach, we also identified inhibitory factors, such as osteoclast inhibitory peptide-1 (OIP-1/hSca)
and OIP-II (legumain), which inhibit osteoclast development and bone resorption (15,16). OIP-1/hSca
is expressed by osteoclast precursor cells and activated T-lymphocytes (17). We have recently shown
that interferon- enhances OIP-1/hSca expression in osteoclast precursors and that cytokines, such as
interleukin (IL)-1, enhance OIP-II expression (18). Similarly, using cDNA subtractive hybridization
methods, ADAM8 (a disintegrin and metalloproteinase) has been shown to be highly expressed in mature
osteoclasts. ADAM8 affects the later stages of osteoclast differentiation increasing bone resorption
capacity of these cells (19).

Takahashi and coworkers (20) developed a coculture system with mouse spleen cells and osteo-
blastic cells to examine the role of osteoblasts in osteoclast formation. They demonstrated that when
mouse spleen cells and osteoblastic cells, isolated from fetal mouse calvariae, were cocultured in the
presence of 1,25-(OH)2D3, numerous multinucleated cells that expressed an osteoclast phenotype were
formed. However, no osteoclast-like cells were formed when the spleen cells and osteoblastic cells
were separated by a membrane filter in the coculture, suggesting that cell-to-cell contact with osteoblas-
tic cells is required for the differentiation of osteoclast progenitors from splenic tissue into mature
osteoclasts. The membrane factor expressed by osteoblasts and stromal cells that induces osteoclast-
ogenesis has subsequently been identified as receptor activator of NF- B (RANK) ligand.

The importance of stromal cell involvement in osteoclast differentiation has also been reported by
Kukita et al. (21). They showed that rat hematopoietic progenitor cells could differentiate into mono-
nuclear osteoclast-like precursor cells in the absence of stromal cells. The fusion of these preosteo-
clasts to form multinucleated cells occurred only in the presence of 1,25-(OH)2D3 and stromal cells.
The preosteoclasts also did not resorb dentine but could differentiate into functional bone resorbing
multinucleated osteoclast-like cells in the presence of primary rat osteoblasts. Similarly, the bone
marrow-derived stromal cell lines MC3T3-G2/PA6 and ST2 also support osteoclast-like cell differ-
entiation in cocultures with mouse spleen cells (22). Chambers et al. (23) have developed clonal bone
marrow stromal cell lines that have the capacity to support osteoclast differentiation in cocultures
with bone marrow cells. Hill et al. (24) have shown that insulin-like growth factors (IGF) I and II
indirectly stimulate osteoclast activity through their action on osteoblastic cells, and that the type I
but not the type II IGF receptor is involved in their response. Similarly, Shevde et al. (25) reported that
stimulation of osteoclastogenesis by PTH or 1,251,25-(OH)2D3 is mediated indirectly by inducing
production of factors by normal marrow stromal cells that enhance osteoclast formation. We have pre-
viously established and characterized a human marrow-derived stromal cell line (Saka) that enhances
osteoclast-like cell formation in human marrow cultures (26). Cultures of human bone marrow and
Saka cells separated by a Millipore membrane did not enhance MNC formation. Addition of a neutral-
izing antibody to IL-6 or IL-1 blocked the effects of Saka cells on MNC formation. These results
suggest that marrow stromal cells and osteoblasts enhance osteoclast formation through direct cell-to-
cell contact and through production of IL-6 and/or IL-1 and other osteotropic factors, such as M-CSF
and RANK ligand. Recently fibroblastic stromal cells have been reported to express RANKL and sup-
port osteoclast differentiation (27).
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 TRANSCRIPTION FACTORS

Several transcription factors and/or protein kinases appear to be critical to osteoclast differentiation.

Nuclear Factor- B (NF- B)
 NF- B is an important transcription factor involved in osteoclast differentiation. Mice deficient

in both the p50 and p52 subunits of NF- B develop severe osteopetrosis (28). Deletion of only the
p50 or p52 subunit does not result in a bone phenotype. NF- B plays a critical role in expression of
a variety of cytokines involved in osteoclast differentiation, including IL-1, tumor necrosis factor
(TNF)- , IL-6, GM-CSF, and RANK ligand, and deletion of both p50 and p52 may affect the pro-
duction of growth factors critical for osteoclast differentiation as well as RANK ligand signaling.
Recently, Xing et al (29) showed that NF- B p50 and p52 expression is not required for formation of
RANK-expressing osteoclast progenitors but is essential for RANK-expressing osteoclast precursors
to differentiate into osteoclasts in response to RANKL and other osteoclastogenic cytokines.

PU.1
Tondravi and coworkers (30) reported that the myeloid and B-cell specific transcription factor,

PU.1, was critical for osteoclast differentiation. They showed that PU.1 expression progressively
increased as marrow macrophages expressed the osteoclast phenotype in vitro. Furthermore, PU.1
expression increased with the induction of osteoclastogenesis by 1,25-(OH)2D3 and dexamethasone.
These workers also developed PU.1-deficient mice and found that these mice were osteopetrotic.
Transplantation of normal marrow into these mice resulted in complete restoration of osteoclast and
macrophage differentiation. The absence of both osteoclasts and macrophages in PU.1-deficient mice
suggests that this transcription factor regulates the initial stages of macrophage differentiation. PU.1
has been shown to interact with the microphthalmia transcription factor to regulate TRAP gene expres-
sion and osteoclast differentiation (31).

c-fos
c-fos, a proto-oncogene normally associated with osteosarcomas, also appears to be a key regula-

tor of osteoclast differentiation. Grigoriadis and coworkers (32) have shown by using the techniques
of homologous recombination, that mice lacking the c-fos proto-oncogene develop osteopetrosis and
have normal macrophage differentiation. The fos-deficient mice have a block in differentiation at the
branch point between monocyte–macrophages and osteoclasts and only form macrophages. Further-
more, transfection of c-fos cDNA into avian osteoclast precursors induced a twofold increase in TRAP
activity and osteoclastic bone resorption activity as compared with controls. These data suggest that
prolonged expression of c-fos can enhance osteoclast differentiation. Hoyland and Sharpe (33) have
also shown that c-fos proto-oncogene expression is upregulated in osteoclasts from patients with
Paget’s disease. Owens and coworkers (34) transduced osteoclast precursors with c-fos or Fra-1 using
retroviral constructs. Overexpression of Fra-1 but not c-fos in an immortalized bipotential osteoclast/
macrophage precursor cell line caused a significant increase in the proportion of these precursors that
developed calcitonin receptors and subsequent bone resorption. These data suggest that Fra-1 may
play a role in osteoclast differentiation distinct from that of c-fos. Recently, Fleischmann et al. (35)
reported that Fra-1, but none of the Jun proteins (c-Jun, Jun-B, and Jun-D) rescued the block in osteo-
clast differentiation when the Fra-1 gene is knocked-in to c-fos-deficient mice and this effect was
gene dose dependent. Matsuo et al. (36) also found that the N-terminal portion and the core region of
Fos proteins were sufficient for osteoclast differentiation. Recently, these investigators have also
shown that RANKL induces transcription of Fosl1 in a c-fos-dependent manner, thereby establishing
a link between RANK signaling and the expression of AP-1 proteins in osteoclast differentiation (37).

Udagawa and coworkers (38) reported that c-fos plays an important role in the proliferative phase
of osteoclast progenitors but not in the terminal differentiation phase or in the bone-resorbing activ-
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ity of mature osteoclasts. This study demonstrated that treatment of cocultures of mouse bone mar-
row with primary osteoblastic cells with c-fos antisense oligomers for the first 4 d of culture inhibited
osteoclast formation. However, when c-fos antisense oligomers were added during the second phase of
coculture (days 4 through 6), osteoclast formation was unaffected, suggesting a role for c-fos in osteo-
clast progenitor proliferation. Taken together, these data suggest that c-fos plays a critical role in the
differentiation of osteoclast precursors at the branch point where the osteoclast lineage diverges from
the macrophage and has a primary effect on the proliferative phase of osteoclast development.

c-src
c-src, a proto-oncogene, plays a critical role in the activation of quiescent osteoclasts to become

bone-resorbing osteoclasts. Osteoclast formation is normal in animals lacking the c-src gene. How-
ever, they develop osteopetrosis because the osteoclasts are unable to resorb bone (39) because the
osteoclasts cannot form ruffled borders (40). These animals can be rescued by transplantation of nor-
mal hematopoietic precursors from animals expressing c-src (41). The substrate for src appears to be
cortactin, which plays a critical role in attachment of osteoclasts to bone surfaces. However, it is unclear
if the enzyme activity of c-src, which is a nonreceptor tyrosine kinase, is required for osteoclast activ-
ity. Schwartzberg and coworkers (42) generated transgenic mice that had the wild-type or mutated
versions of c-src proto-oncogene targeted to the osteoclast using the TRAP gene promoter. They
demonstrated that expression of the wild-type transgene in only a limited number of tissues can fully
rescue the c-src–deficient phenotype. Interestingly, they reported that expression of kinase defective
mutants of c-src in c-src–deficient mice also reduces osteopetrosis. These data suggest that there are
essential kinase-independent functions for c-src in vivo. Abu-Amer et al. (43), using double antibody
immunoconfocal microscopy, demonstrated that c-src associated with tubulin only when avian osteo-
clasts were adherent to bone. This would suggest that matrix recognition by osteoclasts induces c-src
to associate with microtubules that traffic proteins to the cell surface. Tanaka et al. (44) have sug-
gested that the lack of phosphorylation of c-cbl is the important step in osteoclast activation in c-src–
deficient animals, that c-cbl forms molecular complexes with src and Pyk2 and regulates src kinase
to regulate osteoclast adhesion and motility (45).

Tax
Inoue and coworkers (46) developed transgenic mice expressing the human T cell leukemia virus

type I-tax under the control of human T cell leukemia virus type I-long terminal repeat promoter and
found that these transgenic mice had skeletal abnormalities characterized by high bone turnover. Tax
gene expression in bone was restricted to osteoclasts, was dependent on treatment of osteoclast pre-
cursors with 1,25-(OH)2D3, and coincided with TRAP expression in mononuclear osteoclast precur-
sors and mature osteoclasts. These investigators have also identified an osteoclast-specific nuclear
transcription factor, NFOC-1, whose expression is enhanced by Tax. NFOC-1 is absent in macroph-
ages and conserved in osteoclasts from different species, including humans. These data suggest that
this nuclear factor may have a role in commitment of cells to the osteoclast lineage and/or osteoclast
differentiation.

Microphthalmic Transcription Factor (MITF)
MITF is required for terminal osteoclast differentiation. Mice lacking the MITF gene developed

osteopetrosis. Mansky et al. (47) have shown that MITF is involved in the RANK ligand signaling
pathway and that phosphorylation of MITF results in activation of target genes in osteoclasts. Weil-
baecher and coworkers (48) showed that M-CSF induces phosphorylation of MITF and that MITF
and the TFE3 transcription factor are required for osteoclast gene activation. MITF and TFE3 are
closely related helix–loop–helix transcription factors that have been implicated in osteoclast devel-
opment and function. The data demonstrate the link between cytokine signaling with gene expression
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vital to osteoclast differentiation and function. Mansky et al (49) have also shown that the micro-
phthalmia transcription factor and the related helix–loop–helix factor TFE-3 and TFE-C collaborate
to activate the TRAP gene promoter during osteoclast differentiation.

c-Myc
Recently, RANKL has been reported to strongly induce c-myc proto-oncogene expression during

osteoclast differentiation of RAW 264.7 cells (50). However, c-myc expression is absent in undiffer-
entiated cells. Furthermore, expression of a dominant-negative myc in these cells results in blockade
of RANKL-induced osteoclast formation. These results suggest that c-myc is a downstream target of
RANKL and its expression is required for RANKL-induced osteoclastogenesis.

REGULATION OF OSTEOCLAST DIFFERENTIATION
BY CYTOKINES, GROWTH FACTORS AND HORMONES

Cytokines and Growth Factors

RANKL
RANKL is a recently described member of the TNF family that is induced upon T cell receptor

binding (51) and activates c-Jun N-terminal kinase after binding with its putative receptor, RANK.
RANKL inhibits apoptosis of mouse bone marrow-derived dendritic cells and human monocyte-derived
dendritic cells in vitro (52). RANKL also upregulates Bcl-XL expression, suggesting a potential mech-
anism for the enhanced dendritic cell survival. RANKL is critical for osteoclast formation and is pro-
duced by osteoblasts and stromal cells. RANKL in combination with M-CSF is all that is needed to
induce osteoclast formation by spleen cells in the absence of osteoblasts (53). Yasuda et al. (54) have
reported that RANKL also binds to osteoprotegerin, a novel member of the TNF receptor family that
inhibits osteoclast formation and bone resorption. Lacey et al. (55) have shown that RANKL is essen-
tial but not sufficient for osteoclast survival and that endogenous CSF-1 levels are insufficient to
maintain osteoclast viability in the absence of RANKL. Kojima et al. (56) further demonstrated that
RANKL inhibits rDrak1, a kinase that is highly expressed in active osteoclasts and induces apoptosis.

M-CSF
M-CSF, also called CSF-1, is produced by murine osteoblast/stromal cells and is the critical factor

in combination with RANKL that is responsible for the effects of marrow stromal cells on osteoclast
development in coculture systems. The role of M-CSF in osteoclast differentiation has been clearly
demonstrated in the op/op mouse (57). A frame-shift mutation in the coding region of the M-CSF gene
in these mice results in an osteopetrotic phenotype as a result of lack of functionally active M-CSF
(58). However, the administration of recombinant M-CSF to these mice reversed the osteopetrotic
phenotype. The addition of M-CSF together with 1,25-(OH)2D3 to the cocultures of op/op osteoblas-
tic cells and normal spleen cells restored osteoclast formation in vitro (59). In these studies, when M-
CSF was added throughout the 6-d culture period, osteoclasts were formed in response to 1,25-(OH)2D3.
However, absence of M-CSF either for the first 4 d (proliferative phase) or for the final 2 d (differenti-
ation phase) blocked osteoclast formation. Furthermore, osteoclasts were formed in cocultures of
spleen cells obtained from op/op mice and osteoblastic cells from normal mice. However, osteoclasts
never formed in cocultures of normal spleen cells and op/op osteoblastic cells. These results clearly
indicate that osteoclast deficiency in op/op mice is caused by a defect in M-CSF production by osteo-
blastic cells but not in spleen cells (60). Halasy and Hofstetter (61) have recently examined the
expression of the secreted and membrane bound M-CSF in bone during development of osteoclasts
by quantitative polymerase chain reaction in the fetal metatarsal model of osteoclast formation. This
study demonstrated that in vivo the highest levels of M-CSF are expressed during the late differentia-
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tion stage of osteoclast formation and are required for activation of osteoclasts. It also supports the
hypothesis that locally produced M-CSF may act in a paracrine manner during osteoclastogenesis
and that both forms, secreted and membrane bound, are required for the full biological action of the
cytokine. Yamane et al. (62) have reported that expansion of osteoclast precursors and terminal dif-
ferentiation of mature osteoclasts was affected by treatment of embryonic stem cells with an anti-
body to the M-CSF receptor, c-fms. This resulted in <75% reduction in the number of osteoclasts
produced. Transition of embryonic stem cells to other hematopoietic lineages was not blocked by an
antibody to c-fms. Fan et al. (63) have also recently reported that M-CSF downregulates c-fms expres-
sion and that the entry of osteoclast progenitors into the osteoclast lineage in murine bone marrow
cultures. Nilsson and coworkers (64) have reported that the osteopetrosis in op/op mice improves
with age, suggesting that M-CSF is required for osteoclast development in younger animals. There-
fore, M-CSF produced by osteoblasts appears to be indispensable for proliferation and differentia-
tion of osteoclast progenitors, but can be substituted by other factors. Lean et al. (65) have shown that
FLT3 ligand can partly substitute for M-CSF in support of osteoclast differentiation and function in
osteopetrotic (op/op) mice.

Osteoprotegerin (OPG)
OPG is a novel secreted glycoprotein that regulates bone resorption. Osteoprotegerin, also called

osteoclastogenesis inhibitory factor, is a member of TNF receptor superfamily that has been identi-
fied recently (53,66). In vitro and in vivo osteoclast differentiation from precursor cells is blocked in
a dose-dependent manner by recombinant OPG. OPG is produced by most cell types and appears to
block the fusion/differentiation stage of osteoclast differentiation rather than the proliferative phase.
It binds to a single class of high-affinity binding sites on the ST2 mouse marrow stromal cell line
treated with 1,25-(OH)2D3 (53). Yasuda and coworkers (54) have recently demonstrated that RANKL,
produced by osteoblasts, binds to OPG and blocks the inhibitory actions of OPG on osteoclasto-
genesis. OPG blocks osteoclast precursor formation and osteoclast differentiation supported by osteo-
blasts (67). The expression of OPG and RANKL has been shown to be developmentally regulated in
the stromal–osteoblast lineage. Osteoblast differentiation resulted in decreased RANKL and increased
OPG mRNA levels (68). Furthermore, a number of local factors as well as systemic hormones induce
RANKL expression through diverse cellular signal transduction mechanisms. These include 1,25-
(OH)2D3 signaling through vitamin D receptor; parathyroid hormone (PTH), parathyroid hormone-
related peptide (PTHrP), prostaglandin E2 (PGE2), and IL-1 signaling through protein kinase A; and
IL-6, IL-11, oncostatin M, leukemia inhibitory factor signaling through gp 130 (5). However, IL-1
and TNF- but not IL-6 stimulated RANKL expression in human osteoblastic cells (69). Furthermore,
Horwood et al. (70) have shown that osteotropic agents such as 1,25 dihydroxy vitamin D3, PTH, or
IL-11 promoted an increase in the ratio of RANKL:OPG in osteoblastic stromal cells. TGF- has also
been shown to induce OPG expression in murine stroma/osteoblast cells (71).

TNF
TNF- and TNF- stimulate both osteoclast formation and osteoclastic bone resorption both in

murine and human marrow cultures (72). TNF appears to induce both the proliferation and differen-
tiation of osteoclast precursors, as well as activating preformed osteoclasts to resorb bone. Uy and
coworkers (73) have demonstrated that TNF acts on the more differentiated osteoclast precursor rather
than CFU-GM and does not have a CSF-like activity. Similarly, TNF- , also called lymphotoxin, can
stimulate osteoclast formation and osteoclastic bone resorption (72). TNF- has also been implicated
as a potential mediator of the increased bone loss in patients with postmenopausal osteoporosis and
may work in concert with IL-1 to increase bone resorption in mice that have undergone ovariectomy
(74). TNF- has been reported to stimulate osteoclast differentiation by a mechanism independent of
RANK-RANKL interaction (75), but Lam et al (76) showed that trace amounts of RANKL are required
with TNF-  to promote osteoclastogenesis.
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IL-1
IL-1 is a cytokine produced by a variety of cell types, including monocyte–macrophages and mar-

row stromal cells. It is also produced by osteoclasts. IL-1 can stimulate bone resorption in vitro and
in vivo (72,77).

Uy et al. (78) have used an in vivo model of osteoclast formation to examine the systemic effects
of IL-1 on different stages of osteoclast development. IL-1 induced hypercalcemia and enhanced the
growth and differentiation of CFU-GM, the earliest identifiable osteoclast precursor. It also increased
the number of more committed mononuclear osteoclast precursors and stimulated mature osteoclasts
to resorb bone. These data demonstrate that IL-1 affects all stages of osteoclast development and may
explain its potent effects on bone turnover in vivo. It has also been shown that indomethacin did not
block the effects of IL-1 in vivo, suggesting that the effects of IL-1 on osteoclasts are not mediated by
prostaglandins (77).

We have previously established a human bone marrow stromal cell line (Saka) that supports osteo-
clast formation in human marrow culture system. Addition of neutralizing antibodies to IL-1  or IL-6
blocked the stimulatory effect of Saka cells on osteoclast formation (26), suggesting that IL-1 can
mediate in part the effects of marrow stromal cells on osteoclast formation. Pacifici (74) has also impli-
cated IL-1 as a mediator for the increased bone resorption seen after estrogen withdrawal in mice and
in postmenopausal women. IL-1 induces the expression of nitric oxide synthase (iNOS) and studies in
vitro and in vivo studies showed that iNOS-deficient mice exhibited profound defects of IL-1–induced
osteoclastic bone resorption but responded normally to 1,25 dihydroxy vitamin D3. Furthermore,
iNOS-deficient mice showed abnormalities in IL-1 induced nuclear translocation of the p65 compo-
nent of NF- B and in NF- B DNA binding (79). IL-1 directly stimulates actin ring formation and sur-
vival of osteoclasts ex vivo (80).

IL-4
IL-4 is a lymphocyte growth factor that exerts a potent inhibitory effect on osteoclast activity.

Although IL-4 can stimulate M-CSF expression, its inhibitory effect on osteoclast recruitment was
not prevented by anti-M-CSF antibodies (81). Furthermore, recombinant murine IL-4 blocks PTHrP-
stimulated osteoclast formation and bone resorption in vivo (82). However, transgenic mice overex-
pressing IL-4 develop an osteopenic syndrome that is similar to osteoporosis (83). These data suggest
that high levels of IL-4 may also inhibit bone formation as well as bone resorption in vivo. Recently,
Abu-Amer (84) has shown that IL-4 abrogates osteoclastogenesis through STAT6-dependent inhibi-
tion of NF- B activation.

IL-6
High levels of interleukin-6 (IL-6) have been associated with several bone diseases, including

Paget’s disease, multiple myeloma, osteoporosis, and Gorham-Stout disease (85). Furthermore, IL-6
can act as an autocrine/paracrine factor that stimulates osteoclast formation in human marrow cultures
in the absence of added IL-6 receptors (86). We have also demonstrated that addition of a neutraliz-
ing antibody to IL-6 or antisense deoxyoligonucleotides to IL-6 mRNA can block bone resorption by
human osteoclasts isolated from giant cell tumors of bone (87,88). Devlin et al. (89) demonstrated
that IL-6 mediates the effects of IL-1 and TNF- on osteoclast formation in human marrow cultures.
However, Udagawa et al. (90), using osteoblastic cells from transgenic mice constitutively overex-
pressing human IL-6 receptors, showed that the ability of IL-6 to induce osteoclast differentiation
depended on signal transduction mediated by IL-6 receptors expressed on osteoblastic cells but not
on osteoclast progenitors. Suda and coworkers (5) have also reported the essential role of membrane-
bound IL-6 receptors on osteoblastic cells in IL-6-mediated osteoclast formation. They have also
shown that when osteoblastic cells and bone marrow cells were cocultured without direct contact, no
osteoclasts were formed even in the presence of IL-6.
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In contrast with studies with human osteoclasts, Holt et al. (91) reported that although IL-6 levels
are elevated in response to PGE2 and PTH in the neonatal mouse bone resorption assay, IL-6 did not
mediate osteoclast differentiation or bone resorption in these organ cultures. Addition of a neutraliz-
ing antibody to IL-6 in quantities sufficient to block the increased IL-6 activity in these organ cul-
tures did not inhibit osteoclast formation.

Passeri et al. (92) have demonstrated that estrogen loss causes an upregulation of IL-6 production
in murine bone marrow cell cultures in response to either 1,25-(OH)2D3 or PTH and that a similar
phenomenon can be elicited by withdrawal of 17 -estradiol from primary cell cultures of mouse cal-
varial cells. These authors suggested that IL-6 may mediate the increased bone resorption after estro-
gen withdrawal. IL-6 in murine systems can induce RANKL expression on osteoblasts but does not
induce RANKL expression in human systems (93).

IL-11
IL-11 is produced by mesenchymal-derived stromal cells of the bone marrow (94). Girasole et al.

(95) reported that IL-11 induced the formation of osteoclasts in cocultures of murine bone marrow
and calvarial cells. Osteoclasts formed in the presence of IL-11 showed a high degree of ploidy and
formed resorption lacunae on calcified matrices. This study also demonstrated that a neutralizing
antibody against IL-11 suppressed osteoclast development induced by either 1,25-(OH)2D3, PTH,
IL-1, or TNF. These data also suggest that a variety of osteotropic factors can induce osteoblasts to
produce IL-11. The effects of IL-11 on osteoclast differentiation appear to be mediated by inducing
prostaglandin synthesis, since indomethacin blocked the effects of IL-11 on osteoclast development.

Osteoclast differentiation was also reported to be stimulated by rhIL-11 and PGE2 in porcine bone
marrow cultures (96). Similar to IL-6, IL-11 acts synergistically with IL-3 and IL-4 to stimulate
CFU-GM formation in vitro, and they both use the gp130 signal transduction pathway (97). Suda and
coworkers (5) have suggested that in addition to IL-6, IL-11 and other bone-resorbing factors, such
as oncostatin M and leukemia inhibitory factor, which transduce signals through gp130, may induce
a critical common membrane-bound factor(s) on osteoblastic stromal cells, which interacts with osteo-
clast progenitors to trigger differentiation. This factor has been identified as RANK ligand.

TGF-
TGF- is secreted by osteoblasts and osteoclasts and may act as an autocrine/paracrine factor

to inhibit osteoclast formation and stimulate osteoblastic bone formation. Oursler (11) showed that
osteoclasts express TGF- messenger RNA and that latent TGF- produced by osteoclasts was acti-
vated when it was secreted by the osteoclasts. TGF- is a potent inhibitor of osteoclastic bone resorp-
tion, and Chenu and coworkers (98) showed that TGF- inhibits both the proliferation and fusion of
human osteoclast precursors. In addition, TGF- appears to preferentially induce granulocytic rather
than monocyte–macrophage differentiation of early monocyte precursors. These data demonstrate that
TGF- , in addition to inhibiting all stages of osteoclast differentiation, also appears to deplete the pre-
cursor pool for osteoclasts by shifting the differentiation of immature precursor cells toward the granu-
locytic lineage. Recent studies have shown that very low concentrations of TGF- 1 can enhance osteo-
clast formation and bone resorption (99). These data suggest that the effects of TGF- on osteoclast
activity differ depending on the amount of TGF-  that is present.

Interferons
Interferon (IFN)- inhibits osteoclastic bone resorption in organ cultures stimulated either by IL-1

or TNF (100). In addition to inhibiting the bone-resorbing capacity of preformed osteoclasts, inter-
ferons also inhibit osteoclast formation in human marrow culture systems. Takahashi and coworkers
(101) showed that IFN- inhibited the formation of osteoclast-like cells in human marrow cultures,
and Kurihara and Roodman (102) have also shown that IFN- can inhibit osteoclast formation in
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these cultures. These data suggest that interferons represent a class of inhibitors of both osteoclast
formation and bone resorption.

Immune cell products, such as IFNs, that are released in response to inflammatory stimuli or viral
infections have been reported as important local negative regulators for bone remodeling (100). IFN-
inhibited 1,25 dihydroxy vitamin D3-induced osteoclast formation in long-term human bone marrow
cultures. In addition, IFNs inhibit CFU-GM growth and recruitment of osteoclast precursors to fuse
and form multinucleated osteoclasts (101). T-cell production of IFN- also strongly suppresses osteo-
clastogenesis by interfering with the RANKL–RANK signaling pathway (103). IFN- induces rapid
degradation of the RANK adaptor protein, TRAF6, which results in strong inhibition of the RANKL-
induced NF- B activation and c-jun kinase activity. These studies suggested there is cross-talk between
TNF and IFN families of cytokines, through which IFN provides a negative link between T-cell activa-
tion and bone resorption. IFN- exerts a direct effect on osteoclast progenitors and TGF- antagonizes
the effect of IFN- (104). IFN- has been shown to inhibit IL-1 and TNF- -stimulated bone resorption
by strongly stimulating nitric oxide synthesis (105). Recently, it has been shown that RANKL induces
the interferon- gene in osteoclast precursor cells and that IFN- inhibits osteoclast differentiation
by interfering with the RANKL induced expression of c-fos to maintain bone homeostasis (106).

Hormones

Calcitriol
Metabolites of vitamin D3 are potent stimulators of osteoclastic bone resorption and osteoclast for-

mation. The most active metabolite, 1,25-(OH)2D3, acts as a fusigen for committed osteoclast precur-
sors (107). It is unknown whether 1,25-(OH)2D3 acts on mature osteoclasts directly or indirectly through
osteoblasts, although mature osteoclasts express vitamin D receptors (108), because 1,25 (OH)2 is a
potent stimulator of RANKL expression by stromal cells (53). Feyen et al. (109) have reported that1,25-
(OH)2D3 can induce IL-1 production and IL-6 production by osteoblasts, factors that stimulate osteo-
clastic bone resorption. Furthermore, 1,25-(OH)2D3 also enhances osteoclastic bone resorption stim-
ulated by PTH. Mice treated with 1,25-(OH)2D3 develop hypercalcemia, and analogs of 1,25-(OH)2D3

have variable effects on osteoclast activity (110). In contrast, Woods et al. (111) demonstrated an antag-
onistic role for vitamin D3 and retinoic acid on the induction of chicken macrophages to become osteo-
clast progenitors. Importantly, osteoclast formation in vitamin D3 receptor knockout mice is normal,
suggesting that in murine system, 1,25-(OH)2D3 is not absolutely required for osteoclast formation.

PTH/PTHrP
PTH is a peptide produced by the parathyroid glands that is important in the maintenance of nor-

mal calcium homeostasis because of its stimulatory effects on osteoclastic bone resorptive activity and
renal reabsorption of calcium. PTHrP is the mediator of the humoral hypercalcemia of malignancy and
is produced by a variety of cells (112). PTHrP has 70% homology with the first 13 amino acids of PTH.
PTHrP binds the PTH receptor and activates cAMP. Uy et al. (78) have studied the effects of PTH and
PTHrP on osteoclasts and osteoclast precursors in vivo. This study demonstrated that neither PTH nor
PTHrP had an effect on early osteoclast precursors, but increased the number of more committed
mononuclear osteoclast progenitors as well as mature osteoclasts.

The primary target cell for PTH appears to be the osteoblast (113). Isolated osteoclasts do not
resorb bone in response to PTH and only do so when osteoblasts or osteoblastic cell lines are added
to the cultures (114). Greenfield et al. (115) have suggested that stimulation of osteoclast activity by
PTH is dependent on activation of the cAMP signal transduction pathway and secretion of IL-6 by
osteoblasts. However, Kurihara et al. (116) have reported that PTH is a mitogen for highly purified
human osteoclast precursors.
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Until recently, it was thought that osteoclasts did not express PTH receptors. However, Agarwala
and Gay (117) and Teti et al. (118) have reported that murine or avian osteoclasts express PTH
receptors. Hakeda et al. (119) previously reported, by using immunocytochemical techniques, that
osteoclast precursors derived from murine hematopoietic blast cells expressed PTH receptors and
suggested that PTH may act directly on osteoclast precursors to induce their differentiation. Orlandini
et al. (120) also reported that addition of PTH to the coculture of human clonal cell lines of osteoclast
precursors (FLG 29.1) and osteoblastic cells (Saos-2) further potentiated the differentiation of the
preosteoclasts. Radiolabeled PTH binds to osteoclasts in vitro (118) and data obtained by reverse
transcription polymerase chain reaction demonstrated that microisolated rat and mouse osteoclasts
express the mRNA for the PTH/PTHrP receptor (121). More recently, Kartsogiannis et al. (122), by
using immunocytochemical staining and in situ hybridization methods, also provided evidence for
the expression of PTHrP mRNA and protein by mouse, rabbit, and human osteoclasts derived from in
vitro and in vivo sources. The presence of a nucleolar localization signal sequence within PTHrP and
evidence for cell cycle-linked expression of PTHrP strongly support a possible intracrine role for
PTHrP related to growth, differentiation, and other functions in cells that express PTHrP. However,
PTHrP and PTH exert their effects on osteoclast formation through increasing expression of RANKL
on marrow stromal cells.

Calcitonin
Calcitonin is a peptide hormone secreted by the parafollicular cells of the thyroid gland and is a

potent inhibitor of osteoclastic bone resorption. CTRs are expressed on committed osteoclast precur-
sors and mature osteoclasts (123). Calcitonin downregulates expression of calcitonin receptors in
osteoclast precursors and mature osteoclasts and inhibits CTR mRNA expression (7). Calcitonin acts
on osteoclasts by stimulating adenylcyclase activity and cAMP accumulation, which results in immobil-
ization of the osteoclast and contraction of the osteoclast away from the bone surface (124). Osteoclasts
continuously exposed to calcitonin can escape the effects of calcitonin. The mechanism responsible for
this escape phenomenon is unclear but may be caused by the effects of calcitonin on transcriptional
regulation of CTR gene expression and downregulation of CTR on the surface of the osteoclast.

Estradiol
Estrogen negatively regulates osteoclastogenic cytokines produced by stromal cells, such as IL-1,

TNF, and IL-6. Recent studies (125) demonstrate that estrogen modulate osteoclast formation by
direct suppression of RANKL-induced osteoclast differentiation. Estadiol can stimulate OPG mRNA
levels and protein secretion in human osteoblast cells through activation of the estrogen receptor.
This was caused by the enhancement of OPG gene transcription rather than stabilizing the message
(126). Szulc et al. (127) showed that serum osteoprotegrin levels in elderly men correlated with free
estradiol levels.

Prostaglandins
The effect of prostaglandins on osteoclast formation and osteoclastic bone resorption may be

dependent on the dose administered and the assay system used. Prostaglandins are stimulators of
osteoclastic bone resorption in bone organ culture systems and osteoclast formation in murine mar-
row cultures (128). However, PGE2 inhibits osteoclastic bone resorption and formation in human
marrow systems (129). Quinn and coworkers (130) have also examined the inhibitory effect of PGE2

on osteoclast differentiation. To identify the cellular mechanisms responsible for this inhibitory effect
of PGE2 and to determine whether PGE2 inhibition was dependent on the stromal cells supporting
osteoclast differentiation, PGE2 was added to murine monocyte/rat UMR 106 osteoblastic cells and
murine monocyte/ST2 stromal cell cocultures before and during specific phases of differentiation.
PGE2 exerts an inhibitory effect on osteoclast differentiation in the monocyte/UMR 106 coculture
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system and in contrast stimulates osteoclast formation and bone resorption in monocyte/ST2 cocul-
tures. These data suggest that prostaglandins strongly influence the differentiation of osteoclast pre-
cursors, and this effect is also dependent not only on the type and dose of prostaglandin administered
but the nature of bone-derived stromal cells that support osteoclast formation. Roux et al. (131) have
reported that PGE2 has an inhibitory effect on human osteoclast differentiation from cord blood mono-
cytes, possibly by reducing precursor proliferation in these cultures. They have also proposed that PGE2

may reduce osteoclast differentiation by increasing the proportion of precursor cells that differentiate
into macrophages.

Tashjian and coworkers (132) have reported that a variety of factors that stimulate osteoclastic bone
resorption in the mouse calvarial organ culture system do so by generating prostaglandins. These data
suggest that PGE2 may be an important second message for cytokines that enhance bone resorption.
Wani and coworkers (133) have shown that in addition to stimulating RANKL expression, PGE2 can
enhance the effects of RANKL on osteoclast formation.

Gallwitz et al. (134) showed that other arachidonic acid metabolites, such as the peptidoleuko-
trienes, as well as 5-hydroxyeiocatetraenoic acid, stimulate isolated osteoclasts to resorb bone. These
5-lipoxygenase metabolites are produced by stromal cells isolated from giant cell tumors of bone,
suggesting that they may serve as a means for stromal cell enhancement of osteoclast activity. These
arachidonic metabolites may also play an important role in bone resorption in areas of chronic inflam-
mation, in addition to the effects of tumor necrosis factor alpha and IL-1. Franchi-Miller and Saffar
(135) also examined the role of leukotrienes on bone resorption by inhibiting their biosynthesis with
BWA4C, a specific inhibitor of 5-lipoxygenase. Rats treated with this compound demonstrated a
dramatic decrease in the number of TRAP-positive mononucleated preosteoclasts compared with the
sham-treated group. This decrease in osteoclast precursors also correlated with a significant decrease
in the number of osteoclasts, further supporting a role for leukotrienes in the recruitment of osteo-
clast progenitors and/or their differentiation into preosteoclasts. Garcia and coworkers (136) have
also studied the effects of 5-lipoxygenase metabolites on osteoclastic bone resorption both in vitro and
in vivo. They have shown that LTC4, LTD4 or LTE4, and 5-HETE induce osteoclastic bone resorption
and that receptors for LTD4 are present on isolated avian osteoclast-like cells. Another metabolite,
LTB4, increased osteoclastic bone resorption in vivo and in vitro in organ cultures of neonatal mice.

OTHER FACTORS/AGENTS AFFECTING OSTEOCLAST DIFFERENTIATION

Calcium (Ca2+)
Ca2+-ATPase inhibitors and Ca2+ ionophores can stimulate osteoclast formation in cocultures of

mouse calvaria-derived stromal cells and bone marrow/spleen cells (137). However, the differentia-
tion of hematopoietic cells into osteoclasts induced by these compounds required the presence of
calvarial cells, further suggesting that intracellular Ca2+ levels may be a part of the signaling pathways
that induce osteoclast differentiation. Takami et al. (138) have shown that increases in intracellular
calcium levels in osteoblasts upregulates RANKL mRNA expression.

Zinc
Zinc is an abundant element in the bone and may act as a local regulator of bone cells, although its

actions are controversial. Zinc is a prosthetic group in carbonic anhydrase (139), a critical enzyme
required for bone resorption. Zinc also inhibits the activity of TRAP. Both enzymes are highly expressed
in OCL. Zinc is a potent and selective inhibitor of OCL bone resorption in vitro (140), and decreases
production of prostaglandin E2, a potent stimulator of OCL activity in organ cultures (141). Kishi and
Yamaguchi (142,143) also reported that zinc compounds block OCL formation by having an inhibitory
effect on preosteoclastic cells in mouse bone marrow cultures. In contrast, Holloway and coworkers
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(144) reported that zinc increased the number of OCL but inhibited bone resorption in neonatal rats
and OCL culture systems.

Cadmium
Chronic exposure to cadmium has been linked to bone loss (145). Addition of cadmium to normal

canine bone marrow cell cultures accelerated osteoclast differentiation from their progenitors and
also activated the mature osteoclasts.

Ipriflavone
Notoya et al. (146) showed that ipriflavone inhibits both the activation of mature osteoclasts and

the formation of new osteoclasts. When ipriflavone was added to unfractionated bone cell cultures
containing mature osteoclasts from femur and tibia of newborn mice, there was a decrease in the
number of osteoclast-like TRAP-positive multinucleated cells and bone resorption. In contrast, no
increase in the number of TRAP-positive multinucleated osteoclasts was observed in the presence of
vitamin D3. Furthermore, Miyauchi et al. (147) recently demonstrated the presence of novel specific
ipriflavone receptors that are coupled to Ca2+ influx in OCL and their precursor cells that may regu-
late OCL differentiation/function.

pH
Shibutani and Heersche (148) studied the effect of pH on osteoclast formation in neonatal rabbit

osteoclast cultures. Osteoclast differentiation and proliferation were optimal at pH 7.0–7.5 but decreased
at pH 6.5. Arnett and coworkers (149) have extensively studied the effects of pH on osteoclast forma-
tion and osteoclastic bone resorption. Acidosis stimulates bone resorption by activating mature osteo-
clasts present in calvaria and inducing formation of new osteoclasts. Furthermore at low pH, osteo-
clast formation is markedly enhanced in vitro compared to neutral pH levels. These data suggest a
critical role for acid base balance in controlling osteoclast function (150). These results imply that
the pH of the bone microenvironment can affect osteoclast formation/differentiation.

Bone Matrix Factors
OSTEOPONTIN (OPN)

Osteopontin is an acidic phosphoprotein synthesized by osteoblasts and osteoclasts that is local-
ized to the mineralized phase of bone matrix. Tani-Ishii et al. (151) demonstrated that addition of OPN
antisense oligomers to cocultures of mouse bone marrow cells with MC3T3-G2/PA6 cells decreased
the number of osteoclasts formed, suggesting that OPN may play a role in osteoclast differentiation
and bone resorption. Recently, Asou et al. (152) showed that OPN facilitated accumulation of osteo-
clasts in ectopic bone.

BONE MORPHOGENETIC PROTEINS (BMPS)
Kaneko et al. (153) have examined the direct effects of BMPs on osteoclastic bone resorbing

activity in cultures of highly purified rabbit mature osteoclasts. BMP-2 and BMP-4 appeared to stimu-
late osteoclastic bone resorption. BMP-2 also increased cathepsin K and carbonic anhydrase mRNA
expression, enzymes that participate in degradation of organic and inorganic matrices respectively.

ASCORBIC ACID

Recently it has been shown that treatment of ST2 cells with ascorbic acid resulted in fivefold induc-
tion of RANKL and that inhibitors of collagen formation blocked ascorbic acid induced expression
of RANKL. These data suggest that extracellular matrix play important role in ascorbic-induced
osteoclast formation (154).
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SUMMARY

Osteoclast differentiation is a complex process that is regulated by both soluble and membrane-
bound factors. Cells in the marrow microenvironment, including osteoblasts and marrow stromal
cells, play critical roles in controlling this process by producing M-CSF and RANKL and blocking
the effects of OPG. Loss of transcription factors that induce monocyte/macrophage differentiation,
such as PU.1 and c-fos, result in the absence of osteoclast formation. Furthermore, cytokines, such as
M-CSF, IL-1, IL-6, IL-11, RANKL, and TNF- are important regulators of osteoclast differentiation
in normal and pathologic conditions that result in increased bone resorption. Further studies should
provide important insights into the molecular events associated with commitment of multipotent
precursor cells to the osteoclast lineage and identify potential molecular targets for modulating osteo-
clast formation and activity in pathologic conditions associated with bone destruction.
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Soluble Signals and Insoluble Substrata

Novel Molecular Cues Instructing the Induction of Bone

Ugo Ripamonti, Nathaniel L. Ramoshebi,
Janet Patton, Thato Matsaba, June Teare, and Louise Renton

MOLECULAR SIGNALS OF THE TRANSFORMING
GROWTH FACTOR- (TGF- ) SUPERFAMILY

The repair and regeneration of bone is a complex process that is temporally and spatially regulated
by soluble and insoluble signals (1). The initiation of bone formation during embryonic development
and postnatal osteogenesis involves a complex cascade of molecular and morphogenetic processes
that ultimately lead to the architectural sculpturing of precisely organized multicellular structures.

Which are the molecular signals that initiate de novo bone differentiation? Identification of bone
morphogenetic proteins capable of initiating de novo bone formation has been a difficult task because
of the relative inaccessibility of rather small quantities of soluble signals tightly bound to both organic
and inorganic components of the extracellular matrix of bone.

The discovery that demineralized bone matrix implanted in intramuscular or subcutaneous sites of
rodents induced bone formation by induction (2–4) was of paramount importance to understanding
that the devitalized matrix contained morphogenetic factors capable of inducing the differentiation
of resident extraskeletal mesenchymal cells first into chondroblasts and then osteoblasts, culminating
in the differentiation of hemopoietic marrow within the newly formed ossicles de novo generated in
extraskeletal sites (1–4). The discovery of bone formation by induction was later followed by the dem-
onstration that the intact demineralized matrix could be dissociatively extracted and inactivated with
chaotropic agents and that the osteoinductive activity could be restored by reconstituting the inactive
residue (mainly insoluble collagenous matrix) with solubilized protein fractions obtained after the
extraction of the bone matrix (5). This major biological advance provided the starting point for the
isolation and purification of osteoinductive/osteogenic proteins from bovine and baboon bone matri-
ces (1). This has led to the identification of an entirely new family of protein initiators that induce
cartilage and bone differentiation in vivo, collectively called the bone morphogenetic proteins/osteo-
genic proteins (BMPs/OPs) (1,6). Expression cloning and continuous research has helped to identify
at least twenty BMP isoforms of the BMP/OP family of proteins. These gene products show marked
sequence homologies with members of the TGF- family of proteins, and together with other mor-
phogens comprise the TGF- superfamily, gene products that have major activities in the mechanisms
of morphogenesis, axial growth, soft- and hard-tissue development, maintenance, and repair, includ-
ing but not limited to organs and tissues as diverse as bone, cartilage, kidney, lung, the periodontal
ligament, the root cementum, and the central and peripheral nervous systems (1,6–14).
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Elucidating the nature and interaction of the signaling molecules that direct the generation of tis-
sue-specific patterns during the initiation of endochondral bone formation by induction is a major chal-
lenge for contemporary molecular, cellular, developmental, and tissue-engineering biology. Common
molecular mechanisms are selectively regulated to provide the emergence of specialized tissues and
organs. The induction of bone in postnatal life recapitulates events that occur in the normal course of
embryonic development and morphogenesis (1,9,11,14). Both embryonic development and postnatal
tissue regeneration are equally regulated by a selected few and highly conserved families of morphogens.

BONE INDUCTION BY BMPs/OPs
AND OTHER MEMBERS OF THE TGF- SUPERFAMILY

BMPs/OPs, members of the TGF- supergene family, are morphogens endowed with the striking
prerogative of initiating de novo bone formation by induction in heterotopic extra skeletal sites of
animal models (1,7,8,11–14). The three most important requirements for successful tissue engineer-
ing of bone are a suitable extracellular matrix substratum, capable-responding cells, and soluble osteo-
inductive signals, members of the TGF- supergene family (1,11,12,14). The reconstitution of BMPs/
OPs (the soluble signals) with biomimetic matrices (the insoluble signal or substratum) provides a bio-
assay for bona fide initiators of bone differentiation as well as the operational concept of delivery sys-
tems for therapeutic local osteogenesis in preclinical and clinical contexts (1,11–16). Naturally-derived
BMPs/OPs and recombinant human osteogenic protein-1 (hOP-1), also known as BMP-7, induce osteo-
genesis in nonhuman and human primates (Fig. 1; refs. 13–16). Long-term experiments in the adult
primate Papio ursinus have shown that -irradiated osteogenic devices composed of hOP-1 delivered
by a xenogeneic bovine collagenous matrix completely regenerated and maintained the architecture
of the induced bone up to 1 yr after treatment of nonhealing calvarial defects with single applications
of doses of 0.5 and 2.5 mg hOP-1 per gram of xenogeneic matrix (Fig. 1B; refs. 12,14).

In the quest to continuously investigate biomimetic carrier matrices, we have recently reported a
novel delivery system for BMPs/OPs for the induction of endochondral bone formation in the hetero-
topic rodent bioassay using the basement membrane Matrigel (17). We have shown that Matrigel bio-
matrix is a very effective carrier of osteogenic soluble signals so much so that naturally-derived BMPs/
OPs were delivered by injecting aliquots of Matrigel in lumbar vertebrae affected by systemic bone
loss (17). The use of Matrigel biomatrix delivering human recombinant morphogens is an innovative
approach to induce with local injections bone formation by induction in systemic bone loss such as
osteoporosis (17).

Mechanistically and importantly for further understanding of novel molecular strategies in clini-
cal contexts, is to gain insights into the distinct spatial and temporal patterns of expression of other
TGF- superfamily members during bone regeneration (14). We have studied gene products elicited
by single applications of doses of hOP-1 implanted both in heterotopic and orthotopic sites of Papio
ursinus. Ultimately, it will be necessary to elucidate the expression of potential distinct spatial and
temporal expression of TGF- family members during morphogenesis and regeneration elicited by sin-
gle applications of doses of hOP-1 (12,14). In vivo studies should now design therapeutic approaches
based on gene regulation by hOP-1.

Fig. 1. (opposite page) Induction of bone formation by naturally derived and recombinant hBMPs/OPs in
human and nonhuman primates. A, Newly formed and mineralized bone (blue) surfaced by continuous osteoid
seams (orange–red, arrows) 90 d after implantation of naturally derived BMPs/OPs extracted and purified from
bovine bone matrix in a human mandibular defect. B, Complete regeneration of a nonhealing calvarial defect of
the primate P. ursinus 90 d after implantation of 100 µg hOP-1 delivered by 1 g of xenogeneic bovine collagenous
matrix as carrier. C, Tissue engineering and “restitutio ad integrum” of a periodontally induced furcation defect in
the primate P. ursinus 365 d after implantation of 2.5 mg hOP-1 per 1 g of xenogeneic bovine collagenous matrix
as carrier. Original magnification: A, ×9; B, ×3; C, ×9.
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Analyses of RNA extracted from ossicles harvested on days 15, 30, and 90 in heterotopic and
orthotopic sites in the primate Papio ursinus by doses of hOP-1 demonstrated a pattern of expression of
TGF- family members. Tissue generated by single applications of hOP-1 showed high expression
levels of OP-1 mRNA in both heterotopic and orthotopic sites with a particular high expression after
implantation of the 2.5 mg dose of hOP-1 per gram of carrier matrix. BMP-3 mRNA expression showed
a common expression pattern across the three time periods with relatively high expression in hetero-
topic tissues after application of high doses of hOP-1 but a rather low mRNA expression as evaluated in
orthotopic sites. mRNA expression of TGF- 1 was found to be low on day 15 both in heterotopic and
orthotopic tissue constructs with a relatively high expression on day 30 followed by a rather low expres-
sion on day 90 and again in both heterotopic and orthotopic tissue constructs.

The pleiotropic nature of the BMPs/OPs has been unequivocally shown by their implantation into
periodontal defects in primates (9,18–20). Naturally derived BMPs/OPs and hOP-1, when tested in
periodontal defects of nonhuman primates P. ursinus, induce not only alveolar bone but periodontal
ligament and cementum, the essential ingredients to engineer periodontal tissue regeneration (18,19).
Long-term experiments in P. ursinus have indicated a critical role of -irradiated hOP-1 delivered by
the xenogeneic bovine collagenous matrix for the induction of cementogenesis and periodontal liga-
ment regeneration in periodontally-induced furcation defects as evaluated on undecalcified histologi-
cal sections prepared 6 mo after implantation of the -irradiated osteogenic devices and showing complete
“restitutio ad integrum” (complete restoration of tissue) of the periodontal tissues (Fig. 1C; ref. 20).

SPECIES AND TISSUE SPECIFICITY
OF ENDOCHONDRAL BONE INDUCTION BY TGF- ISOFORMS

The TGF-  superfamily includes five distinct TGF-  isoforms (1,6–8,11,14). These proteins are evo-
lutionarily conserved across species from the fruit fly Drosophila melanogaster to mammalian species
(1,6–8). The proteins regulate a diverse array of physiological processes, particularly in morphogene-
sis, indicating that the activity of such ubiquitously expressed and multifunctional molecules must be
tightly controlled. Documented evidence of species, site and tissue specificity for the osteoinductive
capacity of different TGF-  family members suggests that control is indeed at multiple levels.

High levels of TGF- 1 and TGF- 2 are present in bone matrix, suggesting important roles during
the initiation, maintenance, remodeling, and repair of skeletal homeostasis (21). However, in marked
contrast to results using BMPs/OPs, extra skeletal implantation of TGF- proteins consistently failed
to initiate endochondral bone by induction in rodents (22,23). From a human perspective, results
obtained using nonhuman primates as the in vivo model for tissue engineering of bone must be con-
sidered more relevant because P. ursinus share 98% DNA homology with human primates (24).

Contrary to all the results obtained in the rodent bioassay, heterotopic implantation of naturally
derived or recombinant human (h) TGF- isoforms induces endochondral bone induction in the rectus
abdominis muscle of the adult primate P. ursinus (25–27). In addition, the binary applications of rela-
tively low doses of hTGF- 1 with recombinant hBMPs/OPs interact synergistically to rapidly induce
massive heterotopic and orthotopic ossicles in the rectus abdominis muscle and calvarial defects,
respectively (25,26).

The pleiotropy of the signaling molecules of the TGF-  superfamily is indeed highlighted by the
apparent redundancy of molecular signals initiating endochondral bone induction, yet only in the
primate. In the rodent bioassay, the TGF- isoforms are inducers of granulation tissue with marked
fibrosis only (22,23). In marked contrast, strikingly, TGF- proteins are powerful inducers of endo-
chondral bone when implanted in the rectus abdominis muscle of P. ursinus at doses of 5, 25, and
125 µg per 100 mg of collagenous matrix as carrier (25–27). A further striking and significant obser-
vation is that the osteoinductivity of the TGF- isoforms so far tested in our laboratories is site and
tissue specific. TGF- proteins in the adult primate P. ursinus induce endochondral bone in heterotopic
sites but not in orthotopic sites on day 30 and with a limited extent pericranially on day 90 (Fig. 2; refs.
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26–28). Ossicles generated in heterotropic sites by TGF- s express mRNAs of OP-1, BMP-3, TGF- 1,
and GDF-10.

At the cellular level, there is strict regulation of TGF- -induced activity. Every step of TGF-  syn-
thesis and signal transduction is tightly controlled (28). Regulation may occur at the level of receptor
expression and availability or distal to receptor activation. For instance, one mechanism of intracel-
lular negative regulation of TGF- -mediated signaling is by upregulation of the inhibitory Smad pro-
teins, Smad-6 and Smad-7 (29).

Experiments in our laboratories indicate the influence of downstream antagonists of TGF- signaling,
Smad-6 and -7, at least in heterotopic sites, because mRNA expression of Smad-6 and -7 in heterotopic

Fig. 2. Morphology of calvarial regeneration by recombinant hTGF- 2 in conjunction with allogeneic baboon
collagenous matrix as carrier. A, Lack of bone formation upon implantation of 100 µg of hTGF- 2 on day 30 with
prominent mesenchymal tissue influx and displacement of the collagenous matrix. B, Limited osteogenesis and
only pericranially (arrows) upon implantation of 100 µg hTGF- 2 in a calvarial specimen harvested 90 d after
implantation. Original magnification: A and B, ×3.



222 Ripamonti et al.

ossicles generated by TGF- isoforms is poorly expressed. Unique to the primate only, heterotopic
bone induction is initiated by naturally derived BMPs/OPs and TGF- s, recombinant hBMPs/OPs and
hTGF s, and sintered hydroxyapatite biomimetic matrices with a specific geometric configuration.
This indicates that bone tissue develops as a mosaic structure in which members of the TGF- superfamily
singly, synergistically, and synchronously initiate and maintain the developing morphological struc-
tures and play different roles at different time points of the morphogenetic cascade (12–14,25–27).

The discovery of endochondral osteoinductivity albeit only heterotopically and only in primates
by TGF- isoforms will have an important and substantial impact on the biological and clinical under-
standing of tissue engineering of bone that is changing the modus operandi of molecular and cellular
biologists, tissue engineers, and surgeons alike. Fundamentally thus, the TGF- isoforms need now
to be considered initiators of bone formation rather than only promoters during the maintenance and
remodeling of bone tissue.

The presence of several related but different molecular forms with osteogenic activity poses impor-
tant questions about the biological significance of this apparent redundancy, additionally indicating
multiple interactions during both embryonic development and bone regeneration in postnatal life.
The fact that a single recombinant hBMP/OP initiates bone formation by induction does not preclude
the requirement and interactions of other morphogens deployed synchronously and synergistically
during the cascade of bone formation by induction, which may proceed via the combined action of
several BMPs/OPs resident within the natural milieu of the extracellular matrix of bone (12,14). It is
likely that the endogenous mechanisms of bone repair and regeneration in postnatal life require the
deployment and concerted action of several BMPs/OPs resident within the natural milieu of the extra-
cellular matrix of bone (12,14). The presence of multiple molecular forms with osteogenic activity
also points to synergistic interactions during endochondral bone formation. Indeed, a potent and accel-
erated synergistic induction of endochondral bone formation has been reported with the binary applica-
tion of recombinant or native TGF- 1 with hOP-1 both in heterotopic and orthotopic sites of primates
(25,26). Whether the biological activity of partially purified BMPs/OPs as shown in long-term experi-
ments in the adult primate P. ursinus (12,13) is the result of the sum of a plurality of BMPs/OPs activities
or a truly synergistic interaction amongst BMPs/OPs family members deserves appropriate investigation.

INTRINSIC OSTEOINDUCTIVITY BY SMART
BIOMIMETIC MATRICES: IS STRUCTURE THE MESSAGE?

Newly developed biomimetic biomaterial matrices for bone tissue engineering are designed to obtain
specific biological responses to such an extent that the use of biomaterials capable of initiating bone
formation via osteoinductivity is fast altering the horizons of therapeutic bone regeneration (Fig. 3A).
A critical issue in bone tissue engineering is the development of osteoinductive biomaterials capable
of optimizing not only the delivery and biological activity of BMPs/OPs but also the osteogenic activ-
ity of low doses of recombinant hBMPs/OPs in clinical contexts (Fig. 3B,C; refs. 30–32).

The insoluble signal, the carrier substratum, when combined with osteogenic proteins of the TGF-
superfamily, triggers the bone induction cascade, additionally providing an exciting and novel concept
of tissue engineering of bone. Biomimetic matrices have been developed that can per se induce spe-
cific and selective responses from the host tissues without the addition of exogenously applied BMPs/
OPs (Fig. 3A; refs. 30–33). Morphological, biochemical, and molecular evidence has been harnessed
in our laboratories to guide the incorporation of specific angiogenic and osteogenic activities into

Fig. 3. (opposite page) Bone induction in sintered biomimetic matrices of highly crystalline hydroxyapatite
and effect of geometry of the substratum on tissue induction and morphogenesis. A, Induction of bone formation
in a sintered porous hydroxyapatite harvested from the rectus abdominis of an adult primate on day 90. Note
intrinsic and spontaneous induction of bone formation within the porous spaces of the hydroxyapatite essentially
initiating in concavities of the substratum (arrows). B, Low-power photomicrograph of a sintered porous hydroxy-
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apatite disc implanted in a calvarial defect without the addition of exogenously applied BMPs/OPs and harvested
on day 90; note the complete penetration of newly formed bone within the porous spaces. C, Bone induction 365 d
after calvarial implantation of a disc of sintered hydroxyapatite pretreated with 500 µg of recombinant hOP-1.
Original magnification: A, ×10; B and C, ×3.
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biomimetic matrices of sintered highly crystalline hydroxyapatites (30–33). Sintered hydroxyapatites
implanted heterotopically in P. ursinus induce reproducible spontaneous differentiation of bone (Fig.
3A; refs. 30,31). The geometry of the insoluble signal is a critical parameter for bone induction to occur:
concavities of specific dimensions prepared and assembled within the insoluble signal of the highly
crystalline hydroxyapatites bind BMPs/OPs, that is, OP-1 and BMP-3 and then initiate a sequential
cascade of events driving the emergence of the osteogenic phenotype and the morphogenesis of bone
as a secondary response (Fig. 3A; refs. 30,31).

We have now shown that the spontaneous induction of bone differentiation initiates even in con-
cavities of resorbable biomimetic matrices. Additional complementary data were deduced by Northern
blot analyses using specific cDNA probes to study the mRNA expression of gene products induced
by responding cells within the concavities of the sintered biomimetic matrices and showing critical
differences in expression of mRNA markers of bone formation according to the type of implanted
biomatrices.

Results have indicated that the geometry of the substratum is not the only driving force because
the structure of the insoluble signal dramatically influences and regulates gene expression and induc-
tion of bone as a secondary response. Soluble signals induce morphogenesis, physical forces imparted
by the geometric topography of the insoluble signal dictate biological patterns, constructing the induc-
tion of bone and regulating the expression of selective mRNA of gene products as a function of the
structure.

However, our molecular, biochemical, and morphological data show that the specific geometric
configuration in the form of concavities is the foremost driving molecular and morphogenetic micro-
environment conducive and inductive to a specific sequence of events leading to bone formation by
induction. We have shown that the mesenchymal cells penetrating the porous spaces of the concave
geometry of the sintered porous biomimetic hydroxyapatites have the potential to express at least two
distinct morphogenetic programs, the formation of fibrous tissue or the differentiation of bone, and that
this choice is determined by environmental signals controlled by the geometry of the substratum onto
which they attach, proliferate, and eventually differentiate (30–32).

The specific geometry of the biomimetic biomaterial initiates a bone-inductive microenvironment
by providing geometrical structures biologically and architecturally conducive and inducible to opti-
mal sequestration and synthesis of BMPs/OPs but particularly capable of stimulating angiogenesis, a
prerequisite for osteogenesis. Angiogenesis may indeed provide a temporally regulated flow of cell
populations capable of expression of the osteogenic phenotype (30,31).

We have recently investigated whether the BMPs/OPs shown to be present in the concavities by
immunolocalization are adsorbed onto the sintered biomimetic matrices from the circulation or rather
produced locally after expression and synthesis by transformed cellular elements resident within the
concavity microenvironment.

We propose the following cascade of molecular and morphological events culminating in the induc-
tion of bone initiating within concavities of the smart biomimetic matrices:

1. Vascular invasion and capillary sprouting within the invading tissue with capillary elongation in close con-
tact with the hydroxyapatite biomatrix. Attachment and differentiation of mesenchymal cells at the hydroxy-
apatite/soft tissue interface of the concavities.

2. Expression of TGF- and BMPs/OPs family members in osteoblast-like cells resident and differentiated
within the concavities of the smart biomimetic matrices as shown by immunolocalization of OP-1 and
BMP-3 within the cellular cytoplasm. Expression by resident differentiated osteoblast-like cells is addi-
tionally confirmed by Northern blot analyses showing expression of mRNA of OP-1 and BMP-3 in homog-
enized tissue harvested from the concavities.

3. Expression and synthesis of specific BMP/OP from transformed resident osteoblast-like cells onto the sin-
tered crystalline hydroxypatite as shown by immunolocalization of OP-1 and BMP-3.

4. Intrinsic osteoinduction with further differentiation into osteoblastic cells and intrinsic osteoinduction
depending on a critical threshold of endogenously produced BMPs/OPs initiating bone formation as a
secondary response.
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The concavities per se are geometric regulators of growth endowed with shape memory, recapitu-
lating events which occur in the normal course of embryonic development and appearing to act as
gates, giving or withholding permission to growth and differentiation (31). The concavities as prepared
in the biomimetic matrices act as powerful geometric attractants for capillary invasion and bone-form-
ing cells, differentiating within the concavities and initiating bone formation by induction.

ANGIOGENIC SIGNALS DURING BONE FORMATION

Adequate vascularization is an essential element for comprehensive bone formation by induction
because an adequate development of a new blood vessel system is necessary for transporting and deliv-
ering oxygen, nutrients, supplementary bone-forming mesenchymal cells, and additional bone-induc-
ing molecules (i.e., BMPs/OPs and TGF- s) to the site of new bone formation (1,34,35). Previous data
have shown that BMPs/OPs and TGF- 1 bind to extracellular matrix components of the basement
membrane of invading capillaries further highlighting the role of capillaries delivering both angioge-
nic and osteogenic molecules (1,14,36,37). Great benefits can thus be attained from manipulating and
enhancing the vascular supply during the formation of bone.

Angiogenic molecules induced and expressed at sites of osteogenesis and bone formation by
induction include fibroblast growth factor, vascular endothelial growth factor, type IV collagen, and
angiopoietins (38–41). In addition, other molecules delivered in the blood supply include proteases
that are required for the degradation of the extracellular matrix (42) and facilitating the deposition of
an anatomically contiguous bone with bone marrow in the spaces created within the matrix.

For the promotion of increased vascularization during bone formation by induction, is highly desir-
able to use a delivery system that is conducive and inducible to blood vessel invasion. The geometric
topography of the insoluble signal via the design of novel biomimetic matrices is a deciding factor for
the extent of vascularization. The importance of the geometric configuration of biomimetic matrices
has been openly highlighted by the expansive condensation of newly formed blood vessels and capil-
lary juxtaposed to the newly induced bone within the concavities of the smart biomimetic matrices of
highly crystalline hydroxyapatite (30,31).

The specific geometric and surface characteristics of the substratum induce rapid vessel ingrowth
and capillary sprouting within the early mesenchyme that penetrates the porous spaces. In previous
experiments (43), histological, immunohistochemical, and molecular data have suggested that osteo-
genetic vessels, as defined by Trueta in 1963 (44), might have provided a temporally regulated flow
of cell populations capable of the expression of the osteogenic phenotype (30,43). Angiogenesis may
indeed provide a temporally regulated flow of cell populations capable of expression of the osteo-
genic phenotype. The affinity of BMPs/OPs for type IV collagen, a major component of the vascular
basement membrane (36), provides a further mechanistic insight, particularly in the light of morpho-
logical evidence of substantial angiogenesis localized in the mesenchymal tissue invading the con-
cavities of the biomimetic matrices (30,31). The discovery of the affinity of osteogenin (BMP-3) for
type IV collagen may link angiogenesis to osteogenesis (36), additionally providing a conceptual frame-
work for the supramolecular assembly of the extracellular matrix of bone. Type IV collagen and other
basement membrane components around the endothelial cells of the invading capillaries may function
as a delivery system by sequestering both angiogenic and bone morphogenetic proteins and present
them locally in an immobilized form to responding mesenchymal and osteoprogenitor cells to initiate
osteogenesis and function as delivery systems by sequestering both initiators and promoters involved
in angiogenesis and endochondral bone differentiation by induction.
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Perichondrial and Periosteal

Regulation of Endochondral Growth

Dana L. Di Nino and Thomas F. Linsenmayer

INTRODUCTION

Limb development requires the precise spatial and temporal regulation of the growth of skeletal
elements (1). All long bones originate as cartilage rudiments that are surrounded by a fibrous connec-
tive tissue, the perichondrium. Longitudinal growth of these cartilaginous templates occurs by endo-
chondral ossification. During this process, chondrocytes undergo rapid proliferation and then enter a
maturation phase, where they cease proliferation and increase their synthesis and deposition of extra-
cellular matrix. Subsequently they undergo hypertrophy and then synthesize and secrete a specialized
extracellular matrix component, type X collagen (2–4). After progressing through the hypertrophic
zone, the cells either undergo cell death or further differentiate into osteoblast-like cells (5,6). This
removal of chondrocytes, concomitant with the invasion of blood vessels, leads to the formation of
the marrow cavity. Where the bony shaft has formed, the perichondrium (PC) differentiates into the
periosteum (PO), whose cells provide the osteoblasts for appositional bone growth (7).

To ensure the correct rate of cartilage elongation and its subsequent removal and replacement by
bone and marrow, regulation must occur at all stages of endochondral development. The mechanisms
of regulation must therefore involve chondrocyte proliferation, differentiation, and removal (2,5) and
the subsequent progression of the bone collar.

This precise regulation of cartilage growth and development is necessary to ensure the proper for-
mation of long bones. Disturbances in the regulation of chondrocyte proliferation and/or hypertrophy
can result in either delayed or accelerated ossification. Both types of abnormalities can result in the
same phenotype: eventual shortening of bones, or dwarfism. Studies, including our own (2,8,9), sug-
gest that negative regulation is the major type of regulation controlling the growth of skeletal elements,
and that both chondrocyte proliferation and hypertrophy are affected. However, positive regulation
must also exist to promote growth.

FACTORS INVOLVED IN CARTILAGE GROWTH REGULATION

Regulatory interactions between the cartilage and perichondrium were first suggested from studies
on the Indian hedgehog/parathyroid hormone-related peptide signaling pathway (8,10). The model for
this pathway is a negative feedback loop, which is initiated in the prehypertrophic zone of the cartilage
template by the expression of Indian hedgehog (Ihh; ref. 8). The Ihh protein secreted by chondrocytes
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signals through its receptor, Patched (Ptc; ref. 11). Ptc and Gli, another downstream target of Ihh, are
expressed in high levels in the perichondrium, suggesting that this tissue is a primary target of Ihh. In
response to Ihh, the perichondrium signals back to the cartilage to delay its growth and to decrease
the expression of Ihh itself. The Ihh signal is propagated by the articular perichondrium through its
production of parathyroid hormone-related peptide (PTHrP). A connection between Ihh and PTHrP
was suggested from PTHrP / mice, in which Ihh is no longer capable of negatively regulating car-
tilage growth. This observation suggested that the Ihh signal is mediated through PTHrP (8).

In addition to the negative regulatory role of Ihh in this pathway, this factor is also capable of
effecting positive regulation of chondrocyte proliferation (12,13). Somewhat surprisingly, an increase
in proliferation results in dwarfism—as does a decrease in proliferation. That the same phenotype
results from opposite effects on proliferation is caused most likely by subsequent disturbances that
occur in the hypertrophic zone, as hypertrophy has been shown to be a major factor in overall growth
(14). An increase in the number of proliferating chondrocytes is accompanied by a decrease in the
rate of hypertrophy. Likewise, a decrease in the number of proliferating chondrocytes leaves fewer
cells available to undergo hypertrophy. Therefore, in both situations, the result is an overall decrease
in longitudinal growth as a result of fewer hypertrophic chondrocytes.

The bone morphogenic proteins (BMPs) are another family of signaling molecules that have been
implicated in the regulation of cartilage development (15). The BMPs, which constitute a subgroup
of the transforming growth factor- (TGF- ) superfamily, were first identified by their ability to
produce ectopic bone when injected subcutaneously into developing embryos (16). Subsequently, the
BMPs have been shown to be involved in many events in the developing embryo, such as heart devel-
opment and interdigital apoptosis (17,18). In developing long bones, a number of BMPs are expressed
in the perichondrium, whereas in hypertrophic cartilage only BMP6 has been detected (7). In the
perichondrium, BMP7 is expressed in the region adjacent to the expression of Ihh; BMPs 2 and 4 are
expressed in this same region, but their expression also extends towards the epiphysis, and BMP5 is
expressed more towards the epiphysis. The perichondrial expression patterns of these BMPs suggest
a role in their mediating the Ihh signal received by Ptc to the articular perichondrium, which in turn
leads to the expression of PTHrP. Consistent with this, retroviral overexpression of BMPs 2 and 4
results in an increase in proliferation of chondrocytes and a delay in their hypertrophy. In addition,
overexpression of BMP receptor 1A results in an increase of PTHrP expression and a phenotype sim-
ilar to Ihh ectopic overexpression, without directly affecting the levels of Ihh (19). This further sup-
ports that BMP signaling acts either downstream of Ihh, or in parallel with the Ihh pathway.

Additional factors, although less well studied, have also been shown to be involved in chondro-
cyte proliferation and differentiation. These include the fibroblast growth factors (FGFs), TGFs, and
retinoic acid (RA). All of these have been further examined by us, as presented in detail later.

Signaling through the fibroblast growth factor receptor 3 (FGFR3) inhibits chondrocyte prolifera-
tion, as determined by upregulation in transgenic and knockout mice (9,20), and a form of human
dwarfism, achondrodysplasia, is caused by an activating point mutation in FGFR3 (21). FGFR3 is
expressed by chondrocytes in the proliferative zone. It mediates intracellular signaling in response to
FGFs but is also capable of responding to other ligands, including extracellular matrix molecules (22).
Thus, it is a promiscuous receptor. Although in cartilage it is not known what ligands signal through
FGFR3, three different FGFs (FGF 1–3) have been identified and localized in the growth plate. And,
functionally, studies of rat metatarsal organ cultures have suggested that FGF-2 acts to negatively
regulate both chondrocyte proliferation and hypertrophy (23).

TGF- family members have also been implicated in regulating cartilage growth. In situ hybridiza-
tion has shown that TGF- s 1–3 are all expressed in the mouse perichondrium and periosteum (24).
Functionally, disruption of TGF- signaling (by the expression of a dominant negative type II recep-
tor) in the perichondrium and periosteum and in the lower hypertrophic zone results in increased
hypertrophy and Ihh expression (25). This suggests that TGF- signaling, as mediated by this recep-
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tor, normally functions to inhibit the progression of chondrocytes to hypertrophy. However, it is likely
that TGF- 1 does not affect chondrocyte hypertrophy directly, instead acting through the perichon-
drium. In support of this, TGF- 1 overexpression leads to ectopic expression of PTHrP in the perichon-
drium (26). This observation raises the question of whether TGF- 1 is capable of directly affecting
cartilage growth or whether it acts partially or even entirely, through the perichondrium by eliciting
secondary signals from this tissue.

Cartilage growth can also be affected by RA, which is capable of interfering with cartilage matura-
tion at hyper- or hypodietary levels (27). RA has been shown to be synthesized in cartilage, but much
higher levels are made in the perichondrium (28). In addition, three nuclear receptors for RA are
expressed in developing cartilage anlagen, with RA receptor (RAR) being expressed in the perichon-
drium and RARs and in the cartilage itself (29). Also, the addition of RA to organ cultures of fetal
rat metatarsals caused an inhibition of longitudinal growth, similar to that observed with the systemic
administration of RA (30). This inhibition of cartilage growth could be reversed by the addition of RAR
antagonists, thus restoring normal growth (30). These studies suggest that RA produced by the perichon-
drium is capable of negatively regulating cartilage growth. However, the significance of the expression
of RA receptors in these different locations (cartilage and perichondrium) is not known.

REGULATION OF CARTILAGE GROWTH BY THE PERICHONDRIUM
AND PERIOSTEUM: ANALYSES BY ORGAN CULTURE

The aforementioned studies indicate that the PC acts to regulate cartilage growth. Most of these
studies examined the patterns of expression of potential regulatory factors, and the phenotypes result-
ing from their overexpression or elimination, frequently producing abnormal shortening or elonga-
tion, which we refer to as “overcompensation,” described in the Additional Factors That Act Through
the Perichondrium to Effect Negative Regulation of Cartilage Growth section.

We have taken a different approach to examine regulation by the PC and also by the PO (2,31,32).
The model system we devised compares organ cultures of contralateral pairs of tibiotarsal long bone
anlagen from 12-d chicken embryos. Generally, in these pairs one tibiotarsus has had its PC and PO
removed (PC/PO-free cultures), whereas in the contralateral tibiotarsus these tissues are left intact
(intact cultures). The use of such organ cultures, depending on the experimental design, can (1) main-
tain the integrity of the anlagen and the inherent cell and tissue interactions involved in its normal
development, (2) allow for analysis of interactions between the component tissues through their dif-
ferential removal, and (3) allow testing the effects of putative regulatory factors through their addi-
tion to the culture medium. These factors can be unknown factors, in the form of conditioned medium
collected from cell cultures of the tissues to be examined, or known factors (either purified or recom-
binant). In our studies (presented next) we have used most of these approaches.

In our initial studies using this system (2), we observed that removal of the PC and PO from the
tibiotarsi before culture resulted in a greater growth in length of these PC/PO-free tibiotarsi as com-
pared to intact cultures of contralateral tibiotarsi (see Fig. 1A). Both the intact and the PC/PO-free
cultures undergo growth in length, and virtually all of this is in the intact cartilaginous portion of the
long bone anlagen, with the bony portion remaining essentially unchanged (2). Thus, removal of the
PC and PO resulted in “extended growth” in length of the limb cartilage (defined in more detail later,
Fig. 1B). This result, in itself, suggested that one, or both, of the removed tissues normally function
in the negative regulation of the growth of endochondral cartilage.

Further analysis performed in this initial study showed that the extended growth of the cartilage
that resulted from removal of the PC and PO involved enlargement of both the zones of proliferation
(demonstrated by BrdU incorporation) and hypertrophy (identified by immunofluorescence for the
hypertrophic cartilage specific collagen, type X; ref. 1). Also, the regulation of these parameters by
the PC/PO was observed to be a local effect because removal of the PC/PO from one side of the
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anlagen led to expansion of both the type X-positive domain and the BrdU-positive zones at the site of
removal but not where the PC/PO remained intact. Furthermore, we observed that the PC/PO-free
cultures responded to the addition of PTH, consistent with the involvement of PTHrP and the peri-
chondrium in the Vortkamp model of growth regulation (8). This addition of PTH to the PC/PO-free
cultures reversed the expansion of the collagen type X-positive domain but not that of the prolifera-
tive zone. This suggests that the regulation of chondrocyte differentiation (hypertrophy) is dependent
on the PTH/PTHrP receptor, but proliferation is likely to be independent of it. However, precisely
where PTH/PTHrP fits into the PC/PO-mediated regulation we have observed here and examined fur-
ther (as described next) is still not known.

Cooperative Negative Regulation
by Factors from the Perichondrium and Periosteum

One possibility for the observed effect of PC and PO in the negative regulation of cartilage growth
in the developing long bone was that this regulation was mediated through the production of diffus-
ible factors secreted by these tissues. To examine this possibility, we (31) examined the ability of
various conditioned media (serum-free) from cell cultures of PC and PO cells to regulate cartilage
growth when added to PC/PO-free organ cultures vs the PC/PO-intact ones. To compare and evaluate
the results, we further characterized and quantified the parameter “extended growth” with extended
growth being defined, for each tibiotarsal pair, as the difference in length of the tarsal-end cartilage
of the PC/PO-free culture vs that of the intact culture (see Fig. 1 A,B, top panel). This method of
evaluating the data uses the intact tibiotarsus of each pair as the internal control for “normal” longi-
tudinal growth. It therefore reduces any differences that exist between individual embryos within the
population (33), such as the initial sizes of the tibiotarsi when removed for culture or inherent differ-
ences in growth rates.

Using this definition, an “extended growth” of zero would represent complete compensation for
removal of the PC and PO (i.e., the factor(s) present in the conditioned medium effected net negative
regulation of cartilage growth, precisely to the same extent as the endogenous PC and PO of the intact
limb; Fig. 1B, middle panel). The other result that might be expected was that the conditioned medium
produced an extended growth greater than that of cultures grown in control medium, which would sug-
gest that the factors present were involved in positive regulation of cartilage growth (Fig. 1B, bottom
panel).

In these experiments, as well as all of the subsequent ones, each member of the tibiotarsal pair was cul-
tured for 3 d, the time period during which linear growth occurred (2). Consistent with these results (2),
in control medium (serum-free), the cartilages of both the intact and PC/PO-free cultures underwent
longitudinal growth and removal of PC and PO resulted in “extended growth” of the cartilaginous

Fig. 1. (opposite page) A, A tibiotarsal pair cultured in serum-free (control) medium showing the extended
growth of cartilage in the PC/PO-free tibiotarsus vs the intact contralateral tibiotarsus. In all experiments, the
measurements of cartilage growth are made along the midline from the articular surface to the boney collar (as
shown by the solid lines). B, Top diagram depicts extended growth (arrows) of cartilage as defined by the increased
length of the PC/PO-free tibiotarsus compared with its intact counterpart after culture in serum-free control medium.
The diagrams with the solid lines depict original size of the tibiotarsus and the corresponding diagrams with the
dotted lines depict the results after culture. Extended growth is depicted by the two-headed arrow. Middle dia-
gram depicts the result predicted for a negative regulatory factor(s) that produces precise negative regulation. When
such a factor is added to the medium, it precisely compensates for the removal of the endogenous perichondrium
and periosteum (i.e., the growth of the PC/PO-free culture is the same as that of the intact culture). Lower diagram
depicts the result predicted for a factor(s) effecting positive regulation (stimulation) of growth. Here, the extended
growth of the PC/PO-free culture to which the factor is added is greater than the extended growth observed in cul-
tures in control (serum-free) medium (compare this diagram to the top diagram). Modified from Di Nino et al. (31).



234 Di Nino and Linsenmayer

region (Fig. 2B, “control”). Quantification showed that in most experiments the average extended
growth was 0.3 mm (Fig. 2B, lower panel, “control”). Conversely, the bony shaft showed little extended
growth, if any at all (not shown; see ref. 2).

Using this control value (0.3 mm) for “extended growth” (of the cartilage) as the baseline differ-
ence between the intact cultures and PC/PO-free cultures, we were able to test whether the negative
regulation effected by the PC and/or the PO resulted from the secretion of diffusible factors secreted
by these tissues, or possibly by physical constraints exerted by them when present. For this, we per-
formed a variety of experiments in which cells from the PC and PO were grown as cell cultures, and
the conditioned media from these cultures (containing the putative regulatory factors) were added to
organ cultures to determine their effect on “extended growth.” The results, as described next, sug-
gested that the PC and PO do secrete negative regulatory factors that compensate for removal of the
endogenous PC and PO, and in addition they secrete positive stimulators effecting increased growth.

Using this approach, our initial experiments (31) examined whether the conditioned medium from
mixed cultures of PC and PO cells, when added to PC/PO-free organ cultures, would effect negative
regulation and, if so, whether this would compensate exactly for removal of the endogenous PC and
PO (i.e., the regulation would be precise). One way to initiate mixed cultures of PC and PO cells was
to use, as the source of cells, the entire length of the PC and PO (see diagram in Fig. 2A); another way
was to use the narrow “border” region where the PC and PO overlap (see diagram in Fig. 3A). In both

Fig. 2. A, Depiction of the region along the length of a tibiotarsus used to initiate cell cultures for PC/PO
conditioned medium. B, Photographic examples and a bar graph showing extended cartilage growth of organ
culture pairs grown in control medium vs PC/PO-conditioned medium. Note that the extended growth for the PC/
PO-free tibiotarsus in control medium is 0.3 mm and that this is essentially eliminated by growth in PC/PO-con-
ditioned medium. Thus, the factor(s) in the PC/PO-conditioned medium effect precise negative regulation, com-
pensating for removal of the endogenous PC and PO. Modified from Di Nino et al. (31).
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cases, the cultures of cells from these regions produced a conditioned medium which, when added to
the PC/PO-free cultures, produced an “extended growth” of zero (i.e., the growth was the same as that
of the intact culture; Fig. 2B, PC/PO conditioned; and 3B, border conditioned). Thus, the factors in
these conditioned media effected negative regulation that precisely compensated for removal of the
endogenous PC and PO. This result is consistent with the negative regulation on cartilage growth effected
by the PC and/or the PO, resulting largely, if not entirely, through the secretion of diffusible regula-
tory factors. This also largely eliminates an involvement of physical constraints by these tissues,�at least
within the limits of this assay.

During the period that the PC/PO cells are in culture, some of PC cells differentiate into chondro-
cytes (Fig. 4), which is not unexpected as one of the functions of the PC in vivo is the production of
chondrocytes for appositional growth of the cartilage. However, further experiments suggest that it is
unlikely that these chondrocytes themselves are responsible for the negative regulation, as conditioned
medium from pure cultures of nonhypertrophic or hypertrophic chondrocytes showed no negative
regulatory properties. In fact, the conditioned medium from the hypertrophic chondrocytes produced
increased growth, raising the possibility that chondrocytes have an inherent tendency to stimulate
their own growth, possibly through an autocrine mechanism(s).

To test further for the cell-type specificity of the conditioned medium, and to eliminate the possi-
bility that the observed negative regulation was caused by a trivial reason, such as a general depletion
of nutrients in the conditioned medium, we examined the effect of conditioned medium from scleral
(ocular) fibroblasts, a cell type that produces dense multilayer cultures that should provide an ade-
quate test for depletion of nutrients. When this conditioned medium was tested on the PC/PO-free
cultures, there was no detectible effect.

Requirement for Both PC and PO in Negative Regulation of Cartilage Growth
These experiments (and others not described; see ref. 31) are consistent with the PC and PO nega-

tively regulating cartilage growth through the secretion of diffusible factors. However, they do not dis-
tinguish whether these negative regulatory properties of the PC/PO-conditioned medium could result

Fig. 3. A, Depiction of the regions along the length of a tibiotarsus used to generate cell cultures for PC-
conditioned medium, PO-conditioned medium, and border region-conditioned medium. B, Bar graph showing
the extended cartilage growth of the organ culture pairs in control medium and conditioned medium from cultures
of cells taken from the border region border conditioned. Note that the extended growth in the border-conditioned
medium is zero, showing again that the factor(s) effect precise negative regulation (i.e., they compensate pre-
cisely for removal of the endogenous PC and PO). Modified from Di Nino et al. (31).
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from the same factors being produced by both cell types, or from different factors produced by each
tissue. Furthermore, these could work in concert or independently to produce the inhibitory effect.

To test these possibilities, the cell cultures used to produce conditioned medium were initiated from
separate regions of the PC and the PO (see diagram in Fig. 3A). When the conditioned media from
these regions were tested separately on the PC/PO-free cultures, neither showed negative regulation.
In fact, the “extended growth” observed with either of these media was greater than in the control
medium (Fig. 5).

These results suggested that the negative regulation either might involve an interaction between
the PC and PO cells but could not distinguish whether this required direct cell–cell interactions or,
alternatively, could be mediated by diffusible factors produced by each cell type.

Fig. 4. Photomicrographs of cultures of the perichondrial cells and periosteal cells from which the conditioned
media are harvested. In the perichondral cultures, small nests of chondrocytes occasionally form (Ch).

Fig. 5. Extended growth of PC/PO-free cultures observed with conditioned medium from either PC or PO cell
cultures vs control medium. Note that the extended growth in medium from either the PC or PO cells is greater
than that in the control medium suggesting that either cell type, by itself, produces a factor(s) that stimulates
growth (i.e., a positive regulator). Modified from Di Nino et al. (31).
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To test these possibilities, the conditioned media produced in two different types of “mixing”
experiments were examined for their ability to effect negative regulation in the PC/PO-free cultures
(diagramed in Fig. 6A). In the first type of experiment, the conditioned medium was harvested from
co-cultures of PC and PO cells that were mixed before culture (“mixed-cell” conditioned medium);
in the second type of experiment, conditioned media were harvested from separate cultures of PC and
PO cells and then were subsequently combined to yield “mixed conditioned medium”. Both types of
conditioned medium, when added to the PC/PO-free cultures, produced negative regulation resulting
in an “extended growth” of zero (i.e., they effected precise regulation; Fig. 6B). The mixed PC- and
PO-conditioned media reduced the overall length of the tarsal cartilage to that of the intact cartilage.
However, the above experiments do not address the possibility that the putative factors in the “mixed
media” may have an effect over and above that of the PC and PO in the intact cartilages. To test this,
organ culture pairs were examined in which both tibiotarsi were intact (their PC /PO were not removed).
One tibiotarsus in each pair was grown in control serum-free medium, whereas the other was grown
in conditioned mixed media. In such cultures, there was no detectable difference in the overall length
of the cartilages. Therefore, the negative regulatory factors in the mixed media do not overcompen-
sate in the presence of the intact PC and PO (i.e., they do not produce regulation over and above that
effected by the endogenous PC and PO). This indicates indirectly that when a certain level of factors

Fig. 6. A, Depiction of the regions of the PC and PO used to generate “mixed cell-conditioned medium” (when
the PC and PO cells themselves were mixed together and cocultured) and “mixed-conditioned medium” (when
the conditioned media from separate cultures of PC cells and PO cells were collected and subsequently mixed
together). B, Bar graph showing the extended growth of organ culture pairs in each of these mixed media, as
compared to those in control medium. Note that either type of mixed medium results in an extended growth of
zero (i.e., they effect precise negative regulation). Modified from Di Nino et al. (31).



238 Di Nino and Linsenmayer

exists (in this case, those from the intact PC/PO), additional factors (from the conditioned medium) have
no effect.

Taken together, these results suggest that the most likely mechanism through which this negative
regulation is achieved is one in which PC and PO cells secrete different factors and that these act
cooperatively. If this interpretation is correct, it suggests a novel type of regulation in which separate
factors produced by two different tissues (the PC and PO) act in the negative regulation of a third
tissue (the endochondral cartilage).

This regulation by mixed media seems to compensate precisely for the normal regulation that occurs
in the presence of intact PC and PO. Also, there appears to be an upper level of response to these
factors above which no additional regulation occurs. This is suggested by two observations. One is
that in cultures of intact tibiotarsi (with their PC and PO present), no additional negative regulation is
observed with the PC/PO conditioned medium. The other is that little if any “overcompensation” of
the negative regulation is observed in PC/PO-free tibiotarsal cultures when the quantities of factors
from the PC and PO cell cultures are increased by lengthening time before the conditioned media are
collected. Thus, the mechanism we have uncovered here seems to provide a unique means of regulat-
ing cartilage growth to the precise level that is normally seen in the intact tibiotarsi. As discussed below,
this effect is not mimicked by other factors that have been previously suggested as negative regula-
tors of cartilage growth.

Conceptually, the advantage of such a mechanism involving factors from both the PC and the PO
(rather than from a single source) is that positional information (34) can be obtained vectorially from
two sources. This can allow, for example, the spatial relationships of components within a structure
to be determined by gradients of factors from opposing directions (e.g., by a double-gradient model;
ref. 34). In the case of the tibiotarsal growth cartilages (35) and most likely the growth cartilages of
other long bones, the relative proportional sizes of the component zones (e.g., proliferative, matura-
tion, and hypertrophy) remain similar throughout embryonic development. If a double-gradient is the
type of mechanism employed in this system, factors secreted by the perichondrium and periosteum
could be involved, for example, in determining the lengths of the proliferative and hypertrophic zones.

Cellular Parameters Affected by Perichondrial and Periosteal Regulation
The studies just described used as an assay overall cartilage length. This assay is highly advanta-

geous in providing information concerning growth regulation, including the tissues involved, their
interactions, and the factors they produce. However, it does not provide information concerning the
cellular parameters that may be altered by these factors, such as cell number, cell size, and quantity of
extracellular matrix.

To determine which of these parameters is altered upon removal of the PC and PO, we performed
histology and morphometric analyses on the hypertrophic region of PC/PO-free cultures vs intact ones.
We chose the hypertrophic region for these analyses because previous studies by Hunziker (14) showed
that most changes affecting limb growth occurred in this region. Then, to determine whether the precise
compensation of cartilage growth regulation effected by the factors in the PC/PO conditioned medium
resulted from restoration of the same parameters to their state in the intact limbs, we also analyzed
PC/PO-free cultures grown in PC/PO-conditioned medium.

The computerized image analysis that we wished to use in these studies required the following: (1)
identification of the region of hypertrophy to ensure that all the measurements were made in this zone,
(2) compensation for the cell shrinkage that occurs during fixation and embedding to ensure that we
were measuring the original cell size, and (3) clear-cut histological staining differences between the
extracellular cartilage matrix and the shrunken chondrocytes remaining within the lacunae. To demar-
cate the hypertrophic zone we used staining for type X collagen on serial cross sections along the length
of the cartilage. To analyze cell size, we measured the lacunae (the areas occupied by cells in the car-
tilage extracellular matrix) rather than the cells themselves which, as stated above, undergo variable
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shrinkage. This had the added advantage that when the matrix is stained with toluidine blue, the
borders of the lacunae are easily distinguished (see Fig. 7) by the image analysis program we use
(Image Pro), both from the matrix and the shrunken chondrocytes, thus greatly facilitating the com-
puterized analysis. Also, the toluidine blue staining of the proteoglycans in the matrix is more intense
than that of the cellular components, allowing for computerized distinction and analysis of the matrix
component.

Because the hypertrophic region of the cartilage is quite irregularly shaped, we found it difficult to
obtain reliable data from sections cut longitudinally, even when examined serially. However, we
determined that this could be alleviated by performing analyses on serial sections cut in cross section,
starting with the tip of the cartilage adjacent to the marrow cavity and progressing through the entire
zone of hypertrophy (as determined by staining for type X collagen).

In any given tissue section, the individual lacunae could be cut through regions that ranged from
their middle (giving the largest cross-sectional area measurement) to an edge (giving the smallest
measurement). To compensate for this, the cross-sectional measurements of the lacunae (indicative
of cell size) were grouped in increments of 50 µm2, giving the number of cells in each incremental
area. Thus, in a graphic representation of the data, a shift of the profile to the right along the x-axis
(Fig. 8) would indicate an increase in the cross-sectional area of the lacunae (i.e., cell sizes). From
these data, we were also able to determine the total number of cells in the hypertrophic (type X colla-
gen-positive) region, by summation of the cells in each of the incremental areas. Also, we could calcu-
late the percentage of the hypertrophic zone represented by extracellular matrix, determined by sub-
tracting the area occupied by the lacunae in each section from the total area of the section.

We first compared these three parameters in intact vs PC/PO-free cultures grown in control medium.
The data showed that the increased extended growth we had observed in the PC/PO-free cultures resulted
from both an increase in cell size, as evidenced by a shift in the size distribution to the right (Fig. 8,
control medium), and an increase in the number of cells in the hypertrophic zone (Table 1, control
medium). In addition, the increase in cell sizes was not uniform; instead, it occurred preferentially in

Fig. 7. Photomicrograph of a representative section of hypertrophic cartilage stained with toluidine blue to
facilitate image analysis.
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the region of the newly formed hypertrophic chondrocytes. Conversely, removal of the PC and PO had
no appreciable effect on the relative amount of extracellular matrix, with the PC/PO-free cultures show-
ing, if anything, a slight decrease in this parameter (Table 2).

Then, we examined whether the negative regulatory factors secreted by the PC and PO acted the
same as the endogenous PC and PO. For this, we examined whether the same cellular parameters that
were increased in the hypertrophic zone of the PC/PO-free cultures grown in control medium (i.e.,
cell size and cell number) could be restored to their normal levels by culture in the mixed PC + PO
conditioned medium. As can be seen in Fig. 8 (mixed PC + PO conditioned medium) and Table 2 (con-
ditioned media), both of these parameters were now similar, if not identical, in both the intact and
PC/PO-free cultures (as was also the area occupied by the extracellular matrix).

Thus, the factor(s) secreted by the PC and PO cells affect the same parameters as do the endog-
enous PC and PO of the intact tibiotarsus, further indicating that secretion of diffusible negative reg-
ulatory factors is one mechanism through which the perichondrium and periosteum regulate cartilage
growth during normal limb development.

ADDITIONAL FACTORS THAT ACT THROUGH THE PERICHONDRIUM
TO EFFECT NEGATIVE REGULATION OF CARTILAGE GROWTH

Previous studies by others had suggested that three factors, RA, FGF-2, or TGF- 1, could effect
negative regulation of cartilage growth in intact limbs (refs. 23,26,30,36; see also Introduction of this

Fig. 8. Graphs representing the cross-sectional area of lacunae grouped as numbers of cells per increasing
increment of area. Top graph represents organ culture pairs grown in plain serum-free medium. Bottom graph
represents organ culture pair grown in PC/PO-conditioned medium.
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chapter). To determine whether negative regulation by any of these factors was consistent with that
observed with the PC/PO-conditioned medium (i.e., whether any of them might be the negative regu-
lator in the conditioned medium), we examined their effects when added to intact organ cultures ver-
sus PC/PO-free cultures. Using this method, the conclusions drawn from each experiment depended
on whether the factor being tested showed negative regulation, and, if so, whether this regulation was
observed in the PC/PO-free cultures, the intact cultures, or both. The conclusions also depend on
whether the negative regulation is precise in that it compensates exactly for removal of the PC and
PO, or whether the negative regulation overcompensates.

Overcompensation would be suggested if either of two results was observed. One would be a
decrease in the PC/PO-free cultures of greater than 0.3 mm, which is the maximum negative regula-
tion effected by the PC/PO-conditioned medium. The other would be any decrease at all in the intact
cultures, as no concentration of PC/PO-conditioned medium we have been able to produce (31) had
any detectible effect on the these cultures, most likely because of the endogenous PC and PO of the
intact tibiotarsus producing the maximum negative regulation capable by this inherent mechanism.

Therefore, any factor that is a candidate for the PC/PO regulatory mechanism should effect precise
compensation when added to the PC/PO-free cultures. Also, it should not produce overcompensation
of negative growth. Overcompensation, if observed, would suggest that this factor, per se, was not
responsible for the regulation observed with PC/PO-conditioned medium or, if it was involved, other
factors and/or modulators would also be required to effect the precise regulation seen with the PC/PO-
conditioned medium.

The results (presented next) showed that none of the three factors tested, FGF-2, RA, or TGF- 1,
acted in a manner consistent with the PC/PO-conditioned medium. However, of potential importance,
two of the factors (RA or TGF- 1), when added to cell cultures of PC cells, induced the PC cells to
produce a factor(s) (detected in their conditioned medium) which, when added to the PC/PO-free organ
cultures, effected precise negative regulation of growth (32). Therefore, it seems that multiple mecha-
nisms exist through which the perichondrium can affect precise growth control (later discussed in more
detail; see RA and TGF- 1 sections).

Table 1
Analysis of the Number of Hypertrophic Chondrocytes

No. of cells Difference in
Medium Tibiotarsi  in hypertrophic zone no. of cells

Control serum-free Intact 7264
1084

PC/PO free 8348
Conditioned medium Intact 7239

14(mixed PC and PO) PC/PO free 7253

Table 2
Analysis of Hypertrophic Extracellular Matrix Area

% Area as ECM % Increase in
Medium Tibiotarsi  in hypertrophic region cell numbers

Control serum-free Intact 73.7 12.9
PC/PO free 56.6

Conditioned medium Intact 44.1
0.02

(mixed PC and PO) PC/PO free 44.5
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FGF-2
FGF-2 produced negative regulation, which is consistent with previous studies on this factor (see

Introduction). However, this occurred in both the intact cultures (Fig. 9A, PC/PO-intact) and the PC/PO-
free ones (Fig, 9A,B, PC/PO-free) and the decrease in length was virtually identical for each (Fig. 9B).
Thus, it worked directly on the cartilage, and, as far as we can tell, not at all through the PC or PO.
The fact that FGF-2 negatively regulates cartilage growth of the intact cultures, whereas the PC/PO-
conditioned medium does not, indicates that this molecule is not the factor active in the conditioned
medium.

Even though these results eliminate FGF-2 as the component responsible for the negative regula-
tion detected in the PC/PO-conditioned medium, they do show that this factor can function as a reg-
ulator, possibly serving in the role of an alternative, or redundant, mechanism . Therefore, we further
investigated the action of this factor to determine whether its negative effect on cartilage growth was
caused by a change in chondrocyte proliferation, hypertrophy, or both. The results of this analysis
showed that both of these parameters are affected and that this occurred in both the PC/PO-intact and
PC/PO-free cultures. It can be seen that the region of chondrocyte hypertrophy was reduced in FGF-2-
treated cultures, as determined by immunohistochemistry for type X collagen (Fig. 9D). In addition,
FGF-2 treatment resulted in almost a complete block of proliferation, as analyzed by BrdU incorpo-
ration (Fig. 9C). PC/PO-conditioned medium treatment, however, resulted in a decrease in prolifera-
tion of PC/PO-free cultures but did not abolish it as seen with FGF-2. Therefore, this factor is not that
of the PC/PO conditioned medium.

RA
RA also produced negative regulation in both the PC/PO-free cultures and the intact cultures (32).

However, unlike the FGF-2, the reduction in cartilage length with RA was even greater for the intact
cultures than for the PC/PO-free ones, suggesting multiple mechanisms of action for this factor.

In the PC/PO-free cultures, the cartilage length was reduced, showing that one action in the nega-
tive regulation by RA is directly on the cartilage. In the intact cultures, RA also produced a reduction
in cartilage length, and this reduction was even greater than in the PC/PO-free cultures. This effect of
RA on the intact cultures again represents an overcompensation of negative regulation, which, as
described above, is not observed with the PC/PO-conditioned medium. Also, because the negative
regulation in the intact cultures is greater than that observed in the PC/PO-free cultures, RA must
have another mechanism of action in addition to its direct action on cartilage. Most likely this mecha-
nism involves the PC and/or the PO. Both of these observations eliminate RA as the component in the
PC/PO-conditioned medium.

At the cell and tissue levels, the most obvious effect of RA was a reduction in cellular proliferation,
which was more pronounced in the intact cultures than in the PC/PO-free ones. The length of the hyper-
trophic zone, however, showed no difference between the RA-treated and the untreated cultures, and
this was observed for both the intact cultures and the PC/PO-free ones. These results for RA differ
from those of the PC/PO-conditioned medium, which acts both on proliferation and on hypertrophy.

The observation that the effect of RA on proliferation was more pronounced in the intact cultures
than the PC/PO-free ones suggested that the negative regulation by RA, in addition to affecting the
cartilage directly, is also mediated by a second mechanism, most likely involving the PC and/or the
PO. One possibility we considered for this additional regulation was an additive effect of RA plus
any endogenous negative regulatory factor(s) that might be inherently produced by the PC and the
PO. However, experiments in which RA was added to various conditioned media suggested that this
was not likely correct.

Alternatively, RA could act on the PC and/or the PO, altering the production of regulatory factors
by these tissues, or possibly inducing the production of additional types of regulatory factors by these
tissues. To test this possibility, PC and PO cell cultures were treated with RA and the conditioned medium
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Fig. 9. A, Pairs of organ cultures consisting of two intact cultures or two PC/PO-free cultures, in which one
member of each pair was treated with FGF-2. B, Bar graph showing the average cartilage length for the pairs of
cultures shown in (A). C, BrdU incorporation in the zone of proliferation of cultures shown in (A). D, Type X
collagen staining in the zone of hypertrophy of cultures shown in (A).
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subsequently produced (after RA removal) was tested on the PC/PO-free organ cultures. This condi-
tioned medium from the PC cells (but not the PO cells) now effected negative regulation that com-
pensated precisely for the removal of the PC and PO. These data, when taken together, suggests that
RA has at least two possible mechanisms of regulating cartilage growth, one by acting directly on the
cartilage and another by acting indirectly through the PC. The PC in turn, produces and secretes factors
that negatively regulate cartilage growth in a precise manner (see ref. 32).

TGF- 1
TGF- 1 was the only factor that showed negative regulation exclusively with the intact cultures,

with the PC/PO-free cultures showing no effect from the treatment (32). This suggests that the action
of TGF- is on the PC or the PO, and also confirms a previous study using mouse metatarsal bones (36).
At the cellular level, this reduction in cartilage length results from decreases in both chondrocyte pro-
liferation and hypertrophy (shown by BrdU incorporation and type X collagen staining, respectively).

As just described for RA, at least two possible mechanisms could explain these results with TGF- 1.
As we found from experiments similar to those used for RA, the most likely explanation for TGF- 1 is
that it acts on the PC, inducing the production of a new regulator(s), and that it is these regulators from
the PC that act on the cartilage to regulate growth. Similar to results with RA, we observed that con-
ditioned medium from PC cell cultures pretreated with TGF- 1, when added to PC/PO-free cultures,
precisely compensated for the removal of the endogenous PC and PO, which resulted in almost iden-
tical cartilage lengths for both PC/PO-free and PC/PO-intact cultures. This suggests that TGF- 1, like
RA, acts to regulate cartilage growth by eliciting a secondary signal from the PC (see ref. 32).

Overall, the precise regulation of cartilage growth effected by the action of the perichondrial derived
factor(s) elicited from perichondrial cells by treatment with either RA or TGF- 1, when combined
with our previous results showing similar�yet clearly different�precise regulation by the PC/PO-con-
ditioned medium, suggests the existence of multiple mechanisms of negative growth regulation involv-
ing the perichondrium�possibly interrelated or redundant�to ensure the proper growth of endochondral
skeletal elements.

POSITIVE REGULATION OF GROWTH BY ARTICULAR PERICHONDRIUM

Last, we also examined positive stimulation of cartilage growth and obtained results suggesting
that this does occur in a multifactorial manner (31). As mentioned earlier, we observed that condi-
tioned medium from cell cultures of both the PC and PO, when examined separately in the PC/PO-
free organ cultures, effected some stimulation of growth. Likewise conditioned medium from cultures
of hypertrophic chondrocytes stimulated growth, possibly in an autocrine manner.

However, the most potent stimulation we have observed originates from the articular perichon-
drium. Previous studies have suggested that diffusible regulators of cartilage, PTHrP (8) and Wnt4
(37), are produced by the perichondrium covering the articular surface, the articular perichondrium
(APC, shown in Fig. 10A). The proximity of the APC to the underlying region of proliferating chon-
drocytes also raised the possibility that this tissue is a source of positive regulation. Therefore, we
examined the effect of conditioned medium of cell cultures derived from the articular perichondrium
on the PC/PO-free organ cultures. In the APC-conditioned medium, PC/PO-free tibiotarsi showed
extended growth that was almost two-fold greater than those grown in control medium, thus suggest-
ing a role for the APC in positive regulation of cartilage growth (Fig. 10B). This is approximately three-
fold greater stimulation than that observed with the PC- or PO-conditioned medium alone and approx-
imately twofold greater than that observed with the hypertrophic chondrocyte conditioned medium.

CONCLUSIONS

Our work on the regulatory roles of the PC and PO suggests that multiple secreted factors are released
from these tissues and are required for the precise regulation of cartilage growth This precise regula-
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tion appears to involve both positive and negative factors that are secreted from the PC and PO (as
shown schematically in Fig. 11). Stimulation of cartilage growth was observed when using condi-
tioned medium from either PC or PO, and especially from the articular perichondrium. The factors
contained in these types of medium caused an increase in the overall length of PC/PO-free cartilage,
suggesting that they are effecting the positive regulation of cartilage growth. We observed multiple

Fig. 10. A, Depiction of the region of the tibiotarsus used for cultures of articular perichondrium (APC cells).
B, Bar graphs showing extended growth in control medium and APC-conditioned medium. Modified from Di
Nino et al. (31).

 Fig. 11. A schematic diagram showing positive and negative regulation of cartilage growth by the perichon-
drium (PC), the periosteum (PO), and the articular perichondrium (APC). As shown on the left hand side of the
figure, the PC and PO themselves each independently stimulate growth, as does the APC (shown at the top).
However, when the PC and PO act together they effect precise negative regulation. As shown on the right, both
TGF- 1 and RA act on the perichondrium, to induce this tissue to produce a factor (or factors) that also effect
precise negative regulation. It seems likely that these different forms of negative regulation of growth predomi-
nate over the positive stimulation; however, this remains to be tested experimentally.
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mechanisms of negative regulation of cartilage growth. The first and most novel involves coopera-
tive action of factors that are independently secreted by the PC and PO. When PC/PO-free organ
cultures are grown in the presence of both PC and PO conditioned medium, the result is complete
compensation for PC/PO removal. These organ cultures grow to the same extent as their intact con-
tralateral limbs. Additional negative regulatory roles for the PC were observed in response to RA and
TGF- 1. When PC cells were exposed to either RA or TGF- 1, the conditioned media from these
treated cells also resulted in the precise regulation of cartilage growth. The PC/PO-free cultures grown
in these types of medium grew to similar lengths as their intact contralateral limbs. This suggests that
RA and TGF- 1 elicit the production of a secondary signal from the PC. Taken together, this work
illustrates three roles of the PC in negative regulation of cartilage growth. These multiple mecha-
nisms may serve to provide redundancy in regulating cartilage growth to ensure proper formation of
long bones.
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Computer Simulations of Cancellous Bone Remodeling

Jacqueline C. van der Linden, Harrie Weinans, and Jan A. N. Verhaar

BONE REMODELING

The bone remodeling process is essential for the maintenance of our skeleton. It enables adapta-
tion of the bone mass and architecture to changes in external loads (1,2), and it prevents accumulation
of damage (3,4). Damage accumulation is prevented by a frequent turnover of the bone tissue by the
bone remodeling process: old tissue is replaced by new tissue. Bone remodeling is performed by two
types of cells: osteoclasts, which are multinucleated bone resorbing cells, and osteoblasts, which are
bone-forming cells. Osteoclasts resorb packets of bone tissue, and osteoblasts replace the resorbed
tissue with new mineralized bone tissue (see Fig. 1).

In the cortex, the outer shell of the bones, the bone-resorbing cells dig tunnels in the longitudinal
direction, which are refilled with new bone tissue. The ends of the long bones are filled with cancel-
lous bone, a very porous bone structure made of mineralized plates and struts, the trabeculae. This
cancellous bone gives the bones a relatively low mass and a high stiffness. Cancellous bone is also
found in the spine, in flat bones like the skull and the pelvis and in the hand and feet. In the cancellous
bone, remodeling takes place at the surface of the trabeculae (see Fig. 1).

It is not exactly known how bone remodeling is regulated, but several hypotheses exist. Bone
remodeling could be distributed randomly throughout the bone tissue, it could be targeted to repair
damage, or it could be regulated by stresses or strains according to the mechanostat theory. These
possibilities do not exclude each other; in vivo bone remodeling is probably a combination of these
three types of bone remodeling. Numerous studies have investigated the reaction of bone cells to
mechanical loading, changes in cancellous architecture with age, and the effects of damage in bone
tissue (4–6).

A healthy skeleton can withstand forces higher than the forces that act on the skeleton during nor-
mal daily loading (7). However, even the normal daily loads cause some damage in the bone tissue
(8,9). This microdamage consists of small cracks in the bone tissue, which are far too small to cause
failure of a whole bone or even a single trabecula. To prevent these cracks from growing and coalescing
into bigger cracks, the damaged tissue must be replaced by new tissue.

It is possible that bone remodeling is targeted to repair microdamage, but damage could also be
repaired just because most bone tissue is replaced by random remodeling. Several authors have tried
to estimate the contribution of damage-targeted remodeling to the total bone turnover, with the esti-
mated values varying widely from 30 to 100% (10,11). In cancellous bone, no estimates of targeted
and nontargeted remodeling exist. However, because of the high turnover rate of cancellous bone, it
is likely that the rate of cancellous bone turnover is higher than needed for damage repair (12).
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The bone remodeling process also has negative effects on the skeleton: with aging, bone mass
decreases slowly. This decrease is caused by the formation deficit: during remodeling, the amount of
newly formed bone is slightly smaller than the amount of resorbed bone (13). As a result of this, the
porosity of the cortex increases, trabeculae become thinner, and plates in the cancellous bone are per-
forated. In addition, more bone may be lost because trabeculae that are breached by resorption cavities
are probably not repaired (14,15). This leads to loss of bone mass, strength, and stiffness and increases
in fracture risk. In extreme cases, bone mass decreases rapidly and the skeleton becomes osteoporotic.
Particularly because of these negative effects, a lot of research has been aimed to describe these mech-
anisms and to understand the bone loss with age.

Microcomputed tomography (CT) scanners have been used frequently to investigate the cancellous
bone architecture and bone mass in young and old, healthy and diseased bone. These scanners make
X-ray projection images of bone specimens from different directions. From these projection images,
the three-dimensional architecture is calculated. In these studies the cancellous architecture and changes
in this architecture with age have been investigated (16–19). This technique gives detailed informa-
tion about the cancellous architecture at a certain timepoint, although it does not give information on
how the bone remodeling process changes the architecture. Using fluorochrome-labeling techniques,
remodeling parameters, such as resorption, resting, and refill period, have been determined (20). These
labeling studies yield information about bone-remodeling parameters but not about the three-dimen-
sional architecture of the cancellous bone. Examples of breached trabeculae and perforated plates have
been shown in scanning electron microscopy studies of trabecular bone specimens, in which the three
dimensional trabecular architecture is visualized (15,21).

From these studies, it is known that bone is lost because of the formation deficit and breached
trabeculae. However, the contributions of these mechanisms to the total bone loss are not known yet.
The relation between the remodeling parameters and the changes in architecture and mechanical prop-
erties is unclear. Moreover, it is not known what is more important in preventing or reducing bone
loss using antiresorptive treatment, such as bisphosphonates or selective estrogen receptor modula-
tors (SERMs): reducing resorption depth or reducing the formation deficit. A large formation deficit
leads to fast thinning of trabeculae, and a large resorption depth increases the chance of breaching of
trabeculae. The changes in architecture and the subsequent changes in mechanical properties depend
on a combination of parameters and cannot be predicted easily.

Fig. 1. Schematic representation of bone resorption by osteoclasts and bone formation by osteoblasts in can-
cellous bone.
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COMPUTER SIMULATIONS

Several studies have used computer models to gain more insight in the relation between bone remodel-
ing and changes in the skeleton with age, during menopause, or in osteoporosis. The first models of
cancellous bone treated the cancellous bone as a number of bone packages (22) or used trabeculae
with a certain thickness distribution derived from published histomorphometric data (23). In these
models, the trabeculae were not connected to form a cancellous architecture.

Later models used two-dimensional networks to simulate the trabecular architecture. In these studies,
trabeculae were removed or thinned to investigate the effect of aging and bone loss on strength and
stiffness of the architecture (24,25). The effects of thinning of trabeculae have also been investigated
three dimensionally (26). Both two-dimensional and three-dimensional studies found that loss of trabec-
ulae has more drastic effects on the mechanical properties of cancellous bone than thinning of trabeculae.

In reality, the bone architecture changes during the remodeling cycle because of over- or under-
filling of resorption cavities. If a resorption cavity breaches a trabecula, this trabecula is probably not
repaired (15). This last effect is ignored in simulations that mimic aging in cancellous bone by gradu-
ally thinning trabeculae.

For a close examination of the effects of bone remodeling on cancellous bone architecture and
stiffness, models that simulate the whole remodeling cycle are needed. In these models, creation and
refilling of resorption cavities should be mimicked in three dimensional cancellous bone models. Cur-
rently, two studies that simulate the bone remodeling cycle in cancellous bone in three dimensions are
described in literature.

The first study used an artificial bar-plate model to simulate the cancellous bone (27). In this model,
resorption cavities were created in the middle of the bars that simulated the trabeculae. Using this
model, the authors determined contributions of the formation deficit and breached trabeculae to the
total bone loss. They found that breached trabeculae accounted for 20 to 40 % of the total bone loss,
depending on remodeling rate.

We introduced another approach using detailed computer reconstructions made by micro-CT (28).
These micro-CT models have a resolution high enough to represent the individual trabeculae in the
model. In this simulation model, bone resorption could be initiated everywhere on the surface of the
trabeculae, mimicking in vivo bone remodeling. For the bone remodeling parameters such as resorp-
tion depth and formation deficit, values determined in bone histology studies were used. This second
model is described in detail in this chapter.

These simulation models can be used to determine the contributions of the formation deficit, breached
trabeculae, and loose fragments to the total bone loss. Changes in morphology caused by remodeling
can be investigated and the effects of changes in remodeling parameters, for example, a larger resorp-
tion depth, on the architecture can be examined. The effects of these changes in architecture on the
mechanical properties of the specimens can be determined.

SIMULATION OF BONE REMODELING IN HUMAN CANCELLOUS BONE

A computer model was developed by using micro-CT scans to simulate the bone remodeling cycle
in models of human cancellous vertebral bone (see Fig. 2). In this model, bone formation was coupled
to previous resorption.

To enable a simulation of months or years of bone remodeling within a reasonable amount of
computing time, we must simplify the bone remodeling cycle. In reality, bone resorption as well as for-
mation take a number of weeks. This gradual resorption and formation of bone tissue was discretized
in the model: resorption cavities were made completely at a certain time point and refilled completely
a later time point (a number of simulation cycles later).

Changes in architecture are caused by either the formation deficit or by the breaching of a trabecula
by a resorption cavity during the remodeling cycle. Whether a trabecula is breached by a resorption



252 van der Linden et al.

cavity or not is only determined by the thickness of the trabecula and the maximal depth of the cavity.
The bone loss resulting from the formation deficit is also independent of the duration of the resorp-
tion and formation period. Therefore, the discretization of the bone remodeling process in the simu-
lation model does not affect the long-term effects of bone remodeling on the cancellous architecture.

The remodeling process was simulated in three steps: resorption of bone tissue to make resorption
cavities, a resting period, and finally bone formation in the resorption cavities. The three steps in the
bone remodeling model are illustrated in Fig. 3. In the first step, hemispherical resorption cavities
were created, starting from elements in the surface of the trabeculae. These resorption cavities are
distributed randomly over the surface of the trabeculae. The resorption depth of the cavities could be
varied in the biologically relevant range.

In the second step, a check for breached trabeculae was performed. If a resorption cavity breached
a trabecula, that cavity was not refilled; the trabecula was not repaired. This resulted in two remaining
struts, which were connected to the main architecture, but not to each other anymore. If one of these
remaining struts was breached again by a resorption cavity, this resulted in a loose fragment that was
not connected to the main structure anymore. These loose fragments were removed from the model.

Fig. 2. Three-dimensional computer model of a cancellous bone specimen made by using a micro-CT scanner.

Fig. 3. Schematic representation in two dimensions of the simulation model of bone remodeling in cancellous
bone in three dimensions. Reproduced from J. Bone Miner. Res. 2001;16:688–696, with permission of the Ameri-
can Society for Bone and Mineral Research.
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In the third step, all cavities that did not breach trabeculae were refilled. These cavities were not
refilled completely to simulate the formation deficit. These three steps were repeated to simulate ongo-
ing physiological remodeling. During each simulation cycle, new resorption cavities were created
and old cavities were refilled.

In the simulation, each simulation cycle represented 1 mo in reality. In reality, new resorption
cavities are made and old cavities are refilled each day. Instead of making a small number of resorp-
tion cavities each day in the simulation, a larger number of cavities was made each month.

Two more parameters could be chosen in the model: the remodeling space and the duration of the
remodeling cycle. The duration of the remodeling cycle is the number of months between bone resorp-
tion and refilling of a cavity. The remodeling space is the percentage of the bone volume that is
occupied by resorption cavities that still have to be refilled.

Simulations were performed in a number of computer models of human cancellous bone with vary-
ing resorption depth (28–56 mm) and formation deficit (2–5% of a cavity; ref. 28). In these simula-
tions, remodeling space and the duration of the remodeling cycle were kept constant. The duration of
the remodeling cycle was assumed to be 3 mo, and the remodeling space was 4% of the bone volume
in all simulations. This resulted in a turnover of 16% per year, which corresponds to values found in
histological studies of human bone (29). During the simulation, bone lost by the formation deficit,
breached trabeculae, and loose fragments was determined each simulation cycle. The cancellous
architecture was saved at specific time points to determine morphological and mechanical properties
afterwards.

BONE LOSS

The formation deficit accounted for the major part of the bone loss in simulated age related remodel-
ing. The contribution of breached trabeculae to the total bone loss increased with age, as the trabecu-
lae became thinner and the probability of trabecula being breached by a resorption cavity increased.
The contributions of breached trabeculae, formation deficit and loose fragments to the total bone loss
are shown in Fig. 4.

According to this simulation model, the formation deficit accounted for 69–95% of the total bone
loss, 1–21% of breached trabeculae, and 1–17% of loose fragments that were removed from the model
(28). The rate of bone loss varied between 0.3 and 1.1% per year, which is in the biologically relevant
range (30–32). The rate of bone loss increased with simulated age, as trabeculae became thinner and
the chance of breached trabeculae increased.

The formation deficit had a larger influence on the rate of bone loss than the resorption depth. This
was not unexpected because an increase in  formation deficit results directly in more bone loss, whereas

Fig. 4. Contributions of the bone loss mechanisms to this total bone loss, expressed as a percentage of the total
bone volume, resulting from simulated remodeling with a resorption depth of 28, 42, or 56 µm. Total bone loss
(+), formation deficit (x), breached trabeculae (open circles), and loose fragments (closed dots) are shown. Forty
years of remodeling were simulated in a specimen from a 37-yr-old donor.
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an increase in resorption depth has only indirect effects: trabeculae have a higher chance of being
breached. As long as the resorption depth was much smaller than the trabecular thickness, the resorp-
tion depth had no effect on the rate of bone loss. An increase in resorption depth from 42 µm to 56 µm
resulted in a 10% increase in the rate of bone loss. In preventing bone loss, restoring the balance
between bone resorption and bone formation seems to be more important than reducing resorption depth.

However, deeper cavities resulted in a faster decrease of the stiffness of the cancellous architec-
ture. This can be explained by the large strain peaks at the bottom of deep resorption cavities (33). In
Fig. 5, the strains in bone tissue below a resorption cavity are shown. These strains increase rapidly
with increasing resorption depth. Although cavities of 56 µm resulted in only 10% faster bone loss
than cavities of 42 µm, mechanical stiffness decreased 25 to 50% more. Decreasing the formation
deficit helps to prevent bone loss, but reducing resorption depth is more effective in preventing loss
of mechanical stiffness.

The rate of bone loss resulting from the bone remodeling process depends on the bone remodeling
parameters. Some of these parameters can be determined directly from bone histology, but other
parameters cannot be measured directly. Remodeling space, the formation deficit, and the duration
of the remodeling cycle can only be estimated by derivation from other, measurable, parameters (34,
35). On the one hand, this is a limitation for computer simulation models because estimated values
must be used instead of directly measured values. On the other hand, this is exactly the power of this
type of models: the estimated values can be incorporated in the simulation model, and by comparing
the output of the model to changes observed in reality, it can be shown whether the parameter values
were realistic. In this simulation model, we used biologically relevant values as input for the remod-
eling parameters and found rates of bone loss and changes in architecture similar to changes during
life. This indicates that the remodeling parameters we used were in the biologically relevant range.
The simulation model can be used to investigate the long-term effects of bone remodeling on cancel-
lous bone. Effects of changes in e.g. resorption depth or formation deficit can be examined.

The strength and stiffness of cancellous bone depend on the three-dimensional architecture and
the quality of the bone tissue. To describe the architecture of cancellous bone, a variety of parameters
can be used. For example, trabecular thickness is a measure of the thickness of the rods and plates in
the cancellous architecture, trabecular spacing of the distance between the trabeculae (16).

Fig. 5. Illustration of strain peaks below resorption cavities in cancellous bone. A resorption cavity was made
in a trabecula aligned in the main load-bearing direction in a finite element model of a cancellous bone specimen.
Resorption depth increases from 28 to 84 µm from left to right. The image shows the strain in the bone tissue,
which increased with increasing resorption depth.
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The trabeculae in the cancellous bone form a multiply connected network: when a trabecula is cut
through, the remaining struts are still connected to each other via other trabeculae. Connectivity den-
sity is used to determine how well connected the cancellous architecture is. Connectivity density can
be determined by counting the number of trabeculae that can be cut through before the structure falls
apart (18).

The cancellous architecture has a preferred orientation: the architecture is aligned to the main in
vivo load bearing direction (2,36). The anisotropy of the architecture is a measure of the alignment of
the architecture: the higher the anisotropy, the more aligned the cancellous architecture is. For exam-
ple, the morphological anisotropy gives information over the distribution of the bone material: how
much bone tissue is found in trabeculae in the main load bearing direction and how much in transver-
sal directions (the transversal directions are perpendicular to the main load bearing direction). This
morphological anisotropy can be determined in different ways (17). The morphological alignment of
cancellous bone is highly correlated to its mechanical alignment (37).

CONNECTIVITY DENSITY

Bone remodeling can result in increases as well as in decreases in the connectivity density of can-
cellous bone. Trabeculae can be breached by resorption cavities, this decreases connectivity density.
However, plates can be perforated by resorption cavities, which increases the connectivity density
(see Fig. 6). These effects of remodeling both occur in vivo (21). In vivo, the breaching of plates and
the perforation of trabeculae results in a more or less constant connectivity density with age (6).

Simulated remodeling resulted in increases or decreases in connectivity density, depending on
resorption depth and formation deficit (see Fig. 7). The values for connectivity density in our simu-
lation model were in the same range as in experimental studies using human trabecular bone speci-
mens (6,19). A small resorption depth resulted in gradual thinning of trabeculae, breaching of some
thin trabeculae and a decrease in connectivity density. A large resorption depth resulted in perfora-
tion of plates and an increase in connectivity density.

Connectivity density alone cannot be used as an indicator of stiffness or strength of trabecular
bone. However, it can give an indication of how much of the mechanical strength of trabecular bone
can be regained after large amounts of bone have been lost (38). If connectivity density is decreased
as a result of bone loss, the number of trabeculae is decreased. If connectivity density is not decreased
during bone loss, trabeculae will be thinner, but not breached. Loss of trabeculae is irreversible, while
thin trabeculae can thicken again as a result of antiresorptive treatment or increased mechanical loads.

Fig. 6. Illustration of the possible effects of remodeling on cancellous bone architecture. Plates can be perfo-
rated, which increases connectivity density, and trabeculae can be breached, which decreases connectivity density.
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MORPHOLOGICAL ANISOTROPY

The effect of the simulated bone remodeling on the morphological anisotropy was determined
from the mean intercept length method, illustrated in Fig. 8. This method is described more exten-
sively in the references (17). The morphological anisotropy did not change much as a result of simu-
lated remodeling, because the struts that remained as a trabecula was breached were not removed
from the computer model.

MECHANICAL PROPERTIES

To fulfill its load bearing function, the strength and stiffness of the skeleton have to be high enough
to withstand the forces applied to the bones in vivo. Because of this important function of the bone, the
strength and stiffness of bone specimens have been determined in mechanical experiments in several
studies. The stiffness of a material is a measure of its deformation under load and can be determined
in a compression test. The stiffness is calculated as stress (force per unit of area) divided by strain
(deformation in % of original size).

Alternatively, the stiffness of cancellous bone specimens can be determined by simulating mech-
anical tests in finite element computer models. By simulating six uniaxial strain tests, three compres-
sion and three shear tests (39), the stiffness of the specimen can be calculated in all directions. The
stiffness of a cancellous bone specimen is shown by the three-dimensional shape in Fig. 9. The stiff-
ness in a certain direction is the distance from the origin of this shape to the surface in that direction,
as illustrated by the white arrows in Fig. 9B.

The cancellous bone architecture is aligned to the external loads applied during normal daily load-
ing. As a result of this, the stiffness will be maximal in the main in vivo load bearing direction. This
can be seen in Fig. 9: the stiffness in the superior inferior direction is higher than the stiffness in trans-
versal directions. From this information, the mechanical anisotropy of the cancellous bone can be
determined: this is the maximum stiffness (in the main load bearing direction) divided by the mini-
mal stiffness (in a transversal direction).

With aging, the stiffness and strength of cancellous bone both decrease. Because relatively more
bone tissue is lost from transversal trabeculae, the anisotropy of the cancellous architecture increases
with age (6,40). The stiffness decreases in all directions, but more in the transversal directions than in
the main load bearing direction. This results in a higher anisotropy: the cancellous bone architecture
becomes more aligned with the main load bearing direction with increasing age.

Fig. 7. Changes in connectivity density resulting from simulated remodeling. Small resorption depth and
formation deficit resulted in a decrease of connectivity density, larger resorption depth, and/or formation deficit
resulted in increased connectivity density (x, depth: 28 µm, formation deficit: 3.6% per cavity; open circles, 42 µm,
1.8%; closed diamond, 42 µm, 3.6%; asterisk, 42 µm, 5.4%).
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The changes in the cancellous bone architecture caused by simulated remodeling were similar to
changes seen in vivo. Simulated remodeling resulted in decreases of the stiffness in all directions.
Even though the remodeling sites in this simulation model are distributed randomly over the surface
of the trabeculae, the anisotropy of the specimens increased. The decrease in stiffness was larger in
transversal directions than in the main in vivo load bearing direction, which corresponds to changes
in cancellous bone seen in vivo. This resulted in an increase in mechanical anisotropy, as can be seen
by comparing Figs. 9 and 10. Figure 9 shows the stiffness of a cancellous bone specimen from a 37-yr-
old donor. Figure 10 shows the stiffness of this same specimen after 50 yr of simulated remodeling.
It can be seen that the stiffness is smaller in all directions, and that the shape is more anisotropic.

The increase in anisotropy during the simulated remodeling results from the existing anisotropy of
the cancellous bone. In the specimens that were used as input for the simulation, the architecture was

Fig. 8. Illustration of determination of morphological anisotropy using the mean intercept length (MIL)
method. The number of bone marrow intercepts (black dots) is counted along each line, and the MIL is the total
length of the lines divided by the number of intercepts. By rotating the  grid, the mean intercept length can be
determined in all directions.

Fig. 9. Left panel, stiffness of a cancellous bone specimen, calculated in all directions. The stiffness in a
certain direction is the distance from the origin to the surface, as shown by the white arrows (right panel). The
main load-bearing direction (superior–inferior) corresponds to the top-down direction in the figure.
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aligned to the main in vivo load bearing direction. Trabeculae aligned in the load bearing direction
were somewhat thicker than the transversal trabeculae. During the simulation, the thinner horizontal
trabeculae have a larger chance of becoming breached by resorption cavities. If a trabecula was
breached during the simulation, this trabecula did not contribute to the load bearing in the simulated
mechanical test. Therefore, the stiffness in transversal directions decreased more than the stiffness in
the main load bearing direction.

The unloading of breached trabeculae is assumed to lead to a rapid resorption of the remaining
struts in vivo (15). In the simulation model, breached, and therefore unloaded trabeculae were not
removed rapidly from the model. The remaining struts do not contribute to the stiffness of the speci-
men because no load is transferred though these struts. Therefore, this does not influence the changes
in stiffness anisotropy resulting from the simulated remodeling. Furthermore, if a strut was cut through,
the loose fragment that was created in this way was removed from the model, resulting in a fast removal
of the remaining struts (see Fig. 11). Thus, although we did not include mechanical feedback to regu-
late bone remodeling like others did in two dimensions (41), the simulation model enhances the exist-
ing anisotropy.

CONCLUSIONS AND FUTURE EXTENSIONS OF THE MODEL

The present simulation model provides a relation between bone loss caused by the remodeling pro-
cess in trabecular bone and the remodeling parameters that describe this remodeling process. Although

Fig. 10. Global stiffness of the same specimen in Fig. 9 after 50 yr of simulated remodeling. Note the decrease
in stiffness and the increase in anisotropy.

Fig. 11. One slice from a computer of a cancellous bone specimen. The images show bone loss caused by
simulated remodeling. The simulated age is shown in the figure.
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other computer studies of bone remodeling have been performed, this is the first model that uses detailed
three dimensional models that represent the cancellous architecture.

An aspect that certainly plays a role in physiological remodeling and that was not taken into account
in the present simulation is the role of mechanical loading. Numerous hypotheses exist about the way
the loading influences the remodeling process. Disuse results in the resorption of bone matrix (42)
and heavy use in the apposition of bone (43). In the present simulation, the cavities were distributed
randomly over the surface of the trabecula. No stress, strain or damage distribution in the trabeculae
was taken into account. At the moment, a three-dimensional simulation of remodeling at the level of
detail of the present study based on stress or strain criteria is unfeasible, but less detailed simulations
have been performed (41,44). As computer technology develops further, a detailed simulation that
includes bone resorption and formation and mechanical loading of the cancellous bone will be possible
in the future.

Architectures similar to cancellous bone can be created from artificial meshes in computer models
in which mechanical feedback is incorporated (41,44). In these models, adaptation of cancellous
architectures to changes in external loads was also simulated. From these simulation models, it was
concluded that modeling of cancellous bone architecture according to mechanical feedback is a fea-
sible concept.

These models did not include resorption and formation, but they just added bone where needed,
and removed unloaded tissue. The resulting changes in architecture are similar to changes that result
from creating and refilling resorption cavities, where the local strains determine whether a cavity if
filled for less or more than 100%. The difference is that resorption cavities can breach trabeculae and
perforate plates, while adding or removing small amounts of bone at the trabecular surface has smaller
effects on the architecture.

During, for example, fracture healing or when external loads change, this mechanical feedback
probably plays a role. In an adult skeleton, where the architecture is adapted to more or less constant
external loads this adaptive capacity is probably not used: random remodeling in our simulation resulted
in changes in cancellous bone similar to in vivo changes.

In the simulations described in this chapter, the remodeling parameters were kept fixed during the
simulation. No increased resorption depth or increased remodeling space was included in the model,
to study changes in bone remodeling in, for example, menopause or Paget’s disease. However, these
changes can be incorporated in the model, by changing remodeling parameters at a certain simulated
age. This way, the effect of, for example, menopause and antiresorptive treatment on bone mass and
architecture can be investigated. In Fig. 12, an example of the changes in bone volume resulting from

Fig. 12. Changes in bone volume during simulated menopause and 5 yr of antiresorptive treatment.
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simulated menopause and anti-resorptive treatment is shown. As these models become more advanced,
they might play a role in preclinical testing of e.g. anti-resorptive agents used in osteoporosis treat-
ment in the future.
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Effects of Microgravity

on Skeletal Remodeling and Bone Cells

Pierre J. Marie

INTRODUCTION

The skeleton is a complex living tissue that serves multiple functions, such as mechanical support of
the body, protection of the vital organs, and reservoir of minerals. Gravity and loading exert impor-
tant effects on the skeleton because they control bone mass. Consistently, unloading and microgravity
induce multiple alterations in bone cell function and skeletal structure. This chapter, summarizes the
effects of microgravity on bone metabolism and the most recent informations on the cellular and
molecular mechanisms that might be involved in the effects of loading and unloading on bone cells.

BONE REMODELING

To keep its mechanical competence, the skeleton is continuously renewed by a process called
remodeling. Bone remodeling is required for the integrity of mechanical properties of the skeleton.
This cyclic process is ensured by osteoclasts, which resorb the calcified matrix, and osteoblasts, which
synthesize a new bone matrix. The remodeling sequence begins with a phase of osteoclast differenti-
ation followed by a resorption phase, whereby osteoclasts resorb the old bone matrix. During the next
phase, called reversal phase, osteoblast precursors are recruited and differentiate. Thereafter, mature
osteoblasts fill up the resorption cavity during the formation phase, the last step of the remodeling
cycle. The maintenance of bone mass is dependent on the adequate coupling between the resorption
and formation phases and on the equilibrium between resorption and formation activities. These pro-
cesses are governed by systemic hormones (calcitonin, parathyroid hormone, 1,25 dihydroxyvitamin
D, sex hormones, glucocorticoids) as well as local factors (cytokines, growth factors, soluble mole-
cules; ref. 1).

The commitment of bone cells, their proliferation, and progressive differentiation are key pro-
cesses controlling resorption of bone by osteoclasts and the formation of bone matrix by osteoblasts.
Osteoclast precursors originating from the monocyte-macrophage lineage fuse under the control of
1,25(OH)2 vitamin D, M-CSF, and receptor activator of NF- B ligand (RANKL; ref. 2). Mature osteo-
clasts are large polarized multinucleated cells attached to the bone matrix during the resorbing pro-
cess at the level of the sealing zone. Cell attachment through cytoskeletal–integrin–matrix interactions
is essential for bone resorption. Once attached, osteoclasts can develop a specialized cell membrane
called ruffled border, and bone degradation occurs in the microcompartment localized between the
ruffled border and the bone matrix (3). At the end of the resorption period, osteoclasts detach from the
matrix and undergo apoptosis. Osteoblasts originate from multipotential undifferentiated mesenchymal
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stem cells that are able to give rise to chondroblasts, osteoblasts, or adipocytes under induction by
hormonal or local factors. The early commitment of mesenchymal stem cells toward osteoblast in-
volves the expression of transcription factors, such as Runx2/Cbfa1, which control numerous osteo-
blast genes (4). Differentiation of committed osteoblasts is characterized by the expression of alkaline
phosphatase, an early marker of osteoblast phenotype, followed by the synthesis and deposition of
type I collagen, bone matrix proteins and glycosaminoglycans, and increased expression of osteo-
calcin and bone sialoprotein at the onset of mineralization (5). Once the bone matrix synthesis has been
deposited and calcified, most osteoblasts become flattened lining cells, approx 10% of osteoblasts are
embedded within the matrix and become osteocytes, and the others die by apoptosis. As it will be
discussed in the Bone Cell Response to Strain and Mechanical Forces section, osteoblasts, lining cells,
and osteocytes may play a role in the transduction of mechanical forces into biological signals and
skeletal adaptation to loading.

SKELETAL ADAPTATION TO LOADING

The skeleton changes considerably throughout its lifespan. These changes in bone mass are in line
with maintenance of the structural integrity of the skeleton that is required to support body mass.
Bone mass increases linearly during childhood, peaks at sexual maturity, and plateaus at 20–30 yr of
age. Bone mass thereafter decreases mildly and linearly until the end of the life in men, whereas in
women bone mass falls rapidly and transiently after menopause. The skeletal adaptation to external
loading and unloading throughout life occurs through changes in bone architecture and mass in response
to exercise, immobilization, and weightlessness. Increased strain applied on the skeleton increases
bone formation, reduces bone resorption, and increases bone mass to optimize bone resistance and
reduce fracture risks. Inversely, decreased skeletal strain reduces bone formation and increases bone
resorption to optimize the bone structure with respect to mechanical strength. It has been proposed
that changes in bone modeling and remodeling in response to loading and unloading are initiated by
an internal mechanostat that is able to sense strain. In this view, changes in bone remodeling occur in
response to decreased or increased strain to adjust bone mass to a level that is appropriate (6). In addi-
tion to be determined by biomechanical strain, bone mass and mechanical quality of bone are geneti-
cally determined (7). Several genetic determinants control bone density and may contribute to bone
loss (8). In addition, polymorphism of several genes have been linked to bone mass, bone quality,
and risk of fractures in humans (9,10).

Mechanical loading is essential for the maintenance of skeletal integrity. This is shown by the fact
that reduction of mechanical loading induces bone loss, resulting from uncoupling between bone resorp-
tion and formation. This causes reduction in the density, spatial orientation, and connectivity of bone
trabeculae, leading to reduced bone strength and increased risk of fractures. Therefore, both bone arch-
itecture and bone density play essential roles in skeletal strength resistance. The mechanisms that
mediate the skeletal adaptation involve signals that activate or inhibit bone remodeling in a controlled
way (11). Although strain increases bone formation, only dynamic loading is effective (12). More-
over, the nature and amplitude of strains are essential for efficiently stimulate bone formation and
bone mass (13). In humans, active exercise (weight lifting, rowing, jogging, walking, but not swim-
ming) increases bone mass, although the effects differ between bone areas (14). Thus, selective strain
and loading play a role in the maintenance of the weight-bearing skeleton.

INFLUENCE OF MICROGRAVITY ON BONE

Effects of Space Flights on Bone
Consistent with the positive effect of loading on bone mass, loss of loading induced by micro-

gravity affects bone metabolism. This is reflected by changes in mineral metabolism, hormonal status,
bone cell activity, and bone mass during space flights (15,16). However, the amplitude of bone loss
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depends on the type of bone because weight-bearing bones are more affected by microgravity than
nonweight-bearing bones. In humans, prolonged flights in space result in decreased bone mass in
vertebrae, spine, femur neck, trochanter, and pelvis, and up to 0.5% of bone mass can be lost per
month (16). Biochemical parameters of bone formation decrease whereas indices of bone resorption
increase after flight (17). Microgravity decreases bone formation, whereas bone resorption increases
simultaneously and transiently (18). This uncoupling between bone formation and resorption during
space flights results in decreased metaphyseal bone mass associated with altered bone architecture
and quality. However, bone formation can be improved after recovery on Earth, and partial recovery
of cancellous bone mass may occur after space flights (15,16).

Mechanisms of Bone Loss
The role of calcium-regulating hormones in bone response to microgravity is not established (19).

Sw abolish bone changes induced by space flights (20). Serum parathyroid hormone (PTH) and 1,25(OH)2
vitamin D levels decrease during flights in space, but this may be secondary events to increased serum
calcium levels resulting from increased bone resorption (19). In contrast, microgravity in space flights
appears to affect directly bone formation and resorption through changes in the activity of bone cells
(21). Space flights increase osteoclastic bone resorption and reduce osteoblast differentiation (21–23).
Reduced osteoblast proliferation and increased apoptosis also were observed under simulated micrograv-
ity conditions (24,25). Alterations in cell shape, proliferation, differentiation, and apopto|sis induced
by microgravity are likely to be responsible for the decreased bone formation observed in microgravity,
presumably to adapt the skeleton to unloading (6).

EFFECTS OF SIMULATED MICROGRAVITY ON BONE

Bone Alterations Induced by Immobilization and Bed Rest
Because of the scarce possibilities of studying the effect of microgravity in space flights, ground

models have been developed to mimic some of the effects of microgravity on the skeleton. Skeletal
mobilization in animals results in trabecular bone loss, which is consistent with the effect of micro-
gravity on bone mass (26). As in space flights, bone loss in immobilized skeleton results from a rapid
and transient surge in bone resorption followed by a sustained decrease in bone formation (26). Thus,
immobilization reproduces many skeletal alterations induced by microgravity, although the kinetics
differ substantially. Bed rest is another model that mimics some of the alterations induced by micro-
gravity(27,28). The head-down-tilted position during continuous bed rest results in more than 1%
bone loss per month. Bone mass decreases in the lower body and increases in the skull, suggesting
that changes in fluid shifts and regional blood flows affect mineral accretion in different parts of the
skeleton. Bone loss induced by bed rest results mainly from excessive bone resorption and in part
from decreased bone formation (29). This disequilibrium in bone remodeling results in reduced mech-
anical properties of affected bones (Fig. 1).

Bone Alterations Induced by Hind-Limb Suspension
Skeletal unloading induced by hind-limb suspension in tail-suspended rodents offers another

model to study the effects of microgravity on long bones (19,30). In this model, hypokinesis induces
trabecular bone loss and impairs mechanical properties. Bone loss results mainly from reduced trabe-
cular thickness and number and is reversed by reloading or treadmill training (15,16). In the rat sus-
pended model, bone resorption is transiently increased and is followed by decreased bone formation
(19). In tail-suspended mice, however, bone resorption is increased together with decreased bone for-
mation (31). We have shown that the decreased bone formation induced by skeletal unloading results
from an impaired proliferation of osteoprogenitor cells and decreased function of mature osteoblasts
(32). This is associated with increased adipocyte differentiation in the bone marrow stroma (33). A
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reduction in blood flow in long bones was also observed in hind-limb unloading in rats, which may
affect bone cells (34). Bone loss does not result from changes in serum corticosteroid, 25-hydroxy-
vitamin D, or PTH levels (19). In contrast, bone cell alterations in skeletal unloading may result from
local changes in growth factor expression (35). Indeed, skeletal unloading decreases insulin-like
growth factor (IGF)-I expression in marrow stromal cells (36). Space flight also alters IGF-I signal-
ing in osteoblasts (37). We have shown that IGF-I and IGF-I receptor mRNA levels fall during the
first week of suspension, suggesting a role in IGF-I signaling in trabecular bone loss induced by
unloading (38). Accordingly, preventive treatment with recombinant IGF-I in unloaded rats increases
osteoblastic cell proliferation and differentiation and partially corrects the defective bone formation
and osteopenia (39). Besides IGF-I, hind limb unloading also induces a rapid and transient fall in
transforming growth factor- (TGF- ) and TGF- receptor II mRNA levels in bone (33,37), which is
reminiscent to space flights (40). This may play a role in bone loss induced by unloading because TGF-

2 administration corrects the abnormal expression of Runx2/Cbfa1, osteocalcin, and collagen type I
and reverses the altered bone formation and bone mass in skeletal unloaded rats (41). In addition, TGF-

2 inhibits the increased adipocyte differentiation induced by unloading in the bone marrow stroma
(33). This effect results from downregulation of adipocyte-specific genes and reduction of the num-
ber and volume of adipocytes in unloaded bone (33). Thus, TGF-  signaling may play an important
role in the defective bone formation induced by skeletal unloading. Its absence leads the common
precursor cell to promote its commitment in the adipocyte lineage at the expense of the osteoblastic
lineage (33). Besides growth factors, bone loss induced by skeletal unloading in rats can also be
partly improved by the administration of PTH, which also promotes bone formation (42) or by agents
that inhibit bone resorption such as bisphosphonates (43) or osteoprotegerin (OPG) (44).

BONE CELL RESPONSE TO STRAIN AND MECHANICAL FORCES

Effects of Strain on Bone Cells
Given the marked effect of loading and unloading on bone formation, it has been proposed that

bone cells are responsive to mechanical forces (22). However, the response may be complex in nature

Fig. 1. General effects of microgravity/unloading on bone remodeling.
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because loading induces bending forces, mechanical stretch, and pressure, which drive fluid flow
and stress at the cellular level (45–47). Bone cells were found to be responsive to mechanical stress
in various in vitro systems, such as hypotonic swelling, stretching or bending of the cell substratum,
fluid shear stress, hypergravity, and dynamic strain (22). However, it is unknown whether these effects
reflect a physiological stress (47). In osteoblasts, the immediate changes in cell shape induced by
gravity are associated with alterations in focal contacts and cytoskeleton protein organization (48). In
addition, mechanical forces induce multiple effects on osteoblast replication, differentiation and apop-
tosis in vitro (49–53). However, these effects depend on the magnitude and frequency of the strain
applied. High strain levels appear to increase cell proliferation and decrease osteoblast marker expres-
sion, whereas low strain affects mature osteoblasts by decreasing cell proliferation and increasing
cell differentiation (47). One important question is to identify bone cells that may be responsive to
strain and mechanical forces. Only cells from normally loaded bones respond to mechanical stress (54).
Osteoblasts, osteocytes, and lining cells are in close proximity with the bone matrix and the extracellu-
lar fluid and may perhaps sense compression forces exerted on the matrix (22,55). In addition, the fluid
flow induced by strain may affect osteoblasts/osteocytes through the osteocytic canalicular system (55).
However, the bone cell response may vary with the stage of maturation, with young cells being more
responsive to biomechanical stress in vitro than old cells (55,56). It is therefore possible that mechani-
cal forces may exert multiple effects on bone cells, depending on their location and stage of maturation.

Transduction of Mechanical Signals in Bone Cells
Although it is still unknown whether bone cells are directly sensitive to physiological loading (47),

several mechanisms have been proposed to mediate the transduction of mechanical signals in bone
cells. This may involve a cascade of events starting by mechanosensing through putative membrane
mechanoreceptors leading to activation of signal transduction within bone cells resulting in activa-
tion of transcription factors and change in gene expression.

The Integrin–Cytoskeleton Pathway
Integrins are transmembrane proteins that link extracellular matrix proteins to the cytoskeleton

and control cell deformation, focal adhesion, and cell adherence to the matrix. It has been proposed
that the integrin–cytoskeleton system may play a role in the transmission of signals in lining cells,
osteoblasts, or osteocytes (57). This is supported by several arguments. First, integrin-mediated bind-
ing is necessary for resistance to strain in human osteoblastic cells (58), and both mechanical pertur-
bation and cell adhesion stimulate the expression of integrins in osteoblasts (59). Second, osteoblasts
appear to be able to sense locally applied stress on the cell surface via integrins (60). Also, the trans-
duction of mechanical signals in bone cells requires cytoskeleton integrity: both microtubules and
actin filaments appear to be involved in the cellular response to strain (61). Finally, mechanical stim-
ulation in osteoblasts alters focal contacts and cytoskeleton and induces tyrosine phosphorylation of
several proteins linked to the cytoskeleton, including focal adhesion kinase (FAK), which leads to
early gene transcription (62). The final observation that integrin function plays a role in the signal
transduction process of cell attachment and mechanical stimulation (63,64) suggests that the extra-
cellular matrix–integrins–cytoskeletal axis may be involved in the signal transduction of mechanical
strain in bone cells.

Mechanosensitive Membrane Channels and Receptors
Besides the integrin–cytoskeletal system, several membrane proteins may be responsive to strain

and mechanical forces. Long-lasting (L-type) voltage-sensitive channels are involved in the influx of
Ca2+ into bone cells and may trigger molecular signals involved in mechanotransduction (65). Stretch-
sensitive channels responsive to mechanical perturbation are present in various cell types (66) and
are upregulated by chronic intermittent strain in osteoblasts. Chronic cyclic mechanical strain increases
the whole cell conductance in response to cell stretch via these mechanosensitive channels, which may
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act as a signal transducer for mechanical strain on osteoblastic cells (67). Glutamate receptors that are
present in osteoblasts, osteocytes, and osteoclasts also may be involved in the effects of strain in bone
cells (68). Moreover, mechanical stretch was found to enhance gap junctional communications between
osteoblastic cells by modulating intracellular localization of connexin connexin 43, a protein involved
in cell–cell communication (69). Thus, mechanical forces may perhaps increase metabolic coupling
between bone cells through various channels and cell–cell adhesion molecules (Fig. 2).

Estrogen receptors are likely to interact with mechanical strain and modify the skeletal response to
mechanical unloading. This is supported by several studies. First, space flights result in greater bone
loss induced by estrogen deficiency in ovariectomized rats (70). In addition, mechanical loading and
estrogens in combination have more than additive effects on cell division and collagen synthesis in
organ culture, showing interactions between strain and estrogen receptors (71). Moreover, strain acti-
vation of cell proliferation in rat osteoblastic cells is dependent on estrogen receptor (72). In rat osteo-
blasts, estrogen-related proliferation occurs through IGF-I receptor whereas mechanical strain stimulates
cell proliferation through IGF-II production. In human osteoblasts, the proliferative response to strain
and estrogens is mediated by the estrogen receptor and IGF-I signaling (73). Finally, mechanical strain
activates estrogen response elements in bone cells transfected with estrogen receptor alpha (74).
Recent data support the obligatory involvement of this receptor in the early responses to mechanical
strain in vivo (75). A reduction in estrogen receptor alpha expression or function following estrogen
withdrawal may contribute to postmenopausal osteoporosis (75). This strongly suggests that estro-
gens may modulate the response to microgravity and loading and that mechanical forces may modu-
late the response to estrogen.

Fig. 2. Proposed cascade of events induced by mechanical forces in osteoblastic cells.
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Intracellular Mediators of Mechanotransduction
Multiple signaling pathways and intracellular molecules were suggested to mediate the bone cell

response to strain and mechanical forces. Strain induces activation of extracellular signal-related kinase
(ERK)-1/2, c-jun N-terminal kinase (JNK), phospholipase C and protein kinase C, and intracellular
calcium mobilization (76–79). This results in the release of soluble molecules that modulate bone
cell metabolism. For example, activation of ERK-1/2 is involved in mechanical strain inhibition of
RANKL (77). Prostaglandins may play an important role as a local mediator of the anabolic effects
of mechanical strain or microgravity in osteoblastic cells (22). In vitro, stretch, strain, compressive
forces, pulsating fluid flow, and intermittent hydrostatic compression induce PGE2 release in bone
cells (22,80). The release of prostaglandin E2 (PGE2) is essential for the induction of gap junctions
between osteocytes-like cells in response to mechanical strain (81). As a result of increased PGE2
release, strain induces cAMP and cGMP levels (82). In addition to prostaglandins, fluid flow induces
a rapid and transient increase in nitric oxide (83). Nitric oxide (NO) is produced by osteoblasts in
response to mechanical stimulation and is a mediator of mechanical effects in bone cells, leading to
increased PGE2 release in osteocytes (84). Fluid flow or strain also induces the expression of induc-
ible cycloxygenase COX-2 in osteoblasts and osteocytes (85). This effect is dependent on cytoskele-
ton–integrin interactions (62) and occurs via an ERK-signaling pathway in osteoblasts (85). The fluid
shear stress-induced COX-2 expression is mediated by C/EBP beta, cAMP-response element binding-
proteins, and activator protein-1 (AP-1) in osteoblastic cells (86). Inhibition of COX-2, the key enzyme
in the formation of prostaglandins, prevents mechanically induced bone formation in vivo, suggest-
ing a major role of COX-2 and prostaglandins in maintaining skeletal integrity. Strain also increases
intracellular levels of inositol triphosphate. This effect is partly dependent on prostaglandin synthe-
sis. The inositol phosphate pathway appears to be involved in the mechanical strain-induced prolifer-
ation of bone cells (87). Overall, the transduction of stimulus into a biochemical response in response
to mechanical strain in bone cells appears to involve a rise in calcium levels, which precedes activa-
tion of protein kinase A, protein kinase C, and increased inositol triphosphate, activates c-fos, COX-2
transcription, resulting in the production of PGE2, intracellular cAMP levels, and downstream target
molecules, such as IGF-I and osteocalcin in osteoblasts (Fig. 3; refs. 47,88). Because multiple path-
ways may be used for the transmission of a mechanical signal in osteoblast–lining cells–osteocytes,
the actual intracellular signaling pathways that are activated by mechanical loading in physiological
strain conditions remain to be identified.

MECHANORESPONSIVE GENES IN BONE CELLS

The final response to mechanical stimulus in bone cells resides in the expression of target genes that
include transcription factors, growth factors, matrix proteins, and soluble molecules.

Transcription Factors
Several transcription factors that are affected by strain in vitro have been identified. Elements, includ-

ing AP-1 sites, cAMP response elements and shear stress response elements were found in the promoter
of several genes regulated by mechanical stress (89). Several data indicate that AP-1 proteins are
involved in the transduction of mechanical stress to biological effect. Mechanical loading increases the
expression of the early proto-oncogene c-fos in bone cells through the ERK pathway (90,91). c-fos and
c-jun, which are components of the AP-1 transcription factor are early key effectors of mechanical
stress mediated by ERK and p38 MAPK or src kinases in osteoblastic cells (92,93). Actin polymerization
is required for c-fos translocation in the nucleus (62), which provides a mechanism by which cytoskel-
eton organization cooperates with transcription factor activation to transduce mechanical signaling
into metabolic changes in osteoblasts. Activation of c-fos and c-jun may in turn modulate osteoblast
and osteoclast replication or differentiation through activation of target genes whose promoters present
functional AP-1 sites.
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Strain induces increased expression of other transcription factors, such as egr-1, junB, junD, Fra-1,
and Fra-2 (88,89), which are all important modulators of osteoblasts and osteoclasts. p53 is another
important modulator of cell cycling and apoptosis. Interestingly, skeletal unloading does not induce
bone loss in p53-deficient mice, suggesting that it mediates osteoblast/osteoclast apoptosis in skel-
etal unloading (94). Recent data indicate that mechanical deformation by stretching upregulates the
expression and DNA binding of the osteoblast transcription factor Runx2/Cbfa1. Mechanostressing
activates ERK MAPK, which phosphorylates Cbfa1, providing a link between mechanostressing and
osteoblast differentiation (95). Moreover, simulated microgravity suppresses Runx2 levels and osteo-
blast phenotype (96). Thus, changes in early transcription factors (c-fos, c-jun, etc) in response to mech-
anical forces may affect cell proliferation in osteoblasts, whereas changes in Runx2/Cbfa1 induced by
loading may in turn affect differentiation genes that are Cbfa1 dependent. The overall resulting effect is
changes in cell growth and differentiation that are required to adapt bone formation to loading (Fig. 3).

Soluble Factors
Some growth factors are also target genes that are modulated by microgravity and mechanical forces

in osteoblastic cells. Microgravity affects TGF- expression in the hind-limb (97). Consistent with
this, mechanical stimulation of cultured osteoblasts increases the expression of TGF- transcripts
(98) via the cation channel function (99), which promotes cell proliferation (100). Because IGFs and
TGF- are potent anabolic agents for bone, these factors may mediate part of the effects of loading
and unloading on osteoblasts and bone formation (35).

Microgravity and mechanical forces also alter the expression of soluble factors that modulate osteo-
clastogenesis. Besides prostaglandins, microgravity increases the expression by osteoblasts of interleu-
kin-6, which in turn activates osteoclast formation (101). Hind-limb suspension also results in increased
interleukin-6 secretion, which may enhance osteoclastogenesis (102). However, studies using a clino-

Fig. 3. Proposed signaling mechantransduction pathways in response to mechanical forces and stress in osteo-
blasts–lining cells–osteocytes.
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stat showed that vector-averaged environment induces a cAMP-dependent elevation of RANKL and
a decrease in OPG expression in marrow stromal cells (103), which may in turn stimulate osteoclas-
togenesis. Consistently, the administration of OPG reduces bone loss by inhibiting bone resorption in
tail-suspended mice (44). Moreover, mechanical loading inhibits the expression of RANKL by osteo-
blasts, causing reduction in osteoclast formation (104). Thus, modulation of these molecules by loading
and unloading may be involved in the alterations of osteoclast formation and bone resorption induced
by unloading (Fig. 2).

Bone Matrix Proteins
Space flights (105–107) and skeletal unloading (37,38,41) reduce type I collagen expression and

osteocalcin synthesis in rats. Microgravity also affects the expression of bone matrix proteins in cul-
tured bone cells (23,108). Consistently, mechanical forces induces type I collagen expression by osteo-
blasts (23,109). Mechanical forces may promote bone matrix protein expression through AP-1 sites,
cAMP or Runx2/Cbfa1 response elements that are present in the promoter region of mechanical stress-
response genes (89). Alternatively, the release of growth factors in response to stress may in turn enhance
type I collagen and osteocalcin expression in osteoblasts (Fig. 3).

Osteopontin is another gene that is target for mechanical forces. Mechanical stimuli increase osteo-
pontin expression in cultured osteoblasts and in vivo (36,109–112). Induction of osteopontin expres-
sion by mechanical stimuli is protein kinase A dependent and is mediated through integrin receptors
(113) and microfilaments (62). Osteopontin gene regulation by oscillatory fluid flow occurs via intra-
cellular mobilization and activation of ERK and p38 MAPK in osteoblasts (79). Consistently, skeletal
unloading reduces osteopontin expression in vivo (110). Interestingly, the presence of osteopontin is
required for the effect of mechanical strain on bone because osteopontin-deficient mice do not show
reduce bone mass in response to unloading, which may be due to the role of osteopontin in osteoclas-
tic bone resorption (114). Although osteopontin may be critical in mechanotransduction in bone cells,
it is likely that other genes are modulated by loading or unloading. The availability of genetically
modified mice may allow in the future to identify specific genes involved in the effect of microgravity
and loading on bone mass.

CONCLUSIONS AND PERSPECTIVES

The skeleton adapts to microgravity, unloading, and loading by changes in bone mass and archi-
tecture. Several changes in osteoblast and osteoclast recruitment and function and in bone formation
and resorption in response to loading or unloading have been identified. The mechanisms by which
mechanical strain may be transduced into cellular biochemical signals begin to be understood. It has
been proposed that selected bone cells may respond to mechanical forces through multiple putative
mechanoreceptors that are responsive to changes in the mechanical environment. Transduction of mech-
anical forces to biochemical signals may involve the coordination of multiple pathways, including
integrins, cytoskeletal proteins, and activation of kinases, resulting in the release of signaling mole-
cules, changes in cell proliferation, and gene expression in bone cells. Some key signaling molecules and
transcription factors controlling bone cells in response to mechanical forces have been identified. How-
ever, multiple signals may play a role as recipients and generators of signaling information in response
to mechanical forces or microgravity. Moreover, the sequence of events involved in the physiological
bone response to mechanical forces and microgravity remains unknown. Future cell biology prospects
on cell–substrate adhesion molecules, cytoskeleton, intracellular signaling pathways, transcription
factors, and target genes induced by mechanical forces may lead to identify the mechanisms involved
in the physiological response of bone cells to loading, strain or microgravity. The identification of these
mechanisms that are influenced by mechanical forces in the skeleton may contribute to the develop-
ment of novel therapeutic strategies for bone loss in long term space flight programs as well as in disuse
osteoporosis on Earth.
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Quantitative Analyses

of the Development of Different Hard Tissues

 Siegfried Arnold, Hans J. Höhling, and Ulrich Plate

INTRODUCTION

The mineral apatite is the inorganic base element of hard tissues and its main configuration is the
hexagonal hydroxyapatite. The physical and chemical characteristics are defined by the orientation
of the crystals at the organic matrix. The formation of such hard tissues is a multistep process in which
crystal formation and crystal growth are the final steps. This chapter will discuss these final steps from
the first appearing crystallites and their further arrangement and structural orientation.

According to morphological and structural analyses of the crystal formations of different hard tis-
sues, the primary crystallites are chains composed of nanometer-sized apatitic particles (islands) (1– 5).
These chains of islands coalesce rapidly in longitudinal direction to needle-like crystallites, which
further coalesce laterally to ribbon-like crystallites (1–7). This crystal growth of hard tissue is similar
to the crystallization of inorganic apatite, which also shows a first crystallization parallel to the c-axis
direction, forming needle-like crystallites and afterwards a lateral crystallisation (8– 11).

Crystallites in developing hard tissues and calcium-phosphate pharmaceuticals, for example, dibasic
calcium phosphate dihydrate, have structurally an intermediate state between amorphous and fully
crystalline, which can be analysed by x-ray diffraction and electron diffraction (12– 23). Early crystal-
lites in hard tissues like dentine and bone exhibit structurally already an apatitic character with lattice
distortions. The degree of crystallinity of these calcium phosphate crystallites increases during tissue
maturation, but even in the mature stage, lattice distortions of the apatite crystallites still exist. The
lattice distortions of the apatitic crystallites of developing bone, circumpulpal dentine, and of synthe-
tic Calcium-phosphate pharmaceuticals can be resolved quantitatively using the theory of paracrystals
of Hosemann and Bagchi (16,20,23–25). Paracrystals are characterized by the fact that their lattice
bricks have different sizes and shapes and are mixed statistically. This means that paracrystals describe
structurally an intermediate state between amorphous and fully crystalline.

This chapter describes the differences and similarities of the structural aspects of crystal forma-
tion and crystal growth of three different hard tissues. As collagen-rich hard tissues, the continuously
growing dentine and the calvaria bone are analyzed and as collagen-free hard tissue, the developing
enamel is analyzed at early biomineralization stages and at mature stages. By the use of energy-filter-
ing selected area electron diffraction (SAED) and the theory of paracrystals, the interesting stages of
crystal formation can be analyzed quantitatively for developing dentine, bone, and enamel and could
be compared with the results for pure inorganic apatite. These paracrystalline parameters of the three
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different hard tissues can be compared with their composition of organic and inorganic substance,
which change during the process of biomineralization.

MATERIALS AND METHODS

Preparation
Young Sprague–Dawley rats (60–70 g) and young Wistar rats (50–90 g) were anesthetized, and

the upper and lower incisors and the calvaria bone of the suture were rapidly dissected and trans-
ferred to liquid nitrogen-cooled propane. The time for tissue preparation was approx 1–3 min. These
shockfrozen specimens were freeze-dried at 80°C. After slowly warming up to room temperature in
vacuum, they were vacuum embedded in epoxy resin, avoiding a rehydration or redistribution of the
mineralized particles. Ultrathin sections were cut transversal to the longitudinal axis of the incisor
with an ultramicrotome to a thickness of less than 80 nm. The time of water contact in the microtome
trough was minimized to avoid crystal dissolution and the water kept at neutral pH (26).

The inorganic apatite was crushed and embedded in epoxy resin at the same conditions as for the
hard-tissue specimens. After polymerization of the resin, ultrathin sections were also cut with the
ultramicrotome to a thickness of less than 80 nm.

About 30 different specimens at different mineralization stages of enamel, dentine, and calvaria
bone were analyzed. Additionally, the mineralization of the whole dentine was analyzed by SAED
patterns recorded in lateral steps of about 2 µm from the predentine–dentine to the dentine–enamel
border.

Energy-Filtering Electron Microscope
Elastically (zero-loss)-filtered SAED patterns were taken in an energy-filtering transmission elec-

tron microscope (Zeiss EM902) at an acceleration voltage of 80 keV. Using zero-loss filtering, the
background of the inelastically scattered electrons decreases and faint Debye Scherrer rings became
visible, which could not have been observed in unfiltered diffraction patterns (27,28). Line scans of
these patterns were obtained by a scintillator–photomultiplier combination under the final screen of
the energy-filtering transmission electron microscope, whereby the zero-loss-filtered SAED patterns
were shifted sequentially over the detector by scanning coils (3,5,29).

The morphological investigations were conducted in the electron spectroscopic imaging mode.
This mode uses the zero-loss filtering to enhance the contrast by decreasing the background of the
inelastically scattered electrons (28).

Theory of Paracrystals
According to the theory of Hosemann et al. (24,30,31) the lattice of a paracrystal is characterized

by the fact that the periodically arranged atoms fluctuate around their mean atomic distance in all
directions. If lattice bricks have different sizes and shapes and are mixed statistically, their mutual
distances fluctuate, and they build a paracrystalline lattice (30,32). This fluctuation of the lattice planes
can be characterised by the fluctuation factor ghkl with hkl as the Miller indices. This fluctuation
factor ghkl and the paracrystal size L, which corresponds to the size of coherent diffraction domains,
are related to the integral breadth b of the corresponding electron diffraction profile, by Eq. 1:

1 ( gkhl)2

b = + h2

L dhkl

(31,32), where dhkl is the mean lattice plane distance of the hkl lattice planes, and h represents the
successive orders of the obtained Bragg-reflections. The integral breadth b is the integral under the
recorded diffraction profile above the background divided by the amplitude of the profile without
background and it is corrected by the Wagner method (33):

      (1)
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( binst)2

b = bobs
bobs

with bobs as the observed and binst as the integral breadth of the instrumental broadening profile.
The limit of the number Nhkl of lattice planes and the restriction of crystal growth is explained in

the paracrystalline theory by the fluctuation of lattice distances, described by the empirical *-rela-
tion expressed by Eq. 3:

Nhkl ghkl = * = 0.15 ± 0.05

This means that the surface lattice planes of paracrystals have a statistical distance fluctuation of
about 15% and this implies a limit of the number Nhkl of lattice planes and restricts the growth of the
paracrystal (30–32).

CRYSTAL FORMATION

Circumpulpal Dentine

Crystal Growth
Structural analyses of the crystallization process in the circumpulpal dentine (Fig. 1) performed

by zero-loss filtered SAED with selected areas of 1 µm have shown that at the mineralization front
the first-appearing Bragg reflection has a lattice spacing value d = 0.388 nm. Its intensity decreases
with maturation of dentine. The maximum of its intensity directly at the mineralization front might
suggest that it reflects aspects of the structural organization of the just stable nanometer sized par-
ticles with a diameter in the range of 1–2 nm. Therefore, it was assumed that it represents the (111)
apatite lattice plane (5). However, an octacalcium phosphate reflection also lies in this range as a pos-
sible precursor of apatite. The next-appearing reflections are reflections of the lattice planes perpen-
dicular to the bipolar c-axis of apatite (002), (004), (006; Fig. 3A; refs. 4,5,21,22). These reflections
represent the primary crystallites, which are chains composed of nanometer-sized apatitic particles
(islands) along the bipolar c-axis (Fig. 2; refs. 1–4,21, 22). These chains of apatitic islands coalesce
rapidly in longitudinal direction to needle-like crystallites, which further coalesce laterally to ribbon-
like crystallites. This is shown by appearing (300) and (210) apatite reflections in the SAED patterns
(Fig. 3B).

In the mature stage of dentine mineralization, the microfibrils are arranged parallel along the c-axis,
which can be shown by the only appearing texture of the (002) reflections (Fig. 3C). This texture dis-
appears in SAED patterns of selected areas of 3 µm, which represent a statistical arrangement of mirco-
fibril groups (5,22). In all mature mineralization stages, the line scans of these SAED patterns exhibit
Debye Scherrer rings of all appearing reflections of biological apatite. The (002) reflection intensity is
even higher than that of the (300) reflection at the mineralization front, which corresponds to the c-axis
orientation of the first crystallites (5). This described crystal growth is supported by the decrease of
the net-signal intensity ratio of the (002) to (300) reflection, which has its maximum at the mineral-
ization front (Fig. 4). Analyses of the whole dentine zone proceeding in steps of 1.5 to 2 µm from the
mineralization front up to the enamel/dentine border show a further peak of this intensity ratio again
in a lateral distance of about 6 to 12 µm from the mineralization front, however, with decreasing height.
This process of increase and decrease of the (002) to (300) net-signal intensity ratio repeats about four
to five times in distances of about 8 to 16 µm, proceeding through the whole dentine zone (Fig. 4).
The mean value of the distances between such intensity-ratio maxima lies in the range of 9 to 14 µm
(Fig. 4) (4). This corresponds to the distances of the well-known incremental lines, von-Ebner lines,
which were analyzed morphologically by light microscopical investigations (34–38). The distances
between these incremental lines in rat incisor dentine would correspond to the measured daily rate of
mineral apposition, that is, about 16 µm/d with a variation of about 50% because of the topographical

(2)

(3)
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location and the lifecycle of the odontoblasts (36,37,39). The incremental lines are built by the period-
ical growth of the circumpulpal dentine. They represent the actual formation phase of dentine and pos-
sibly earlier mineralization fronts (5).

Crystal Structure
About 30 zero-loss-filtered SAED patterns with the corresponding linescans were taken for each

specimen in the mineralized circumpulpal dentine near the mineralization front (Fig. 1; about 10 µm
behind the predentine/dentine border) up to the region approx 5 µm before the dentine/enamel border.
In crystallites, without any lattice distortion, the integral breadth b of the Bragg reflection is propor-

Fig. 1. Zero-loss filtered electron micrograph of circumpulpal dentine at the dentine (De)/predentine (Pr) border.

Fig. 2. Zero-loss filtered ESI micrograph of dentine crystallites at the beginning stage of dentine mineraliza-
tion. (Arrows: chains of nanometer-sized particles along collagen fibrils (1) inside and (2) at the surface of the
collagen fibrils.)
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tional to the reciprocal crystal size L. In paracrystalline formations, b is also a function of the lattice
fluctuation g (31). Fig. 9C shows two plots of b against the successive orders h2 of Bragg reflections
one for the early and one for the mature mineralization stage, determined from the linescans. All plots
of the integral breadth increase linearly; and this indicates the paracrystalline character of the apatitic
crystallites for these mineralization stages in the circumpulpal dentine (21,22).

The paracrystalline fluctuation factor g of early formed and mature crystallites (Table 1) shows
that the apatitic crystallites in the circumpulpal dentine of rat incisors have lattice fluctuations during
the whole mineralization process. In the early stage of mineralization, a fluctuation of about 3.4%
exists, and for the mature stages a fluctuation of approx 2.3% of the mean atom lattice distances (21,22).

Fig. 3. Zero-loss filtered ESD patterns of a selected area of 1 µm in dentine (A) directly at the mineralization
front, (B) in a distance of about 1 µm from the mineralization front, (C) in mature dentine, and (D) at the dentine–
enamel border.
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Fig. 4. Mean value of 50 line scan measurements of ESD patterns through the whole dentine zone. Graphical
presentation of the net signal-intensity-ratio I002( )/I3000( ) of the Bragg reflections (002) and (300) (width of the
Bragg angle window = 1.5 mrad) in relation to the lateral distance l from the mineralization front.

Table 1
Paracrystalline Parameters of Newly Formed
and Mature Crystallites of Dentine, Bone, Enamel, and Inorganic Apatite

Fluctuation factor g001 Crystal size L00l * = L / d001 g001

Early formed dentine 3.5% ± 0.4% (4.8 ± 0.9) nm 0.10 ± 0.02
Mature dentine 2.3% ± 0.3% (21.1 ± 1.4) nm 0.14 ± 0.03
Early formed bone 4.4% ± 0.5% (6.0 ± 1.2) nm 0.15 ± 0.04
Mature bone 3.7% ± 0.5% (25.2 ± 1.8) nm 0.20 ± 0.05
Early formed enamel 3.5% ± 0.4% (6.5 ± 0.7) nm 0.11 ± 0.02
Mature enamel No paracrystal
Inorganic apatite No paracrystal

dhkl, interplanar spacing (22,23).

The paracrystal size L of the crystallites along the c-axis of apatite lies in the range of 4.8 nm for the
early mineralization stage, approx 10 µm behind the predentine/dentine border, and 21 nm for the
mature mineralization stage in dentine, in a distance of approx 5 µm from the enamel/dentine border
(Table 1; refs. 21,22).

Calvaria Bone
The earliest crystal formations in bone build mineral chains of nanometer-sized particles along the

collagen matrix (40–42). These first crystallizations are arranged along the bipolar c-axis of apatite
(22,40,42). The SAED patterns of a selected area of 1 µm of the first minerals show only textures of
the apatite c-axis (002) (Fig. 5A; refs. 22,42). These primary crystallites are chains composed of nano-
meter-sized apatitic particles (dots) along the bipolar c-axis (22,41,42). These chains of apatitic dots
coalesce rapidly in longitudinal direction to needle-like crystallites, which further coalesce laterally
to ribbon-like crystallites. This is shown by the appearing (300) and (210) apatite reflections in the
SAED patterns (Fig. 5B; refs. 22,42). In the mature stage of bone mineralization, the only texture that
appears is the texture of the (002) reflection (Fig. 5C) resulting by the parallel arrangement of the col-
lagen microfibrils.
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Zero-loss filtered SAED patterns and their corresponding linescans of about 30 different tissue
specimens were taken in the just mineralized calvaria bone near the matrix vesicles and in the region
of mature crystalline tissue (Fig. 6). The integral breadths b of the reflections at the crystal lattice
planes in c-axis direction, corrected with Eq. 2, are plotted against the square of the order of successive
reflections h2 (Fig. 9A). In all stages of mineralization, these plots of the integral breadths increase
linearly. This behavior of the plots indicates the paracrystalline character of the apatitic crystallites
for these stages of mineralization in the calvaria bone (22,23).

According to Eq. 1 and the plots of the integral breadths b against the order of the reflections the
apatitic crystallites of the calvaria bone show during the whole mineralization process lattice fluctua-
tions in c-axis direction with a fluctuation factor g001 > 0 (Table 1). In the early stage a fluctuation of
about g001 = 4.4% and for the mature stage of about g001 = 3.7% of the mean atomic distances in c-axis

Fig. 5. Zero-loss filtered ESD patterns of a selected area of 1 µm in calvaria bone (A) of matrix vesicles, (B)
at the bone mineralization front, and (C) in mature bone.
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direction exists (Table. 1; refs. 22,23). The paracrystal size L of the crystallites along the c-axis of apa-
tite is in the region of 6 nm for the newly formed crystallites and of about 25 nm for the fully mineral-
ized crystallites in developing bone. The fluctuation of the surface netplanes ( *) lies for the newly
formed crystallites in the range of 15% and for the mature crystallites in the range of 20% (Table 1;
refs. 22,23).

Enamel
The earliest crystal formations build up mineral chains of dots (nanometer-sized particles) along

the enamel matrix proteins (Fig. 7; refs. 4,43). This crystalline character of such mineral chains of
nanometer-sized particles was analyzed by zero-loss filtered SAED patterns (Fig. 8). Textures of the
002 reflections of apatite appear in the primary stage of mineralization, whereby the 002 reflection is
the first-appearing Bragg-reflection (Fig. 8A; refs. 4,22,43). The dots in the mineral chains coalesce
rapidly in longitudinal direction along the matrix proteins and build needles in which the nanometer-
sized particles are no longer visible (4,43). In a next step these needles coalesce rapidly in lateral direc-
tions to form ribbon-like crystallites. The development of such thicker crystallites of apatite can be
described by the appearance of corresponding reflections with texture in the zero-loss filtered elec-
tron spectroscopic diffraction (ESD) patterns (Fig. 8C); first, the 300 and the 210 reflections in addi-
tion to the 004 and the primary 002 reflections (4,22,43). The ribbon-like crystallites coalesce further
to much thicker apatitic crystals than in dentine, which is supported by the existence of other textures
of corresponding reflections (Figs. 8D and 3D; refs. 4,43).

Zero-loss filtered SAED patterns of a selected area of 3 µm and their corresponding line scans of
about 30 different tissue specimens were taken in the early mineralized enamel regions (Fig. 7) and
in regions of mature enamel, near the dentine/enamel border. The corrected integral breadths b of the
reflections of the line scan in c-axis direction according to the Wagner method (2) are plotted against

Fig. 6. Zero-loss-filtered electron micrograph of the calvaria bone (Su).
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the square of the order of successive reflections h2 (Fig. 9B, top). In the case of the newly formed
crystallites, the plots of the integral breadth increase linearly, indicating the paracrystalline character
of the apatitic crystallites for this mineralization stage (22,23). The integral breadths of the mature
crystallites show parallel plots to the order of the reflections (Fig. 9B, bottom). This indicates that the
mature crystallites of enamel have no more a paracrystalline character; they are fully crystalline (22,23).

According to Eq. 1 and the plots of the integral breadths against the order of the reflections, the
newly formed crystallites of enamel have a lattice fluctuation factor of about g001l = 3.5% (Table 1).
The paracrystal size L of the newly formed crystallites along the c-axis of apatite is in the region of
6.5 nm and the fluctuation of the surface net planes * is in the range of 11% (Table 1; refs. 22,23).

Inorganic Apatite
Zero-loss filtered SAED patterns and their corresponding line scans were taken of ultrathin sections

of pure apatite, which was crushed and embedded in epoxy resin. The corrected integral breadths b
of the reflections of the line scan in the c-axis direction according to the Wagner method (2) were
plotted against the square of the order of successive reflections h2. The integral breadths show only
parallel plots to the order of the reflection h2 (Fig. 9D). This indicates that pure inorganic apatite has
no paracrystalline character and that it is fully crystalline (22,23).

Comparison of the Different Apatitic Mineralization
According to the morphological and structural analyses of the earliest crystal formations of the

discussed different hard tissues, the primary crystallites are chains composed of nanometer sized
apatitic particles (islands; Figs. 2 and 10; refs. 1–5). These chains of apatitic crystallites already are
orientated parallel to the bipolar c-axis, and their further growth would be equal for both directions of
this c-axis. The center-to-center distances between these first apatitic nanometer islands along the
chains would reflect the distances between the nucleating sites along the acidic clusters of noncol-
lagenous immobile proteins bound to collagen (Fig. 10; refs. 2,5,22). These chains of apatitic islands
coalesce rapidly in longitudinal direction to needle-like crystallites, which further coalesce laterally
to ribbon-like crystallites (1–7). The in vitro crystallisation of inorganic apatite shows also a first

Fig. 7. Zero-loss-filtered electron micrograph of early mineralizing enamel (En).
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nucleation and crystal growth along the c-axis direction with formation of needle-like crystallites
which afterwards coalesce in lateral direction (8–11).

The limit of the number Nhkl of lattice planes and the restriction of crystal growth is explained in
the paracrystalline theory by the fluctuation of the distances of lattice bricks in the surface, described
by the empirical *-relation (3). The surface lattice planes of paracrystals have a statistical distance
fluctuation of about 15%, and this implies a limit of the number Nhkl of lattice planes and would
restrict the growth of the paracrystal (31). The value of * during the whole apatitic biomineralisation
in circumpulpal dentine, calvaria bone and newly formed enamel lies between 0.10 and 0.20 (Table 1)
(23). These values lie in the same range as calcium phosphate formations of other authors (16,20) and
those for other paracrystals, for example, molten metals, SiO2 glasses, and polymers (31,32).

Fig. 8. Zero-loss filtered ESD patterns of a selected area of 1 µm in enamel (A) of the first crystallites, (B) in
a distance of about 1 µm, (C) in mature enamel, and (D) in a distance of about 2 µm from the dentine–enamel
border.
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The integral breadth b plotted against the square of the reflection order h2 shows for all newly
formed crystallites in the different developing hard tissues a linear increase (Fig. 9), which demon-
strates the paracrystalline character of these early formed crystallites (22,23). With maturation of the
hard tissues, the lattice fluctuation of the paracrystals of all developing hard tissues decreases (Fig. 9;
Table 1). In the early stage of biomineralization, the apatitic crystallites of all developing hard tissues
have lattice fluctuations between 3% < g001l < 5% (Table 1). The values of the lattice fluctuation of the
mature crystallites decline with obviously different degree for the different hard tissues. The values of
the mature calvaria bone lie in the range of g001 = 3.7%, in mature dentine in the range of g001 = 2.3% and
in mature enamel the crystallites show no lattice fluctuations like in inorganic apatite (Table 1; 22,23).

The results of the radial distribution function analyses in developing bone (17–19) are in agree-
ment with these results of the paracrystalline character of developing hard tissue crystallites. The radial
distribution function analyses also have led to the conclusion that the apatitic crystal formations in
bone are poorly crystalline hydroxyapatite, also with a decreasing lattice disorder during maturation,
whereby the crystal lattice order would not reach the fully crystalline state.

The composition of tissue water, inorganic, and organic substance differs between the different hard
tissues and changes during the process of biomineralization (Table 2; refs. 44,45). The chemistry of the
enamel apatitic crystallites changes quite dramatically in comparison to the bone and dentine crystallites
during maturation. The total increase of inorganic mineral substance corresponds to the decrease of

Fig. 9. Integral breadth b against the successive orders h2 of the reflections (002), (004), and (006) derived from
the line scans of SAED patterns of newly formed and mature crystallites of (A) bone, (B) enamel, (C) dentine, and
(D) inorganic apatite.
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Fig. 10. Rough scheme of a linear Ca binding to acidic sites of a noncollagenous protein bound to collagen and
a subsequent nucleation and development of chains of nanometer-sized apatitic crystallites.

Table 2
Composition of Inorganic and Organic Substance of Different Hard Tissues (44,45)

Inorganic substance (%) Organic substance (%) Water (%)

Early bone 48 25 27
Bone 62 25 13
Dentine 69.3 17.5 13.2
Early enamel 60 20 20
Enamel 96 1.7 2.3

the lattice fluctuations of the crystallites in the developing hard tissues. The higher lattice fluctua-
tions in the developing crystallites of the calvaria bone compared with those in dentine and enamel
might be correlated to higher proportions of the organic matrix in bone (22,23). However, it is not
known whether this is the main reason for the differences in lattice fluctuation, but a loss of carbonate
and magnesium results in an increase of crystalline disorder. In the mature stage the organic matrix
of enamel has only a proportion of 1.7%, which is nearly comparable with the matrix-free inorganic
apatite; both show no measurable lattice distortions according to the paracrystalline analyses (22,23).

With energy filtered SAED, quantitative analyses for the crystal lattice distortions in developing
dentine (21), calvaria bone (23), and collagen-free enamel (23) could be conducted on the basis of
the paracrystalline theory. Applying the theory of paracrystals, often used for polymers and crystals
of other fields of material science, different biomineralization stages of three different developing
hard tissues have been compared quantitatively with their inorganic elements. However, all these
analyses of complex biological systems are not able to answer whether the statistical distance fluc-
tuation of the atoms at the surface restrict the growth of the paracrystals or whether the growth in the
collagen-rich hard tissues is mainly determined by the surrounding organic matrix and their compo-
sition of organic and inorganic substance.
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Fetal Mineral Homeostasis and Skeletal Mineralization

Christopher S. Kovacs

FETAL ADAPTIVE GOALS

Fetal mineral and bone metabolism has been uniquely adapted to meet the specific needs of this
developmental period, including the requirement to provide sufficient mineral to the skeleton and the
requirement to maintain extracellular levels of minerals that are physiologically appropriate (i.e., for
cell membrane stability, blood coagulation, etc). This chapter will review what is known about fetal
mineral homeostasis and skeletal mineralization, with the emphasis on recent work from my labora-
tory. More detailed references are available in a recent but lengthier review (1).

MINERALS AND CALCITROPIC HORMONES

Calcium
The total and ionized calcium concentration of the fetal circulation is higher than the maternal

level during late gestation in mammals (2), but the physiological importance of this is not known. A
calcium level equal to the maternal calcium concentration (and not above it) appears to be sufficient
for ensuring adequate mineralization of the fetal skeleton (see Fetal Skeleton section), and fetal sur-
vival to term is unaffected by extremes of hypocalcemia in Pthrp-null (3), Hoxa3-null (aparathyroid;
ref. 4), and Hoxa3/Pthrp double-mutant fetuses (5).

The fetus has a remarkable ability to maintain this higher level of blood calcium despite chronic,
severe maternal hypocalcemia and appears to be relatively protected against acute changes in mater-
nal calcium concentration (2). As one example, mice lacking the gene that encodes the vitamin D
receptor (Vdr null) have severe hypocalcemia and are prone to tetany as adults (6), but Vdr-null fetuses
have normal calcium concentrations (7). Both parathyroid hormone (PTH) and parathyroid hormone-
related peptide (PTHrP) are required to maintain the normal blood calcium level of the fetus (see sec-
tions Fetal Parathyroids and Blood Calcium Regulation; refs. 3,4,8).

Phosphate
Serum phosphate levels are higher in the fetus than the mother in mammals (1), which may indicate

that phosphate is actively transported across the placenta; however, the regulators of phosphate trans-
port are unknown. Both PTHrP and PTH are needed because the serum phosphate level is increased
in Pthrp-null and Hoxa3-null (aparathyroid) fetuses (unpublished data; ref. 4). 1,25-D has been sug-
gested to play a role in placental phosphate transfer (9); however, in Vdr-null fetuses, the serum phos-
phate levels and skeletal mineral content are normal (7).
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Magnesium
Fetal magnesium metabolism has not been extensively studied, but the fetal magnesium level is at

most slightly higher than the maternal magnesium concentration in most studies (1). Although absence
of PTHrP in the Pthrp-null fetuses does not affect serum magnesium (unpublished data), the absence
of parathyroids and PTH (Hoxa3 null) results in hypomagnesemia (4) and reduced skeletal magne-
sium content (5). The absence of calcitonin (Ct-null fetuses) results in a selective, stepwise decrease
in the serum magnesium concentration from wt to Ct+/  to Ct-null fetuses, indicating that calcitonin
may regulate magnesium homeostasis (10).

PTH
In fetal humans and other mammals, immunoreactive PTH blood levels are much lower than mater-

nal PTH levels near the end of gestation (1,2). It is unknown whether fetal PTH levels are low through-
out gestation after the formation of the parathyroids or only in late gestation. PTH may be suppressed
by a normal CaSR in response to the increased fetal blood calcium (8). In the absence of PTHrP
(Pthrp-null fetuses), the circulating PTH level rises (5) and serves to maintain the fetal blood calcium
at the level that is normally set by the CaSR in adult mice (3). The low level of PTH is critically
important for maintaining the fetal blood calcium concentration because fetal mice lacking parathy-
roids and PTH (Hoxa3-null fetuses) have marked hypocalcemia (see sections Fetal Parathyroids and
Blood Calcium Regulation; ref. 4). The role of PTH in skeletal mineralization is discussed in the
Fetal Skeleton section.

1,25-Dihydroxyvitamin D and Vitamin D
Circulating 1,25-D levels are lower than the maternal level in late gestation and appear to be largely

if not completely derived from fetal sources (1,2). The low circulating levels of 1,25-D in the fetus may
be a response to the high serum phosphate and suppressed PTH levels in late gestation. The 1 -hydroxy-
lase is responsive to PTH in utero as evidenced by study of Casr+/ and Casr-null fetuses, which have
a step-wise increase in PTH and 1,25-D levels (8). However, the high 1,25-D levels attained in Casr-
null fetuses remain lower than that normally observed in adult wild-type mice (unpublished data).

1,25-D may not be essential for normal calcium and bone homeostasis in the fetus. In pregnant
rats, sheep, and pigs that were hypocalcemic as a result of experimentally induced severe vitamin D
deficiency, the fetuses maintained completely normal blood calcium and phosphate levels and had
fully mineralized skeletons at term, as determined by total weight, ash weight, and calcium content of
femurs (1). Similarly, in hypocalcemic 1 -hydroxylase-deficient Hannover pigs, the fetuses main-
tained completely normal blood calcium and phosphate levels and fully mineralized their skeletons
(11). We have observed that Vdr-null fetal mice have normal calcium, magnesium, and phosphate
levels and fully mineralized skeletons as determined by quantitative analysis (atomic absorption spec-
troscopy) of the ashed skeletal residue (unpublished data; ref. 7). It is only after weaning that Vdr-null
neonates develop hypocalcemia and rickets (6).

Calcitonin
Fetal calcitonin levels are higher levels than maternal levels and are thought to reflect increased

synthesis of the hormone (1). There has been little convincing evidence of a role for calcitonin in
fetal calcium homeostasis. On the one hand, infusion of calcitonin antiserum to fetal rats at day 21.5
of gestation slightly increased the fetal blood calcium 1 h later (12), whereas fetal injection of calci-
tonin caused hypocalcemia and hypophosphatemia (13). However, fetal thyroidectomy with subse-
quent thyroxine replacement did not affect the fetal blood calcium in sheep, indicating that fetal
thyroidal C cells alone may not affect the regulation of the blood calcium level (14).
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More recently, examination of Ct-null fetuses (15) has confirmed that calcitonin is not required
for normal fetal calcium homeostasis. Ionized calcium levels and skeletal calcium content were nor-
mal in Ct-null fetuses (16). As noted (in the section entitled Magnesium), serum magnesium levels
were reduced in Ct-null fetuses, suggesting that calcitonin might play a selective role in fetal magne-
sium homeostasis (10).

PTH-Related Protein
In human umbilical cord blood, PTHrP levels are up to 15-fold higher than that of PTH (1,2),

unlike in the adult, wherein PTHrP is usually not detectable in the circulation. These and other obser-
vations led to the study of the role of PTHrP in fetal calcium homeostasis. PTHrP is a prohormone
that is processed into separate circulating fragments, each of which may have different functional roles
and receptors. PTHrP is produced in many sites throughout the developing embryo and fetus and plays
multiple roles during embryonic and fetal development (17), including the regulation of mineral and
skeletal homeostasis. Pthrp-null fetuses have abnormalities of chondrocyte differentiation and skel-
etal development (18), modest hypocalcemia (3), and reduced placental calcium transfer (see section
entitled Fetal Regulation). Because Pthrp-null fetuses have increased PTH levels (5) but still remain
modestly hypocalcemic, it is clear that PTH cannot fully make up for lack of PTHrP in maintaining a
normal calcium concentration in the blood.

Other Hormones and Factors
The role (if any) of the sex steroids in fetal skeletal development and mineral accretion is unknown,

largely because the relevant analyses have not been performed. Estrogen receptor alpha and beta
knockout mice have been shown to have altered skeletal metabolisms that develop postnatally, but
the fetal skeleton has not been examined in detail (1). Similarly, postnatal skeletal roles of receptor
activator of NF- B, receptor activator of NF- B ligand, and osteoprotegerin have been demonstrated
in relevant knockout mice (1), but the role that this system plays in fetal bone metabolism and mineral
accretion is not yet known.

PLACENTAL CALCIUM TRANSPORT

The bulk of placental calcium transfer occurs late in gestation, such that 80% occurs in the third tri-
mester in humans, whereas 96% occurs in the last 5 d of gestation in the rat (2). Active transport of cal-
cium across the placenta is necessary for the fetal calcium requirement to be met. Analogous to calcium
transfer across the intestinal mucosa, it has been theorized that calcium diffuses into calcium-trans-
porting cells through maternal-facing basement membranes, is carried across these cells by calcium
binding proteins, and is actively extruded at the fetal-facing basement membranes by Ca2+-ATPase.

Maternal Regulation
Maternal hormones might influence fetal–placental calcium transport by raising or lowering the

ambient maternal calcium level and by direct effects on the placenta. However, at least in animal models,
a normal rate of maternal-to-fetal calcium transfer can usually be maintained despite the presence of
maternal hypocalcemia or hormone deficiencies. Whether the same is true for human pregnancies is
less certain. As examples, maternal hypocalcemia caused by parathyroidectomy or dietary calcium
restriction did not affect the rate of fetal–placental calcium transfer as directly assessed in placental per-
fusion experiments in sheep (19). Similarly, in Vdr-null fetal mice, placental calcium transfer was nor-
mal even though the Vdr-null mothers were severely hypocalcemic (unpublished data; ref. 7). However,
a normal rate of maternal–fetal calcium transfer does not necessarily imply that the fetus is unaffected
by the maternal hypocalcemia. The fetal–placental unit must be working harder to extract the normal
amount of calcium required from maternal blood that has a lower calcium concentration than normal.
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Fetal Regulation
The contribution of the parathyroids to placental calcium transfer has been examined by studying

the results of thyroparathyroidectomy in fetal lambs and decapitation (to approximate parathyroidec-
tomy) in fetal rats (1). When these surgically altered fetuses were removed so that the placentas could
be artificially perfused in situ, active transport of calcium was found to be reduced (14,20), indicat-
ing that parathyroid glands are required for active transport of calcium. Although administration of
parathyroid hormone was without effect, synthetic PTHrP molecules of amino acid lengths 1–141,
1–86, and 67–86 were found to stimulate placental calcium transport in these experimentally perfused
placentas (21,22). These results suggested that PTHrP, perhaps produced by the parathyroid glands,
stimulates active transport of calcium across the placenta. Pthrp-null fetal mice also have reduced
placental calcium transport that can be stimulated by treatment with PTHrP 1–86 or PTHrP 67–86
but not by PTHrP 1–34 or intact PTH (3).

The studies in fetal lambs and Pthrp-null fetuses both demonstrated that midmolecular forms of
PTHrP (containing amino acids 67–86) stimulated placental calcium transfer, and that amino-termi-
nal forms of PTHrP and PTH did not. More recently, additional studies in fetal lambs demonstrated
that PTHrP 38–94, considered to be the true mid-molecular form of PTHrP, also stimulated placental
calcium transfer (23). These findings indicate that fetal PTHrP regulates placental calcium transfer
through a receptor that has yet to be cloned. In Pthr1-null fetuses that lack the PTH/PTHrP receptor,
placental calcium transfer is increased to 150% of the wild-type sibling value, perhaps due to the
observed 11-fold upregulation of the plasma PTHrP level in the presence of a normal midmolecule
receptor (3,4).

The experimental findings in surgically altered lambs and in Pthrp-null fetuses are consistent in
demonstrating a role for PTHrP in placental calcium transfer, but the relevant tissue source of this
PTHrP remains uncertain. Hoxa3-null fetuses lack parathyroid glands and PTH but have a normal
plasma PTHrP level and a normal rate of placental calcium transfer (4). This observation suggests
that, unlike in fetal lambs, fetal parathyroids do not contribute importantly to the plasma PTHrP level
or the rate of placental calcium transfer. In Pthr1-null fetuses that have an 11-fold upregulation of the
plasma PTHrP level, it is not the neck region but the placenta and liver that show upregulation of
PTHrP mRNA and molecule, suggesting that these may be the tissue sources that contribute to the cir-
culating PTHrP level in mice (4).

PLACENTAL TRANSPORT OF MAGNESIUM AND PHOSPHATE

Although less well studied, it is evident that magnesium and phosphate are also actively transported
across the placenta (1). Midmolecular fragments of PTHrP stimulated magnesium transport across in
situ-perfused placentas of fetal lambs (22) but not rats (24). PTHrP and PTH do not stimulate placental
transport of phosphate in sheep (25); the regulators of phosphate transport are unknown.

FETAL PARATHYROIDS

The evidence is consistent across species that intact parathyroid glands are required for mainte-
nance of a normal fetal calcium level as demonstrated in the studies of fetal lambs (thyroparathy-
roidectomy), rats (decapitation), and mice (loss of parathyroids through ablation of Hoxa3). Recent
studies in genetically engineered mice have served to demonstrate that the parathyroids (and PTH)
have a greater impact on blood calcium regulation than PTHrP (4,5). The Pthrp and Hoxa3 gene dele-
tions were placed into the same colony, such that Pthrp-null, Hoxa3-null, and Hoxa3/Pthrp double
mutants would be present within the same litter. In this controlled situation, single mutant Pthrp-null
fetuses had a modestly reduced blood calcium (equal to the maternal calcium concentration), single
mutant Hoxa3-null fetuses had a markedly reduced blood calcium (below the maternal calcium con-
centration), and Hoxa3/Pthrp double mutants had the lowest blood calcium (5). Thus, lack of PTH
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had a greater impact on the fetal blood calcium than lack of PTHrP; the combined loss of both PTH
and PTHrP resulted in the lowest blood calcium level, a level that is equal to that observed in fetal
mice lacking the PTH/PTHrP receptor (Pthr1-null fetuses) in the same genetic background.

Fetal parathyroids also are required for normal regulation of serum magnesium and phosphate
concentrations, as observed in thyroparathyroidectomized fetal lambs that had a reduced serum mag-
nesium concentration (26) and an increase in the serum phosphate level (27). Similarly, absence of
PTH and parathyroids in Hoxa3-null fetuses also causes hypomagnesemia and hyperphosphatemia
(4). Absence of PTHrP alone causes hyperphosphatemia, but the serum magnesium concentration is
unaltered (unpublished data; ref. 4).

Although a Pth-null model has now been published, the effects of lack of PTH on fetal calcium,
phosphate or magnesium concentrations has not been reported (28).

As discussed (see section titled Fetal Regulation), there is consistent evidence that PTHrP regu-
lates placental calcium transfer, but conflicting evidence between sheep and mouse models that para-
thyroids are required for this process or that parathyroids make PTHrP. A detailed examination of
normal fetal rat parathyroids found no detectable PTHrP mRNA by in situ hybridization or rt-PCR, and
no detectable PTHrP by immunohistochemistry (29). The fetal parathyroids are required for normal
accretion of mineral by the fetal skeleton, as discussed in section entitled Fetal Skeleton.

CALCIUM-SENSING RECEPTOR

Postnatally, the CaSR sets the ionized calcium concentration in the peripheral circulation through
its actions to regulate PTH. Homozygous ablation of the CaSR results in severe hyperparathyroidism
and hypercalcemia (30), analogous to the human condition of neonatal severe primary hyperparathy-
roidism. However, in fetal life, the role of the CaSR is less clearly established. The normal elevation
of the fetal serum calcium above the maternal calcium concentration is dependent on PTHrP but not
the CaSR; instead, the CaSR is likely suppressing PTH in response to the elevated fetal serum cal-
cium concentration (Fig. 1A). In the absence of PTHrP (Pthrp-null fetuses), the fetal serum calcium
falls to the normal adult level and the serum PTH is increased, likely indicating the responsiveness of
the CaSR to this situation (Fig. 1B). The serum calcium increases above the normal fetal level in
response to ablation of the CaSR in fetal life, and the serum PTH increases in a stepwise fashion from
wt to Casr+/ to Casr null (8). However, the serum calcium of Casr-null fetuses is no higher than that

Fig. 1. Fetal blood calcium regulation. A, Normal high fetal calcium level, which is dependent on PTHrP,
activates the parathyroid CaSR, and PTH is suppressed. B, In the absence of PTHrP, the fetal calcium level falls
to a level that is now set by the parathyroid CaSR; PTH is stimulated to maintain the ionized calcium at the normal
adult level (= maternal). Reproduced with permission from ref. 1.
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of the heterozygous (Casr+/ ) siblings (8), indicating that (unlike in postnatal life) some aspect of the
intrauterine environment prevents Casr-null fetuses from achieving a higher blood calcium level.
The CaSR is clearly dependent on PTH but not PTHrP in order to contribute to the regulation of the
fetal blood calcium level. Loss of PTHrP does not impair the effect of ablation of the CaSR to increase
the fetal calcium level (Casr/Pthrp double mutant; ref. 8). However, if the effect of PTH is blocked by
simultaneous deletion of the PTH/PTHrP receptor (Casr/Pthr1 double mutant), then ablation of the
CaSR does not affect the fetal blood calcium level (8). Similarly, in the absence of PTH (Hoxa-null),
ablation of the CaSR has no effect on the fetal blood calcium (Casr/Hoxa3 double mutant; ref. 4).

Ablation of the CaSR has also been noted to decrease the rate of transfer of calcium across the pla-
centa (8), and we have noted that the CaSR is expressed in murine placenta (31). The reduction in
placental calcium transfer may be a consequence of the loss of calcium sensing capability within the
placenta; alternatively, it may be that downregulation of calcium transfer is in response to the ele-
vated serum calcium concentration or the elevated PTH concentrations that occur in these null mice.

In addition to raising the blood calcium and increasing PTH secretion, ablation of the CaSR would
be expected to decrease renal calcium clearance as it does in the adult (30). However, Casr+/ and Casr-
null fetal mice have increased amniotic fluid calcium levels, suggesting that renal calcium excretion
is increased in proportion to the raised serum calcium concentration (8). The discrepancy between
adult and fetal effects of CaSR ablation on renal calcium handling may be explained by the observa-
tion that the kidneys express very low levels of CaSR mRNA until the first postnatal day (32).

THYMUS

PTH is not solely produced in the parathyroids; Gcm2-null mice lack the two parathyroids that are
normally present in mice but have parathyroid tissue in the thymus that produces relatively normal
amounts of PTH (33). In contrast, Hoxa3-null mice lack parathyroids and thymus and have completely
absent PTH (4). Whether thymic PTH normally contributes to fetal calcium metabolism has not been
determined. Rats and mice have two parathyroid glands, in contrast to humans, who have four (and
occasionally more than four). Whether thymic parathyroid tissue in mice is the evolutionary equiva-
lent of the lower parathyroids of humans has not been determined.

FETAL KIDNEYS AND AMNIOTIC FLUID

Fetal kidneys may partly regulate calcium homeostasis by adjusting the relative reabsorption and
excretion of calcium, magnesium, and phosphate by the renal tubules in response to the filtered load
and other factors, such as PTHrP and/or PTH (1). The fetal kidneys may also participate by synthe-
sizing 1,25-D, but because absence of VDR in fetal mice does not impair fetal calcium homeostasis
or placental calcium transfer (7), it appears likely that renal production of 1,25-D is relatively unim-
portant for fetal calcium homeostasis.

Renal calcium handling in fetal life may be less important as compared with the adult for the reg-
ulation of calcium homeostasis because calcium excreted by the kidneys is not permanently lost to
the fetus. Fetal urine is the major source of fluid and solute in the amniotic fluid, and fetal swallowing
of amniotic fluid is a pathway by which excreted calcium can be made available again to the fetus.

FETAL SKELETON

The skeleton must undergo substantial growth and be sufficiently mineralized by the end of ges-
tation to support the organism, but as in the adult, the fetal skeleton participates in the regulation of
mineral homeostasis. Calcium accreted by the fetal skeleton may be subsequently resorbed to help
maintain the concentration of calcium in the blood, as indicated by several lines of evidence. Mater-
nal hypocalcemia caused by thyroparathyroidectomy or calcitonin infusion increases the basal level
of bone resorption in subsequently cultured fetal rat bones (34,35). These effects were blocked by
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previous fetal decapitation, which is thought to mimic the effects of thyroparathyroidectomy (34,35);
thus, fetal hyperparathyroidism mobilized calcium from the skeleton. Further, in response to mater-
nal hypocalcemia, fetal rat parathyroid glands enlarge (36,37), and fetal femur length and mineral
ash content are reduced (38). Several recent observations in genetically engineered mice also support
a role for the skeleton in fetal calcium homeostasis. The ionized calcium of PTH/PTHrP receptor-
ablated fetal mice (Pthr1-null) is lower than that of Pthrp-null fetal mice despite the fact that placen-
tal calcium transport is supranormal in Pthr1-null fetuses and subnormal in Pthrp-null fetuses (3).
Lack of bone responsiveness to the amino-terminal portion of PTH and PTHrP may well, therefore,
contribute to the hypocalcemia in mice without PTH/PTHrP receptors. Placement of a constitutively
active PTH/PTHrP receptor into the growth plates of Pthrp-null fetuses not only reverses the chondro-
dysplasia (39) but results in a higher fetal blood calcium level (unpublished data). Casr-null fetuses
have a higher ionized calcium than normal, and this is maintained at least in part through increased
PTH-stimulated bone resorption (8). As a consequence of this increased resorption, the skeletal cal-
cium and magnesium content of Casr-null skeletons is significantly depleted as compared to their
siblings (unpublished observations; ref. 8).

Functioning fetal parathyroid glands are needed for normal skeletal mineral accretion because thy-
roparathyroidectomy in fetal lambs caused decreased skeletal calcium content and rachitic changes
(40,41). These effects could be partly reversed or prevented by fetal calcium and phosphate infusions;
thus, much of the effect of fetal parathyroidectomy was caused by a decrease in blood levels of cal-
cium and phosphate (41). Recent examination of the skeletons of the aparathyroid Hoxa3-null fetuses
are consistent with these observations in fetal lambs because, despite a normal rate of placental cal-
cium transfer, Hoxa3-null fetuses have skeletons that have accreted less calcium and magnesium by
the end of gestation (5).

Further comparative study of Pthrp-null, Pthr1-null, and Hoxa3-null fetuses has clarified the rela-
tive role of PTH and PTHrP in regulation of the development and mineralization of the fetal skeleton.
PTHrP produced locally in the growth plate directs the development of the cartilaginous scaffold that
is later broken down and transformed into endochondral bone (42), whereas PTH controls the miner-
alization of bone through its contribution to maintaining the fetal blood calcium and magnesium (5).
In the absence of PTHrP, a severe chondrodysplasia results (18), but the fetal skeleton is fully miner-
alized (5). In the absence of parathyroids and PTH (Hoxa3-null), endochondral bone forms normally
but is significantly undermineralized (5). Because the blood calcium and magnesium were also sig-
nificantly reduced in Hoxa3-null fetuses, the effect of lack of PTH on bone may have been through
its effect on maintaining the blood calcium and magnesium. That is, by impairing the amount of min-
eral presented to the skeletal surface and to osteoblasts, lack of PTH thereby impaired mineral accre-
tion by the skeleton. When both PTH and PTHrP are deleted (Hoxa3/Pthrp double-mutants), the typical
Pthrp-null chondrodysplasia results but the skeleton is smaller and contains less mineral (5). Simi-
larly, in the absence of the PTH/PTHrP receptor, Pthr1-null skeletons are significantly undermineral-
ized (5). Therefore, functioning fetal parathyroids are required for normal mineralization of the skeleton;
the specific contribution may be through PTH alone. Whether that contribution is through direct actions
of PTH on osteoblasts, or indirect through the actions of PTH to maintain the fetal blood calcium,
remains to be clarified.

Apart from undermineralization of the skeleton, the lengths of the long bones and the growth plates
of the Hoxa3-null were normal at both the gross and microscopic level, and the expression of several
osteoblast and osteoclast specific genes was unaltered by loss of parathyroids and PTH (5). In other
words, loss of PTH did not appear to affect the development of the cartilaginous scaffold or of the
bone matrix that replaced it, but loss of PTH did impair the final mineralization of that bone matrix.
It is, therefore, unlikely that abnormal osteoblast function can explain the reduced mineralization of
Hoxa3-null bones. However, it is clear that the PTH1 receptor influences osteoblast function in the
fetal growth plate because Pthr1-null growth plates show a defect in osteoblast function and reduced
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expression of osteopontin, osteocalcin, and interstitial collagenase (43,44). Because PTHrP is pro-
duced locally in the growth plate and periosteum it is likely the ligand that normally acts on the PTH1
receptor to regulate these genes. However, because the expression of osteopontin, osteocalcin, and
interstitial collagenase is not reduced in the Pthrp-null fetus (43) and there is no evidence of impaired
osteoblast function (44), PTH may be able to penetrate the relatively avascular growth plate and com-
pensate for the absence of PTHrP. The elevated PTH levels observed in the Pthrp-null fetus are com-
patible with this observation (5). Therefore, osteopontin, osteocalcin, and interstitial collagenase may
be downregulated in the Pthr1-null fetus because neither PTH nor PTHrP can act in the absence of the
PTH1 receptor; these genes are not downregulated by absence of PTH or PTHrP alone. Because only
Pthr1-null shows evidence of impaired osteoblast function (44) but both the Hoxa3 null and the Pthr1
null show a similar degree of reduced mineralization (5), the undermineralization of both null pheno-
types may be the result of the reduced availability of mineral presented to the osteoblast surface (i.e.,
the reduced blood calcium and magnesium level in both phenotypes); the availability of mineral is
dependent on the action of PTH.

The recently reported Pth-null mice also have undermineralized skeletons, but they differ from
the phenotype of Hoxa3-null mice in that the long bones of the Pth-null mice are modestly shortened,
and there is evidence of reduced osteoblast number and function in studies that were not been per-
formed on Hoxa3-null mice (28). The Pth-null and Hoxa3-null models will need to be compared within
the same genetic background to be certain which aspects of the respective phenotypes are caused by
the loss of PTH and which might be caused by other confounding effects (e.g., aparathyroid and athy-
mic in Hoxa3-null mice, marked parathyroid hyperplasia in Pth-null mice, lower blood calcium in
C57BL6 background of studied Pth-null mice vs higher blood calcium in Black Swiss background of
studied Hoxa3-null mice, etc).

In summary, normal mineralization of the fetal skeleton requires intact fetal parathyroid glands and
adequate delivery of calcium to the fetal circulation. Although both PTH and PTHrP are involved,
PTH plays the more critical role in ensuring full mineralization of the skeleton before term.

MATERNAL SKELETON

The maternal skeleton may accrete mineral early in gestation in preparation for the peak fetal demand
later in pregnancy, such that the maternal skeleton contributes to the mineral ultimately accreted by
the fetal skeleton (reviewed in detail in refs. 2 and 45). The contribution during pregnancy is much
more modest than the 5–10% decline in bone density that occurs during lactation in humans and the
30% or greater decrease in maternal skeletal mineral content during lactation in rodents (2,45). Experi-
mental calcitonin deficiency induced by thyroidectomy worsened the maternal calcium losses (reviewed
in refs. 1 and 2), a finding that prompted the hypothesis that calcitonin normally protects the maternal
skeleton from excessive resorption during pregnancy and lactation. The decline in bone mineral con-
tent that occurs during pregnancy and (especially) lactation is normally reversed after weaning.

FETAL RESPONSE TO MATERNAL HYPERPARATHYROIDISM

In humans, maternal primary hyperparathyroidism has been associated in the literature with adverse
fetal outcomes, including spontaneous abortion, stillbirth, and tetany (2). These adverse fetal outcomes
are thought to result from suppression of the fetal parathyroid glands; because PTH cannot cross the
placenta, the fetal parathyroid suppression may result from increased calcium flux across the placenta
to the fetus, facilitated by the maternal hypercalcemia. Similar suppression of the fetal parathyroids
occurs when the mother has hypercalcemia because of familial hypocalciuric hypercalcemia (2).
Chronic elevation of the maternal serum calcium in Casr+/ mice (the equivalent of familial hypo-
calciuric hypercalcemia in humans) results in suppression of the fetal PTH level as compared with
fetuses obtained from wild-type sibling mothers (8), but fetal outcome is not notably affected by this.



Fetal Mineral Homeostasis 301

FETAL RESPONSE TO MATERNAL HYPOPARATHYROIDISM

Maternal hypoparathyroidism in human pregnancy has been associated with the development of
intrauterine, fetal hyperparathyroidism. This condition is characterized by fetal parathyroid gland
hyperplasia, generalized skeletal demineralization, subperiosteal bone resorption, bowing of the long
bones, osteitis fibrosa cystica, rib and limb fractures, low birth weight, spontaneous abortion, still-
birth, and neonatal death (2). Similar skeletal findings have been reported in the fetuses and neonates
of women with pseudohypoparathyroidism, renal tubular acidosis, and chronic renal failure (2). These
changes in human skeletons differ from what has been found in animal models of maternal hypocal-
cemia (discussed previously), in which the fetal skeleton and the blood calcium is generally normal.

INTEGRATED FETAL CALCIUM HOMEOSTASIS

The evidence discussed in the preceding sections suggests the following summary models.

Calcium Sources
The main flux of calcium (and other minerals) is across the placenta and into fetal bone, but

calcium is also made available to the fetal circulation through several routes (Fig. 2). Some calcium
filtered by the kidneys is reabsorbed into the circulation; calcium that is excreted by the kidneys into
the urine and amniotic fluid may be swallowed and absorbed by the intestine; calcium is also resorbed
from the developing skeleton to maintain the circulating calcium concentration. Some calcium also
returns to the maternal circulation (backflux). The maternal skeleton is a critical source of mineral (in
addition to maternal dietary intake), and the maternal skeleton is compromised in maternal dietary
deficiency states in order to provide to the fetus.

Fig. 2. Calcium sources in fetal life. Reproduced with permission from ref. 1.
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Blood Calcium Regulation
The fetal blood calcium is set at a level higher than maternal through the actions of PTHrP and

PTH acting in concert (among other potential factors; Fig. 3). Although the parathyroid CaSR appears
to respond appropriately to this increased level of calcium by suppressing PTH, the low level of PTH
is critically required for maintaining a normal blood calcium and normal mineral accretion by the
skeleton. 1,25-D synthesis and secretion are, in turn, suppressed due to the effects of low PTH, and
high blood calcium and phosphate. The parathyroids may play a central role by producing PTH and
PTHrP, or may produce PTH alone whereas PTHrP is produced by the placenta and other fetal tissues.

PTH and PTHrP, both present in the fetal circulation, independently and additively regulate the
fetal blood calcium, with PTH having the greater effect. Neither hormone can make up for absence of
the other: if one is missing, the blood calcium is reduced, and if both are missing, the blood calcium
is reduced even further. How the PTH/PTHrP (PTH1) receptor can mediate the actions of these two
ligands in the circulation, simultaneously and independently, is not clear. The contribution of PTHrP
to the fetal blood calcium may not be through the PTH1 receptor at all, but perhaps only through the
actions of mid-molecular PTHrP to regulate placental transfer of calcium (a process which has been
shown to be independent of the PTH1 receptor). Thus, PTH may contribute to the blood calcium
through actions on the PTH1 receptor in classic target tissues (kidney, bone), whereas PTHrP might
contribute through placental calcium transfer and actions on other (non-PTH) receptors.

The normal elevation of the fetal blood calcium above the maternal calcium concentration was
historically considered as the first evidence that placental calcium transfer was largely an active pro-

Fig. 3. Fetal blood calcium regulation. PTH has a more dominant effect on fetal blood calcium regulation than
PTHrP, with blood calcium represented schematically as a thermometer (light gray = contribution of PTH; dark
gray = contribution of PTHrP). In the absence of PTHrP, the blood calcium falls to the maternal level. In the
absence of PTH (Hoxa3-null that has absent PTH but normal circulating PTHrP levels), the blood calcium falls
well below the maternal calcium concentration. In the absence of both PTHrP and PTH (Hoxa3/Pthrp double
mutant) the blood calcium falls even further than in the absence of PTH alone. Reproduced with permission from
ref. 1.
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cess. However, the fetal blood calcium level is not simply determined by the rate of placental calcium
transfer because placental calcium transfer is normal in Hoxa3-null and increased in Pthr1-null mice,
but both null phenotypes have significantly reduced blood calcium levels (3,4). Also, Casr-null fetuses
have reduced placental calcium transfer but markedly increased blood calcium levels (8).

Placental Calcium Transfer
Placental calcium transfer is regulated by PTHrP but not by PTH (Fig. 4). Although the exact

tissue source(s) of PTHrP that are relevant for placental calcium transfer remain uncertain, the pla-
centa is one proven source of PTHrP that is likely involved in calcium transfer. Whether the parathy-
roids produce PTHrP or not is uncertain; in contrast to fetal lambs, experiments in Hoxa3-null mice
indicate that absence of parathyroids does not impair placental calcium transfer(4).

Skeletal Mineralization
PTH and PTHrP have separate roles with respect to skeletal development and mineralization

(Fig. 5). PTH normally acts systemically (i.e., outside of bone) to direct the mineralization of the
bone matrix by maintaining the blood calcium at the adult level, and possibly by direct actions on
osteoblasts within the bone matrix. PTH is capable of directing certain aspects of endochondral bone
development in the absence of PTHrP (e.g., regulation of expression of osteocalcin, osteopontin,
interstitial collagenase within the growth plate; ref. 5). In contrast, PTHrP acts both locally within the
growth plate to direct endochondral bone development, and outside of bone to affect skeletal devel-
opment and mineralization by contributing to the regulation of the blood calcium and placental cal-
cium transfer. PTH has the more critical role in maintaining skeletal mineral accretion as compared
to PTHrP.

Fig. 4. Placental calcium transfer is regulated by PTHrP but not by PTH. Whether the parathyroids produce
PTHrP or not is uncertain; experiments in Hoxa3-null mice indicate that absence of parathyroids does not impair
placental calcium transfer. Reproduced with permission from ref. 1.
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The rate of placental calcium transfer has been historically considered to be the rate-limiting step
for skeletal mineral accretion. However, it is now possible to conclude that the rate of placental
calcium transfer is not the rate limiting step for skeletal mineralization since the accretion of mineral
was reduced in the presence of normal placental calcium transfer (Hoxa3-null) and increased placen-
tal calcium transfer (Pthr1-null mice; ref. 5). Furthermore, Pthrp-null fetuses showed normal skel-
etal mineral content in the presence of reduced placental calcium transfer and a modestly reduced
blood calcium (5). The rate-limiting step for skeletal mineralization appears to be the blood calcium
level, which in turn is largely determined by PTH. The level of blood calcium achieved in the Pthrp-
null—that is, the normal adult level of blood calcium—is sufficient to allow normal skeletal accre-
tion of mineral, whereas lower levels of blood calcium (Hoxa3-null, Pthr1-null, and Hoxa3/Pthrp
double-mutant mice) impair the rate of mineral accretion.
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INTRODUCTION: VITAMIN D

Vitamin D is the major regulator of calcium homeostasis and protects the organism from calcium
deficiency via effects on the intestine, kidney, parathyroid gland, and bone. Disturbances in the vitamin
D endocrine system, for example, vitamin D-dependent rickets type I and type II, result in profound
effects on the mineralization of bone. Also, recent studies with vitamin D receptor (VDR) knockout
mice show effects on bone. It is questioned whether vitamin D has a direct effect on bone formation
and mineralization. In rickets and in particular vitamin D receptor knockout mice, calcium supplementa-
tion restores bone mineralization. However, the vitamin D receptor (see Vitamin D Receptor section) is
present in osteoblasts, and vitamin D affects the expression of various genes in osteoblasts (see Intro-
duction: Osteoblasts and Effects of Vitamin D on Osteoblast Function and Mineralization sections).
Vitamin D regulates the expression of genes and osteoblast activity not in an independent manner but
often in interaction with other hormones and/or growth factors (see section titled Interaction of Vita-
min D with Other Factors).

The most biologically active vitamin D molecule is 1,25-dihydroxyvitamin D3 (1,25-(OH)2D3),
which is formed after two consecutive hydroxylations in the liver (C-25 position) and kidney (C-1
position) of skin-derived vitamin D3 (cholecalciferol). The vitamin D3 molecule can also be hydroxy-
lated at the C-24 position resulting in 24,25-(OH)2D3 or 1,24,25-(OH)3D3. The 24-hydroxylation was
generally considered the first step in the degradation cascade of vitamin D3. However, over the years
data have accumulated that also metabolites formed in the C-24 hydroxylation cascade have biologi-
cal activity (see Metabolism: 24-Hydroxylase Activity section).

VITAMIN D AND BONE

The relationship between vitamin D and bone is, among others, illustrated by the treatment of osteo-
porosis with vitamin D, which has been studied and discussed in various studies (1,2). In addition, a
reduction of fracture risk by treatment with vitamin D has been reported (3–6). Last year, an over-
view of all randomized trials studying vitamin D treatment in elderly men or women with involutional
or postmenopausal osteoporosis has been published (7). However, the effects on calcium and phos-
phate homeostasis make it difficult to identify whether vitamin D is directly involved in control of bone
metabolism. The bone abnormalities in hypo- and hypervitamin D states mostly result of indirect
effects because of changes in concentrations of serum calcium and phosphate. For example, studies
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with patients with hereditary vitamin D-resistant rickets showed that normal mineralization can be
achieved by intravenous supplementation of calcium (8–11). Also in mice lacking the VDR, skeletal
homeostasis could be preserved in mice with normal mineral ion homeostasis and not in hypocalce-
mic VDR-null mice (12).

Albeit, during the last years a couple of in vivo studies with rats provided evidence for a direct ana-
bolic effect of 1,25-(OH)2D3 on bone. Both chronic treatment with 1,25-(OH)2D3 (13) and short-term
treatment (14) increased bone formation. Both treatment schemes increased the number of bone-form-
ing cells (osteoblasts) or osteoblast precursor cells, which may underlie the increased bone formation.
However, Amling et al. reported an increased osteoblast number, and osteoid volume in the hypocal-
cemic VDR-null mice (12). Whether this is mouse-specific is not clear because direct bone anabolic
effects of 1,25-(OH)2D3 in osteopenic ovariectomized rats also have been described (15). A direct
effect of vitamin D on bone is also suggested as the VDR is present in osteoblasts and precursors of
the bone-resorbing cells (osteoclasts) and has more recently been identified in mature osteoclasts by
reverse transcription polymerase chain reaction analysis and immunohistochemistry (16–18). A recent
study using mice transgenic for VDR under control of an osteoblast-specific (osteocalcin) promoter
also indicated the bone anabolic effects of vitamin D by demonstrating a 20% increased trabecular bone
volume and increased bone strength and reduced bone resorption surface in mice with enhanced osteo-
blast VDR levels (19).

1,25-(OH)2D3 is involved in keeping the balance between bone formation and resorption by direct
and indirect effects on both the osteoblasts and the osteoclasts. In the current review, we will discuss
the direct effects of 1,25-(OH)2D3 on osteoblast function and mineralization.

INTRODUCTION: OSTEOBLASTS

Osteoblasts are the bone-forming cells and originate, like fibroblasts, adipocytes, and chondro-
cytes, from mesenchymal stem cells. The control of and switches in gene expression during prolif-
eration and differentiation of osteoblasts have been extensively studied and described in detail for rat
osteoblasts (20). Comparable differentiation profiles have been described for mouse (21,22), chicken
(23), and human osteoblasts (24,25). In general, it can be concluded that osteoblasts proceed through
a well-defined differentiation process, controlled by lineage specific factors, resulting in mineraliza-
tion of the extracellular matrix formed and finally in the matrix-embedded osteocyte (for reviews,
see refs. 20 and 26). However, the available data show differences in details of expression of the
osteoblast phenotype, which may be attributed to various causes like differences between species or
origin of the osteoblast (i.e., site in the skeleton: e.g., long bone or calvaria derived). This may also be
related to presence or absence of hormones, cytokines, mechanical loading, etc., thereby represent-
ing different metabolic stages or different culture conditions (27). In view of these osteoblast character-
istics, it is important to appreciate that not only hormonal responses but also other regulatory processes
may be different depending on the differentiation status, origin, and in vitro culture conditions of the
osteoblasts. In relation to this, the various osteosarcoma cell lines with osteoblastic characteristics
used in research (e.g., UMR106, ROS 17/2.8, MG63, SaOS cells) are most likely to represent partic-
ular, different differentiation stages of the osteoblast and may show different qualitative and quantita-
tive responses. These aspects will be more exemplified in relation to 1,25-(OH)2D3 responses in the
next section.

EFFECTS OF VITAMIN D
ON OSTEOBLAST FUNCTION AND MINERALIZATION

Osteoblasts are derived from multipotential progenitor cells within the bone marrow stroma that
can also differentiate into cells of other mesenchymal lineages. 1,25-(OH)2D3 plays a role in the reg-
ulation of these early stages of human osteoblast differentiation by promoting an osteogenic differ-
entiation (in human bone marrow stromal cell cultures; [28] and in clonal cell lines derived from
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human trabecular bone) although the induction of both osteogenic and adipocytic pathways have
been described as well (29,30). In bone marrow stromal cultures from species other than human (rat
and mouse), 1,25-(OH)2D3 was clearly found to favor the differentiation into the osteoblastic instead
of the adipocytic lineage (31–35). However, it has been reported that in primary rat calvaria cells,
1,25-(OH)2D3 stimulated differentiation into adipocytes (36). 1,25-(OH)2D3 has been shown to regu-
late the expression of genes and proteins involved in the developmental control and regulation of dif-
ferentiation, cbfa1 (37,38), I-mfa (inhibitor of the MyoD family; ref. 39), and Notch (40).

In vitro studies using osteoblast-like cells of various origin demonstrated clear effects of 1,25-
(OH)2D3 on mRNA and protein expression and on enzyme activities. However, some contradictory
effects have been described, for example, stimulation as well as inhibition of osteocalcin (41–43) and
cbfa1 expression (37,38). This can be attributed to various causes among other species differences,
which will be discussed here with primary focus on data obtained with human osteoblasts. Initially,
the effects on alkaline phosphatase, mineralization, apoptosis, and proliferation and next the effects
of 1,25-(OH)2D3 on the regulation of collagen type I and various noncollagenous proteins, plasmino-
gen, prostaglandins, and growth factors will be discussed.

Alkaline Phosphatase
Alkaline phosphatase activity, an important biochemical marker of bone formation (44) with a pos-

sible role in mineralization because of the hypophosphatasia observed in alkaline phosphate knock-
out mice, is shown in many in vitro osteoblast studies to be regulated by 1,25-(OH)2D3.

In human osteoblasts, 1,25-(OH)2D3 has been reported to stimulate the alkaline phosphatase activ-
ity (45), alkaline phosphatase mRNA, and protein expression (30) during both proliferation and differ-
entiation stages. But the stimulatory effect of 1,25-(OH)2D3 on alkaline phosphatase protein expression
was not always found in late-stage postconfluental cultures (46). Other studies, particularly on mature
human osteoblasts, described synergistic effects of 1,25-(OH)2D3 and transforming growth factor (TGF)-

on alkaline phosphatase activity (47–50).
1,25-(OH)2D3 treatment also was found to stimulate alkaline phosphatase activity in rat osteoblasts

(51,52). When different differentiation stages of rat osteoblasts were compared, acute 1,25-(OH)2D3

treatment inhibited alkaline phosphatase mRNA expression during the highest basal expression levels
(early phase) but stimulated expression at the lowest basal expression levels (during the mineraliza-
tion period of the cells; ref. 53).

In contrast, in mouse osteoblastic cells, alkaline phosphatase activity was stimulated by 1,25-(OH)2D3

in the early phase of differentiation, and no effect was found during the late phase when mineralization
occurs (54) or when alkaline phosphatase activity was reduced by 1,25-(OH)2D3 during confluency (55).

Mineralization
Alkaline phosphatase activity is important for mineralization of bone and even of other tissues

(56,57). Speculations have been made that a stimulatory effect of 1,25-(OH)2D3 on the alkaline phos-
phatase activity of osteoblasts indicates a direct involvement of 1,25-(OH)2D3 in bone mineralization
(51). In rat bone, the cells with the highest alkaline phosphatase activity and the highest intracellular
calcium content (regulated by 1,25-(OH)2D3) were the cells closest to the forming bone (58). Elec-
tron microscopy showed that the origin of alkaline phosphatase-positive bone matrix vesicles was
polarized to the mineral-facing side of osteoblasts (59). In contrast, it has also been reported that when
alkaline phosphatase activity is repressed, mouse osteoblasts still differentiate to a mineral-secreting
phenotype (60).

In human cultured osteoblasts, 1,25-(OH)2D3 has been reported to stimulate mineralization of the
extracellular matrix, which was promoted by vitamin K (61), and increased with advancing donor age
(62).The relation with multipotent stem cell differentiation is demonstrated by the vitamin D enhance-
ment of extracellular mineralization by cells derived from adipose tissue (63). Low doses of 1,25-(OH)2D3
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stimulated the activity of ecto-NTP pyrophosphatase, that is involved in the regulation of mineraliza-
tion in bone, whereas higher doses had no effect (64) or have even been reported to inhibit the miner-
alization of human osteoblasts (65).

In rats, it has been found that 1,25-(OH)2D3 may stimulate bone mineralization by a direct effect
on osteoblasts, stimulating phosphatidylserine synthesis, which is thought to be important for apatite
formation and bone mineralization by binding calcium and phosphate to form calcium–phosphatidyl-
serin–phosphate complexes (66). Furthermore 1,25-(OH)2D3 is proposed to have a role in calcium
transport from osteoblasts towards sites of active bone mineralization via the stimulation of calbindin-
D9K synthesis (67). However, it has been found that a 1,25-(OH)2D3-induced upregulation of alkaline
phosphatase and osteocalcin genes in rat osteoblasts cultured on a collagen matrix was accompanied
by an inhibited mineralization (68).

In mouse osteoblast-like MC3T3 cells, treatment with 1,25-(OH)2D3 stimulated calcium accumu-
lation during the mineralization stage of the cell culture (54), and this could be blocked by constitu-
tive calreticulin expression, which negatively interacts with the VDR (69). However, it also has been
shown that 1,25-(OH)2D3 downregulates mineralization in primary mouse osteoblast cultures, together
with downregulation of Phex mRNA and protein, which are shown to be involved in cell differentia-
tion and -glycerophosphate-induced mineralization (70). Also in mice with impaired function of the
25-hydroxyvitamin D-24-hydroxylase enzyme and therefore elevated levels of 1,25-(OH)2D3, defi-
cient mineralization of intramembranous bone was detected (71). These differences could possibly
be explained by the necessity of an interplay with 24,25-(OH)2D3 or 1,24,25-(OH)2D3 for optimal
mineralization of bone (72).

In addition to bone, vitamin D may also be involved in the calcification of other tissues as has been
recently shown for the aorta and the femoral, mesenteric, hepatic, renal, and carotid arteries (73). Inter-
estingly, these authors demonstrated that the osteoclast inhibitor osteoprotegerin completely blocked
calcification in each of these arteries and reduced the levels of calcium and phosphate in the abdomi-
nal aorta to control levels.

Apoptosis
The process of mineralization has been shown to be associated with apoptosis of osteoblast/osteo-

cyte-like cells from fetal rat calvaria (74). Apoptosis was found to be related to the differentiative
response of rat osteoblasts in fracture healing (75) and has been associated with differentiation (col-
lagen I expression and mineralization) in mouse craniosynostosis (76), although others have reported
differently (77).

In human osteoblastic cells 1,25-(OH)2D3 and several of its analogs has no clear effect on apop-
tosis; however, induction of apoptosis by camptothecin and staurosporin is strongly reduced by 1,25-
(OH)2D3 (78). In contrast, 1,25-(OH)2D3 has been reported to induce tumor necrosis factor- –mediated
apoptosis in parallel to an increased cell differentiation, shown by a stimulation of osteocalcin and alka-
line phosphatase (79). Also in canine osteosarcoma cells, 1,25-(OH)2D3, was involved in the induc-
tion of apoptosis and cell differentiation (80,81).

Proliferation
In relation to the effects of 1,25-(OH)2D3 on the induction of apoptosis are the studies that show

an inhibition of osteoblast proliferation after treatment with 1,25-(OH)2D3. Proliferation of human
osteoblast-like cells (MG63) was found to be inhibited by 1,25-(OH)2D3 (41). Effects on human osteo-
blast proliferation, however, can be dependent on the concentration of 1,25-(OH)2D3: high doses (5 ×
10 9 to 5 × 10 6 M) showed a decreased proliferation, and low doses (5 × 10 12 M) showed an increased
proliferation (82).

In rat osteoblasts, differences have been reported in the regulation of proliferation either inhibition
(83,84) or stimulation (41) by 1,25-(OH)2D3. The stage of differentiation of the osteoblasts might be
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important because it has been reported that 1,25-(OH)2D3 treatment increased the amount of p57(Kip2),
a member of the cyclin-dependent kinase inhibitors in rat calvarial primary osteoblasts in the transit
from proliferation toward differentiation (85).

In mouse osteoblasts, inhibitory actions of 1,25-(OH)2D3 on the proliferation of osteoblasts have
been described (83,86,87). However, studies with mouse osteoblasts have shown that cell proliferation
rate can determine the cellular responses to 1,25-(OH)2D3 via a change in receptor levels (88).

Collagen Type I
The effect of 1,25-(OH)2D3 on collagen I, the major component of the extracellular matrix formed

by osteoblasts, is investigated by numerous studies. Collagen I consists of a triple-helix formation,
containing two identical I 1 chains and a structurally similar, but genetically different, I 2 chain.
Collagens are synthesized as procollagen molecules with an extracellular removal of their N- and C-
propeptides. These propeptides can be detected as byproducts of collagen synthesis and are clinically
used as markers of bone formation.

1,25-(OH)2D3 has been described to stimulate the synthesis of type I collagen in human osteoblasts
(MG-63 osteosarcoma cells), both the I 1 and I 2 components (89). This positive effect of 1,25-
(OH)2D3 on type I collagen has also been shown in other human osteoblast culture systems, both at
the mRNA (90) and protein level (30) after long-term 1,25-(OH)2D3 treatment. The effect of 1,25-
(OH)2D33 could be enhanced by coincubation with TGF- (48) or sodium fluoride (91). However,
some studies did not find any effect of 1,25-(OH)2D3 on collagen synthesis in human osteoblasts (30,
46,49) mainly after short-term treatment. Osteoblasts do not only synthesize collagen type I but also
collagenases that allow the initiation of bone resorption by generating collagen fragments that acti-
vate osteoclasts (92). With 1,25-(OH)2D3, an upregulation of collagenase was found in human osteo-
blasts (93). This may reflect the dual role of osteoblasts in bone metabolism, on the one hand bone
formation, and on the other hand bone resorption via control of osteoclast formation and activity.

In rat osteoblastic cells, 1,25-(OH)2D3 has been shown to reduce type I collagen synthesis and pro-
collagen mRNA, and this reduction is even stronger in the presence of dexamethasone (94,95). These
1,25-(OH)2D3 effects in rat osteoblasts on collagen I synthesis have been shown to be dependent on
differentiation and duration of 1,25-(OH)2D3 treatment: an inhibitory effect during proliferation (high
basal levels), and stimulatory effect during the mineralization period (low basal levels) after acute
hormone treatment (53).

In mouse osteoblasts, 1,25-(OH)2D3 inhibited the collagen I 1 promoter activity (96). 1,25-(OH)2D3

also inhibited the collagen I synthesis in mouse calvarial osteoblasts grown on collagen I coatings;
this was accompanied by an increased collagenase and gelatinase secretion and a reduction in free tis-
sue inhibitor of metalloproteinases (ref. 97; although this effect was not observed when serum-free
medium was used without plasminogen; ref. 98). In contrast, it has also been reported that 1,25-(OH)2D3

could inhibit collagenolysis in mouse osteoblasts, with a reduction in collagenase activity and increase
in free tissue Inhibitor of metalloproteinases (99). These different effects of 1,25-(OH)2D3 might again
be to the result of different differentiation stages of the mouse osteoblasts, because in early phase
MC3T3-E1 cells, 1,25-(OH)2D3 has been found to stimulate collagen synthesis, whereas in late phase
osteoblasts, no effects were found (54).

OSTEOCALCIN

Osteocalcin is the most abundant noncollagenous protein in bone, produced by osteoblasts but
also released during degradation of osteoclasts (100). Vitamin K facilitates the carboxylation of the
osteocalcin molecule and recently it has been shown that 1,25-(OH)2D3 stimulates vitamin K2 metab-
olism to epoxide in osteoblasts, which acts as a cofactor of gamma-glutamyl carboxylase (101). These
gamma-carboxyglutamyl residues have a highly specific affinity to the calcium ion of the hydroxya-
patite molecule (102). Osteocalcin-deficient mice have a higher bone mass and bones of improved
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functional quality because of an increase in bone formation without impairing bone resorption and
mineralization (103). Through the years several studies have reported the strong induction of osteocal-
cin production by 1,25-(OH)2D3 in human osteoblast cultures (30,45,49,82,104,105). During differen-
tiation of primary human osteoblasts, 1,25-(OH)2D3 has been found to stimulate osteocalcin secretion
and mRNA expression to the same absolute level at all different stages (46), but it has also been
described that the 1,25-(OH)2D3–induced stimulation of osteocalcin in culture supernatant decreases
towards the mineralization stage of human osteoblasts because of a concurrent accumulation of osteo-
calcin in the extracellular matrix (106). Another described pattern is that in the human osteosarcoma
cell line MG-63, 1,25-(OH)2D3 induces osteocalcin secretion in nonconfluent cell cultures, this stimu-
lation reaches peak values in subconfluent cultures, and then decreases again in confluent cultures.
Interestingly, a similar expression profile has been observed for the 1,25-(OH)2D3receptor (107).

Also, in osteoblasts from other species, the effects of 1,25-(OH)2D3 in the regulation of osteocalcin
expression seem to depend very much on the different cell culture situations. In studies with rat osteo-
blasts, the osteocalcin gene expression was stimulated by 1,25-(OH)2D3 both at the transcriptional
and posttranscriptional level (108,109). Osteocalcin mRNA expression was found to be upregulated
by 1,25-(OH)2D3 in mature rat calvaria cells (110) or after the onset of mineralization (53). Because
of the occupancy of the activating protein-1 sites (see section entitled Vitamin D Receptor) in the
osteocalcin box (CCAAT-containing proximal promoter element) overlapping the vitamin D response
element (VDRE) of the osteocalcin gene, the osteocalcin expression is suppressed before the onset of
mineralization (111–113). However, more recently, also in the early stages of osteoblast differentia-
tion in cultures of fetal rat calvarial-derived osteoblasts, 1,25-(OH)2D3 has been reported to enhance
osteocalcin transcription. The effect of 1,25-(OH)2D3 induction on osteocalcin mRNA levels declined
during maturation, probably because of the increase of basal osteocalcin mRNA expression during
osteoblast differentiation (114).

In contrast to this role of 1,25-(OH)2D3 as a positive regulator of osteocalcin expression (although
differences exist in the maturation stages of the osteoblasts), in murine osteoblasts there is evidence
for 1,25-(OH)2D3 as a negative regulator (115). It is supposed that 1,25-(OH)2D3 either indirectly (116)
or directly (43) inhibits osteocalcin gene expression in mice. However, in neonatal murine calvarial
osteoblasts 1,25-(OH)2D3 was also found to stimulate osteocalcin secretion (117).

A negative regulation of osteocalcin by 1,25-(OH)2D3also was seen in chicken embryonic osteo-
blasts: osteocalcin mRNA and protein accumulation were inhibited during differentiation when 1,25-
(OH)2D3 treatment was initiated (118).

Matrix Gla Protein (MGP)
MGP is like osteocalcin (Bone Gla protein), a member of the vitamin K-dependent gamma-carboxy-

glutamic acid (Gla) proteins, and is synthesized by osteoblasts (119,120). MGP is a possible regula-
tor of extracellular matrix calcification because MGP-deficient mice exhibit spontaneous calcification
of various cartilages and arteries (121).

To our knowledge, no data on the effect of 1,25-(OH)2D3 on human osteoblasts are available, although
possible VDR binding sites have been described in the promoter of the human MGP gene (122). MGP
regulation by 1,25-(OH)2D3 has been studied in rat osteoblasts. 1,25-(OH)2D3 treatment rapidly and
dramatically increased MGP mRNA and secretion by UMR 106-01 cells (123) and induced MGP
mRNA expression and secretion by ROS 17/2 cells (124). This positive regulatory effect occurred
throughout osteoblast growth and differentiation (125), although MGP remained stimulated to a lesser
degree by 1,25-(OH)2D3 at the last stages of rat osteoblast differentiation, either after acute or chronic
1,25-(OH)2D3 incubation (53).

Osteopontin
Osteopontin is an abundant noncollagenous sialoprotein in the bone matrix produced by osteo-

blasts that has a role in osteoclast attachment (126) and resorption (127). The early effect of 1,25-
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(OH)2D3 in stimulating osteogenic differentiation was reflected in an increased osteopontin mRNA
expression in secondary human bone marrow cultures (28); in addition, a 1,25-(OH)2D3-induced upreg-
ulation of osteopontin was observed in human osteoblast-like MG-63 cells (128).

Osteopontin expression is shown to be regulated by 1,25-(OH)2D3 in several osteoblastic cells of
rat origin. After treatment with 1,25-(OH)2D3, the osteopontin secretion into the culture medium was
increased in ROS 17/2.8 cells (129) and osteopontin mRNA was increased in cultured rat bone tis-
sues (130). This 1,25-(OH)2D3-induced enhancement of osteopontin expression in rat osteoblasts is
modulated by a helix-loop–helix-type transcription factor (131). Because different levels of osteo-
pontin were observed in rat calvaria cells in different stages of differentiation, the 1,25-(OH)2D3 effect
may selectively affect mature osteoblasts (110). However, it has also been shown that acute 1,25-
(OH)2D3 treatment stimulated osteopontin mRNA expression in rat osteoblasts during the proliferation
period and to a lesser extent in the later periods (though higher levels were found in these periods).
Chronic treatment with 1,25-(OH)2D3 did even show a partial inhibition of the osteopontin mRNA
expression in these cultures during the last stages of development (53).

In mice, it has been reported that 1,25-(OH)2D3 induced the synthesis of osteopontin mRNA in
both osteoblastic cell lines (MC3T3-E1) and mouse primary osteoblast-like cells (132).

Bone Sialoprotein (BSP)
BSP is like osteopontin, another sialoprotein that is present in the matrix of osteoblasts and may

have a role as a nucleator of hydroxyapatite crystal formation and cell attachment (133). In human
bone marrow stromal cells, the addition of 1,25-(OH)2D3 alone had no significant effect on BSP mRNA
expression, but high levels of BSP were observed in dexamethasone-treated cultures to which 1,25-
(OH)2D3 had been added (28).

In rat osteoblasts, 1,25-(OH)2D3 suppressed BSP mRNA expression (130) via a VDRE that overlaps
a unique inverted TATA box in the rat BSP gene (134). BSP mRNA was found to be downregulated
by 1,25-(OH)2D3 in rat osteoblasts during all stages of differentiation (110), and a dexamethasone-
induced increase in BSP was inhibited by 1,25-(OH)2D3 (135).

Osteonectin
Osteonectin is a noncollagenous bone matrix protein that is involved in cell attachment (136). It

supports bone remodeling and the maintenance of bone mass in vertebrates, as is shown by osteonec-
tin-deficient mice (137). So far not many studies have evaluated the effect of 1,25-(OH)2D3 on osteo-
nectin expression in osteoblasts. In human MG-63 osteoblasts grown on collagen I, 1,25-(OH)2D3

incubation had no effect on osteonectin secretion (47).

Plasminogen
Osteonectin may also act as an anchor for plasminogen on collagen matrices (138). The regulated

production of plasmin (serine protease) by plasminogen activators is a potentially important regula-
tory system in bone remodeling. Osteoblasts produce two types of plasminogen activators, tissue-type
(tPA) and urokinase-type (uPA), and a plasminogen activator inhibitor. An increased PA activity facil-
itates bone resorption (139,140).

In human osteoblasts, it has been reported that 1,25-(OH)2D3 increased the production of both PAs
(141), and two VDREs were found in the human tPA enhancer (142). However, 1,25-(OH)2D3 also has
been found to increase the expression of thrombomodulin in human osteoblasts, which inhibits uPA
(143). This points to a complicated role of 1,25-(OH)2D3 in bone remodeling. As in human osteoblasts,
1,25-(OH)2D3incubation was found to stimulate PA activity in rat osteoblasts (141,144,145). Also
matrix metalloproteinases (MMPs) are targets for regulation by vitamin D. MMP-13 is upregulated
by 1,25-(OH)2D33 in mouse osteoblasts and was postulated to play a role in stimulation of bone resorp-
tion (146,147). A recent study showed that 1,25-(OH)2D3 as well as the 1,25-(OH)2D3 analog EB1089
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enhance MMP-9 mRNA and protein expression as well as vascular endothelial growth factor expres-
sion, which coincides with the stimulation of angiogenesis during endochondral bone formation. It
also demonstrates and additional role for 1,25-(OH)2D3 in the development of bone, that is, regula-
tion of vascularization (148).

Prostaglandins
Prostaglandins (enzymatically oxygenated derivatives of free arachidonic acid) are strong stimu-

lators of bone formation and resorption but may also have inhibitory effects on fully differentiated
osteoblasts and osteoclasts (149).

In human osteoblasts, 1,25-(OH)2D3 has been found to decrease prostaglandin E (PGE) biosyn-
thesis, both under normal and cytokine-stimulated incubation conditions (150). Basal PGE2 levels
might be important because 1,25-(OH)2D3 increased low PGE2 levels in high proliferative osteo-
blasts and decreased the production in low proliferative cells with higher basal PGE2 levels (151). In
a study using osteoblasts from different origins, 1,25-(OH)2D3 did not stimulate the production of PGE2

and E2 in human and rat osteoblasts, only in mouse osteoblasts (152).

Growth Factors

TGF-
TGF- is one of the most abundant growth factors secreted by bone cells and its regulation is cru-

cial for bone development and growth. The inhibitory effect of 1,25-(OH)2D3 on cell growth could
be related to an induction of TGF- synthesis (153). VDREs have been identified in the human TGF-
gene (154), and 1,25-(OH)2D3 has been found to increase TGF- 2 mRNA and TGF- 2 concentration
in culture supernatant of human osteoblasts, as well as TGF- receptor type I and II synthesis (155).
1,25-(OH)2D3 increased the release of TGF- in cultured bone cells from patients with isolated growth
hormone deficiency and normal controls but not in cells from patients with multiple pituitary hor-
mone deficiencies (156). Recently it has also been shown that 1,25-(OH)2D3 increases the expression
of both TGF- type I and II receptors on human osteoblasts and a coupling has been made with the
growth regulatory effects of 1,25-(OH)2D3(157).

Also in osteoblasts from murine origin, 1,25-(OH)2D3 has been reported to stimulate the produc-
tion of TGF- (158), with a stronger effect on cells derived from older mice, who had lower TGF-
mRNA expression compared with younger mice (159). The effect of the interaction of 1,25-(OH)2D3

and TGF-  will be discussed in detail in the section Interaction of Vitamin D with Other Factors.

Bone Morphogenetic Proteins (BMPs)
BMPs are members of the TGF- superfamily and play an important role in the induction of ectopic

bone formation (160). In human osteoblasts, 1,25-(OH)2D3 was found to downregulate BMP-2 and
BMP-4 mRNA expression (161) but to stimulate BMP-3 mRNA expression (162).

Insulin-Like Growth Factor
Osteoblasts produce insulin-like growth factors (IGF) I and II. IGFs promote cell proliferation and

matrix synthesis, and IGF-I has been considered a mediator of growth hormone activity in bone (163,
164). The activity of IGFs is regulated by binding to a family of IGF-binding proteins (IGFBPs), which
are controlled by proteolytic processing via IGFBP proteases (165,164).

Several studies have focussed on 1,25-(OH)2D3 regulation of IGF-I in bone cells and cultured bone
tissue. 1,25-(OH)2D3 increased IGF-I levels in human bone cell supernatants (166) and caused a small
but not significant increase in the release of IGF-I in the supernatant of rat osteoblast-like cells (167).
However, 1,25-(OH)2D3 inhibited production of IGF-I in mouse osteoblasts and mouse calvaria (168).
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It has been shown that 1,25-(OH)2D3 had no effect on IGF-II mRNA expression and secretion in
the culture supernatant of fetal rat osteoblast cultures (169). In mouse calvaria, 1,25-(OH)2D3 was
found to stimulate IGF-II release (170).

Some studies focused on the IGFBPs. 1,25-(OH)2D3 could enhance the amount of IGFBP-2 secreted
in culture by rat osteoblasts (171). In human osteoblasts, 1,25-(OH)2D3 was found to increase IGFBP-3
secretion and mRNA expression (172,173). Both in human and mouse osteoblasts, 1,25-(OH)2D3 has
been reported to stimulate IGFBP-4 mRNA expression and secretion (168,172). Another study also
showed at mRNA and protein level the stimulation of IGFBP-2, -3, and -4 but not -5 and -6 by 1,25-
(OH)2D3 in human bone marrow cells with potential to differentiate into osteoblasts (174). In rat osteo-
blasts, 1,25-(OH)2D3 has been shown to increase IGFBP-5 mRNA expression (175,176).

Effects of 1,25-(OH)2D3 on other growth factors produced by osteoblast are listed in Table 1. This
table also contains a summary of other target molecules for 1,25-(OH)2D3 action in osteoblasts. In
the near future the number of genes regulated by vitamin D in bone cells but also in other cell types
will definitely increase as a consequence of the application of microarray techniques (177,178).

VITAMIN D RECEPTOR

The VDR plays a central role in the biological activities of 1,25-(OH)2D3, as is illustrated by the
observed hypocalcemia, hypophosphatemia, hyperparathyroidism, and severely impaired bone for-
mation in VDR knockout mice (179,180). The presence of a functional VDR seems to be essential to
observe effects of 1,25-(OH)2D3 on bone metabolism and cell proliferation (41,181–183). Further-
more, in osteoblasts the VDR is essential for 1,25-(OH)2D3-stimulated osteoclast formation. This
was illustrated by studies using cocultures of osteoblasts from VDR knockout mice and wild-type
spleen cells (as a source of osteoclast progenitors) showing that 1,25-(OH)2D3-mediated osteoclast
formation was abolished (183).

A study using an in vitro model of cellular senescence indicated that both VDR mRNA and pro-
tein does not change with the aging of the osteoblasts (184); however, a study on osteoblasts derived
from donors who were different ages showed a decrease in VDR mRNA expression with aging (185).
Obviously, more detailed studies are needed to assess a relation between VDR level and ageing and
altered 1,25-(OH)2D3 activity and osteoblast function. 1,25-(OH)2D3 is able to upregulate its own recep-
tor level, both in vivo (186,187), and in vitro (187–189). Homologous receptor upregulation might
be part of the mechanism by which 1,25-(OH)2D3-mediated gene transcription is regulated, as is sug-
gested by several studies showing a relationship between VDR levels and the biological response to
1,25-(OH)2D3 (88,190–193). Also, as discussed in the section Metabolism: 24-Hydroxylase Activity, it
is coupled to the induction of 24-hydroxylase activity and initiation of the C24 oxidation pathway.

1,25-(OH)2D3 also exerts effects that do not seem to be mediated via an interaction of the VDR
with the genome (194–196). These nongenomic processes include the rapid changes in intracellular
calcium (197,198), and the rapid stimulation of Ca2+ transport in the intestine (transcaltachia; ref.
199). Furthermore, 1,25-(OH)2D3 can rapidly stimulate phosphoinositide metabolism (200,201), lead-
ing to activation of protein kinase C (202), an important regulator of cell proliferation and differentia-
tion (203). In chondrocytes (204) and, more recently, in osteoblasts (205,206) and in the cells, ameloblasts
and odontoblasts, which are involved in the formation of mineralized dental tissue, a membrane-asso-
ciated VDR has been detected (206). In addition, for 1,25-(OH)2D3, a specific membrane receptor
also seems to exist (205,207). The discovery of membrane receptors is challenging their importance
in other nongenomic effects of vitamin D metabolites. However, so far the genes for these membrane
receptors have not been cloned and the way these membrane receptors might interact with the nuclear
VDR-mediated pathway remains to be established (208).

In addition to the classical nuclear VDR and the increase in data on a membrane receptor for 1,25-
(OH)2D3, a new class of 1,25-(OH)2D3 regulatory proteins has been identified: intracellular vitamin
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Table 1
1,25-(OH)2D3 Effects on Growth Factors and Other Osteoblast-Related Molecules

Factor 1,25-(OH)2D3 effect Source Species Reference

Aromatase mRNA Human (293)
mRNA + protein Human (294)

Cbfa1 mRNA Rat (37)
(1 h)
(48 h)

mRNA Human (38)

EGFR Protein Rat (295)
mRNA Rat (296)

ETRA mRNA Human (297)
HCYR61 mRNA Human (298)
HLA-DR Protein Human (299)
GM-CSF Protein Mouse (300)
IL-1 mRNA Mouse (301)
IL-1R I mRNA + protein Mouse (302)
IL-1R II mRNA + protein Mouse (302)
IL-IRa Protein Mouse (303)
IL-4R mRNA + protein Mouse (304)
IL-6 Protein Mouse, rat (305)

Protein Mouse (257)
Protein Mouse, rat (306)
Protein Rat (307)
mRNA + protein Human (307)

IL-6R mRNA Human (307)
IL-11 Protein Mouse (308)
IL-11R mRNA Mouse (308)
I-mfa mRNA + protein Mouse, rat (39)
IP3R mRNA Rat (309)
M-CSF Protein Mouse (310)

mRNA + protein Mouse (87)
MMP-9 mRNA + protein Mouse, rat (148)
MMP-13 mRNA Mouse (146,147)
Na+-Ca2+ exchange Protein Rat (311,312)
NGF mRNA Rat (313)

Protein Rat (314)
Notch 1 and 2 mRNA Human (40)
Notch 4 mRNA Human (40)
NPR-C mRNA + protein Mouse (315)
ODF mRNA Mouse (316)
OPG b mRNA + protein Human (317)

mRNA Mouse (316)
OPGL mRNA Mouse (318)
PDGF Protein Human (319)
PTHrP mRNA Rat (320)
VEGF mRNA + protein Human (321)

mRNA + protein Human (322)
Protein Human (323)
mRNA Mouse,rat (148)

aIL-1 receptor subtype not specified.
bEffect not seen in preosteoblastic cells.
Abbrevations: EGFR, epidermal growth factor receptor; ETRA, endothelin-1; IP3R: inositol trisphosphate recep-

tor; HLA-DR, human leukocyte antigen receptor ligand; HCYR61, cysteine-rich protein 61; I-mfa, inhibitor of the
MyoD family; M-CSF, macrophage colony-stimulating factor; MMP, matrix metalloproteinase; NGF, nerve growth
factor; NPR-C, natriuretic peptide; OPG, osteoprotegerin; ODF, osteoclast differentiation factor; PDGF, platelet-derived
growth factor; PTHrP, parathyroid hormone-related peptide; VEGF, vascular endothelial growth factor.
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D binding proteins (IDBPs; refs. 209–211). These IDBPs may interfere at different levels in the intra-
cellular life of 1,25-(OH)2D3. They may regulate the metabolism of 1,25-(OH)2D3 by controlling the
delivery to the 1 - and 24-hydroxylase activity (211) or interfere with the binding of VDR to DNA.
Future research will definitively provide knowledge on IBDPs in bone cells and delineate their role
in 1,25-(OH)2D3 regulation of bone metabolism.

METABOLISM: 24-HYDROXYLASE ACTIVITY

A final aspect to be discussed, in particular in relation to heterologous regulation of VDR, is the
significance of 24-hydroxylase (24-OHase, CYP24). As discussed previously, an increase in VDR level
is not always followed by an increase in biological response of 1,25-(OH)2D3. However, up to now the
alterations in VDR level are always closely coupled to a change in the same direction in 1,25-(OH)2D3

induction of the enzyme 24-OHase (88,128,212,213). 24-OHase is induced by 1,25-(OH)2D3 in all tar-
get tissues studied so far. 24-OHase mediates the conversion of 1,25-(OH)2D3 into 1,24,25-(OH)3D3,
which is actually the initial step in a more extensive C24 and C23 oxidation of the side chain and
ultimately results in the production of calcitroic acid. In other words, the self-induced metabolism of
1,25-(OH)2D3 may provide a means to regulate its concentration at the level of target tissues and thereby
limit its activity. Previously, this concept has been shown to be valid as 24-OHase activity limited
biological activity in osteoblasts (188). Inhibition of 24-OHase activity by ketoconazole enhanced
homologous upregulation of VDR. The significance of 24-OHase activity for the biological activity
of 1,25-(OH)2D3 is also very nicely shown in prostate cancer cells. The growth inhibition of a panel
of prostate cancer cells by 1,25-(OH)2D3 was inversely related to the 24-OHase activity of these cell
lines (214). Moreover, an aggressive human prostate cancer cell line, DU145, appeared to be insensi-
tive to 1,25-(OH)2D3for growth inhibition while the VDR was present. Inhibition of 24-hydroxylase
activity by liarozole resulted in growth inhibition of the DU145 prostate cancer cell line by 1,25-(OH)2D3

(215). Together, these observations emphasize the significance of VDR levels and 24-OHase activity
for the eventual biological response of 1,25-(OH)2D3. VDR level has been shown to change in relation to
cell density and osteoblast differentiation (114,216, our own unpublished observations), it is therefore
conceivable that also 24-OHase may vary accordingly and thereby modulate 1,25-(OH)2D3 activity
differentiation stage-dependent.

What can be the overall significance of the tight control by 1,25-(OH)2D3 of its own catabolism
and the relation with VDR level? As a consequence of VDR upregulation 1,25-(OH)2D3 responses may
initially be enhanced. At the same time the 24-OHase activity is induced and the degradation of 1,25-
(OH)2D3 and thereby long-term 1,25-(OH)2D3 activity or over-stimulation by 1,25-(OH)2D3 is prevented.
Why should this be so effectively regulated for 1,25-(OH)2D3? One reason may be the important role
of vitamin D in the control of serum calcium. Prolonged stimulation by 1,25-(OH)2D3 might then
lead to hypercalcemia, which is a important disadvantageous and potentially life-threatening effect.

The 24-oxidation pathway eventually leads to the degradation and production of calcitroic acid;
however, it is becoming clear that intermediate products, in particular the 24-hydroxylated forms of
1,25-(OH)D3 and 1,25-(OH)2D3 can have direct effects on osteoblasts (216). Recently, a specific mem-
brane receptor for 24,25-(OH)2D3 in osteoblasts has been indicated (205). These direct effects of 24,25-
(OH)2D3 are not new and osteoblast-specific because they have been studied and described more exten-
sively for chondrocytes (217–219).

In addition to the 24-hydroxylase pathway, more recently target tissue-specific metabolites of
1,25-(OH)2D3, 3-epi metabolites, with biological activity have been described (220,221). Also, in rat
osteoblast-like cells 24,25-(OH)2D3 can be processed to 3 epi metabolites; however, so far no biolog-
ical activity has been demonstrated (222). Thus, besides 24-hydroxylation, 3-epimerization may play
an important role in modulating the concentration and the biological activity of these two major vita-
min D3 metabolites in target tissues (222).
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INTERACTION OF VITAMIN D WITH OTHER FACTORS

As mentioned in the Introduction: Osteoblasts section, differentiation of osteoblasts may vary depend-
ing on the presence and absence of hormones, growth factors, and so on. In relation to this, it is conceiv-
able that the presence and absence of these factors may significantly modulate the action of vitamin D.
Several examples from in vitro studies are present to support the assumption that 1,25-(OH)2D3 does
not act independently but regulates osteoblast activity via interaction with multiple factors. These
include local factors, that is, growth factors and cytokines produced in the vicinity of bone, and other
hormones such as parathyroid hormone (PTH) and estradiol.

Ample attention has been paid to regulation of the VDR expression. Aside from homologous
upregulation by 1,25-(OH)2D3 itself, VDR is regulated by a wide variety of factors acting via cAMP,
for instance, PTH (189,223–227), PTH-related peptide (189,223,224), forskolin (228), and PGE2

(229). A recent study demonstrated that the inducible cAMP early repressor plays a regulatory role in
the upregulation of VDR via cAMP (229). VDR expression may also be regulated via other signaling
pathways as shown by the effects of growth hormone (230), glucocorticoids (190,231) epidermal
growth factor (232), TGF- (233), phorbol esters (234,235), retinoic acid (212,231,236,237), ER
ligands (230,238–241), androgen receptor ligands (239), progesterone receptor ligands (231), and
phosphorus (242). However, the significance of changes in abundance of the VDR for the ultimate
biological activity of 1,25-(OH)2D3 is not always obvious. In the past several studies demonstrated
that increase or decrease of VDR level by various treatments is paralleled by an increase or decrease
in vitamin D activity, respectively (190,243,244). For dexamethasone and vitamin D, Chen et al.
showed that an increase in VDR was coupled to an enhancement of 1,25-(OH)2D3-induced osteocalcin
synthesis (190). However, Shaloub et al. recently reported an increase in VDR mRNA by dexameth-
asone in long-term rat osteoblast cultures, which was paralleled by a decrease in transcriptional acti-
vation of the osteocalcin gene and osteocalcin mRNA expression in the early phase of culture (114).
They demonstrated that in the later phases of culture, that is, in differentiated osteoblasts, dexameth-
asone enhanced 1,25-(OH)2D3-induced increase in osteocalcin mRNA whereas osteocalcin gene transcrip-
tion remained inhibited, implicating an effect on mRNA stability. Irrespective of differences between
these studies, which might be attributed to differences in osteoblast differentiation, the latter study by
Shaloub et al. demonstrated a dissociation between VDR mRNA and a 1,25-(OH)2D3-induced biologi-
cal response. Interestingly, in view of the relationship between VDR level and 24-OHase activity, it was
recently shown that dexamethasone also enhances 1,25-(OH)2D3 induced 24-OHase activity (245).

Unfortunately, Shaloub et al. did not provide VDR protein data but a comparable dissociation between
regulation of VDR protein levels and 1,25-(OH)2D3 activity has been shown before. We have shown
that upregulation of the VDR by TGF- was not followed by an increased induction of both osteo-
calcin and osteopontin mRNA expression and osteocalcin protein synthesis. In contrast, the upreg-
ulation of VDR by TGF- is coupled to a strong inhibition of osteocalcin and osteopontin expression
(233). This inhibition was the result of a TGF- –induced block of the VDR–retinoid X receptor com-
plex binding to the VDRE in the osteocalcin and osteopontin gene (42). Furthermore, in relation to
the TGF- and 1,25-(OH)2D3 interaction, Yanagisawa et al. showed in transfection studies using the
nonbone COS-1 cells that SMAD3, one of the SMADs in the intracellular TGF- signaling pathway,
enhanced VDR-mediated action of 1,25-(OH)2D3 (246). Recently, they showed that the inhibitory SMAD7
abrogated the SMAD3-mediated enhancement of VDR function (247). Although the authors did not
show TGF- regulation of neither SMAD7 nor SMAD3 in bone cells, these studies underscore the
interaction between TGF- and 1,25-(OH)2D3 and provide a mechanism to override increases in VDR
level (for an overview on the interaction between 1,25-(OH)2D3 and TGF- , see ref. 248). This exam-
ple of interaction with TGF- demonstrates three important aspects regarding the action of 1,25-(OH)2D3:
first, that the presence of a target tissue-derived factor may dramatically modify the response to 1,25-
(OH)2D3; second, that the balance of negative and positive components of intracellular signaling
pathways of these factors is of importance. This may differ between different stages of differentia-
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tion and between cell types and thereby form the basis of differentiation-dependent and cell type-
specific interactions between growth factors and vitamin D. In relation to this TGF- has also been
shown to modulate the profile of nuclear matrix proteins during osteoblast differentiation (250).
Third, it is demonstrated that the level of VDR is not the ultimate determinant of the eventual biologi-
cal activity of 1,25-(OH)2D3.

In addition, interaction of multiple other factors with 1,25-(OH)2D3 in the control of its biological
activity have been described. Although it is beyond the scope of this review to discuss all these
interactions in detail, two other examples will be mentioned shortly: PTH and IGF-I. In addition to
1,25-(OH)2D3, PTH is the other major calciotropic hormone, and interactions between this peptide and
the secosteroid hormone have been described. 1,25-(OH)2D3 and PTH mutually regulate each others’
synthesis in a feedback loop manner. PTH stimulates 1,25-(OH)2D3synthesis whereas in return 1,25-
(OH)2D3 inhibits PTH synthesis and secretion. Also at the bone and osteoblast level PTH and 1,25-
(OH)2D3 act in an interrelated manner. 1,25-(OH)2D3 inhibited PTH stimulation of cAMP production
whereas, as mentioned above, PTH upregulated VDR in osteoblasts and modulated 1,25-(OH)2D3

activity (189,223,224,227,250,251). PTH and 1,25-(OH)2D3 regulate bone resorption in an interrelated
manner in which prostaglandins appear to be involved (252). This observation on interaction PTH
between 1,25-(OH)2D3 in stimulating bone resorption has recently been confirmed and it was extended
by showing the significance of 1,25-(OH)2D3-induced rises in intracellular calcium (253). Studies on
mouse osteoblasts provided additional data on interaction between prostaglandins and 1,25-(OH)2D3.
1,25-(OH)2D3 inhibited PGE2-induced cAMP and inositol trisphosphate accumulation (254) and cal-
cium influx (255), PGF2 -induced PGE2 synthesis (256), and PGF2  or PGE1- induced interleukin-6
synthesis (257).

As is TGF- , IGF-I is abundantly present in bone. It is synthesized by osteoblasts and osteocytes,
stored in the bone matrix, and has anabolic effects on bone. At the kidney level interactions have
been demonstrated as IGF-I has been shown to stimulate 1,25-(OH)2D3synthesis (258–260). Besides
interactions at the level of IGF-I synthesis in bone cells, a functional interplay of 1,25-(OH)2D3 and
IGF-I in the regulation of bone and bone cell metabolism also has been described (261–263). With
respect to bone resorption, IGF-I inhibited 1,25-(OH)2D3- as well as PTH-stimulated bone resorption
(115). This is in contrast to TGF- , which specifically inhibited 1,25-(OH)2D3-stimulated bone resorp-
tion (115), demonstrating growth factor-specific interactions.

At present, the interactions described above are the ones most extensively studied, but it is not
limited to these factors and interactions of 1,25-(OH)2D3, with multiple other factors are being reported.
However, yet these are generally limited to one or two observations but knowledge will definitively
increase over the coming years. Some interesting interactions are with estradiol (264,265), BMP
(266), and hepatocyte growth factor (267) but also with metal ions like cobalt, present in orthopedic
implants (268) ,and mechanical loading (269).

VITAMIN D ANALOGS

Throughout the last decades multiple analogs of 1,25-(OH)2D3 have been synthesized (270). Ini-
tially, these analogs were predominantly developed to have low calcemic and bone resorbing activity
and to be applied in areas like immunology, dermatology, and oncology. As a consequence of data
coming up on positive effects of vitamin D on bone metabolism, more recently also the development
of vitamin D analogs with bone anabolic effects has come into focus (271). A few recent examples
are ED-71 (272,273), RO-26-9228 (274), 26,27-hexafluoro-1,25-(OH)2D3 (275), and 2-methylene-
19-nor-(20S)1,25-(OH)2D3 (276). However, as knowledge about response- and target tissue-specific
actions of steroid hormones and in particular vitamin D increases, this number of synthetic analogs
will certainly increase in the coming future.

Although not a real synthetic analog, it must be mentioned that also vitamin D2 is studied in rela-
tion to bone anabolic actions. Already, in 1981, it was shown that vitamin D2 prevented the inhibitory
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effect of hydrocortisone on mineral apposition (277), and effects on osteoblasts have been described
(278). The metabolite 19-nor-1,25-(OH)2D2 also has been shown to have similar effects as 1,25-(OH)2D3

on human osteoblasts (279). Based on these data and those on intestinal calcium absorption, it is
interesting to pursue the effects of vitamin D2 and its metabolites on bone in more detail.

CONCLUSION

Combining all data discussed in this review on 1,25-(OH)2D3 and osteoblasts together it can be
concluded that 1,25-(OH)2D3 has direct effects on osteoblasts and is involved in osteoblast differen-
tiation, control of osteoblast activity, bone formation, and in bone resorption. However, the interpre-
tation of the different studies is dependent on many factors that influence the data obtained, like the
difference among species (116,117,152,280,281), differentiation stage (54,110,282,283), basal levels
of gene expression (53), heterogeneity of the population (284), interaction with other factors (285),
the use of glucocorticosteroids (dexamethasone; ref. 83), the use of cell lines or primary cells, the
different skeletal site of origin of bone biopsies (286), the age differences of donors (286), early or
late passages of cell culture (84), cell density (251,287), culture conditions (288), acute or chronic
vitamin D treatment (30,53), dosage of 1,25-(OH)2D3 (64,70), additives (ascorbate, -glycerophos-
phate; refs. 289 and 290), and extracellular calcium concentration (291,292). Taking all these factors
into consideration will clarify the differences between studies and will add to the knowledge about
the pleiotropic functions of 1,25-(OH)2D3 in osteoblast differentiation and bone formation. More-
over, in light of the differences in action in mice, rat an men it is for the development of new drugs
based on vitamin D action desirable to focus mainly on human systems. Finally, the vast knowledge
on vitamin D analogs and target tissue-specific actions obtained throughout the last decade holds
promise for further development and specific application in bone and bone-related diseases.
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in Skeletal Morphogenesis and Facial Clefting

Simon J. Conway

INTRODUCTION AND BACKGROUND

The vertebrate head is one of the most intricately patterned structures and yet little is known of the
developmental mechanisms by which the tissues are instructed to grow, fuse, and differentiate to give
rise to the mature calcified cranial skeleton. In addition to being an anatomically complex structure,
the human head is composed of 22 separate bones, numerous cartilages plus 20 deciduous and 32 per-
manent teeth (1)—the evolution of the vertebrate head is uniquely thought to have used many diverse
developmental strategies during its construction (2).

Normal facial development starts with the emergence and migration of cranial neural crest cells that
combine with mesodermal cells to establish the facial primordia (3). These primordia consist mainly of
a neural crest-derived mesenchyme that is covered by an overlying epithelium. The outgrowth/prolif-
eration of facial primordia from undifferentiated mesenchymal cells into the finely detailed structures
of the mature head and face is largely determined genetically. These processes are known to be depen-
dent on an ever-increasing spectrum of signaling molecules, transcription factors, and growth factors,
produced by either the overlying instructive epithelium or responding mesenchyme (4). Given these
complexities, it is not surprising that craniofacial malformations are the most common birth defects
that occur in humans, with facial clefting representing the majority of these defects (5). Significantly,
advances in the study of the human face have revealed the genetic and gene-environment basis of
numerous common and rare craniofacial disorders. Classification of craniofacial malformations based
on clinical phenotypes is sometimes quite different from the genetic findings of patients. Different
mutations in a single gene can cause distinct syndromes, and mutations in different genes can cause
the same syndrome (6). Craniofacial clefts and the resultant skeletal defects can arise at any stage of
development as a result of either genetic or environmental perturbations (or both) that alter the extra-
cellular matrix as well as affect the patterning, migration, proliferation, and differentiation of cells.
Given that the skeleton is largely a secondary structure built around other anatomical primordia (7),
skeletal defects usually originate when developing facial processes fail to fuse, merge, or interact; in
addition, the clefts can range from mild to severe midface clefts that are lethal in utero. Facial clefts
exist within more than 300 known syndromes, but a complete understanding of the genetics of facial
clefting and cranial skeletal morphogenesis has yet to be completely uncovered (8). Significantly,
molecular genetics and animal models for human malformations have begun to provide many insights
into abnormal development (9).
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Recent advances in the fields of embryology, evolution, and mouse genetics are combining to
radically alter our concepts of normal prenatal craniofacial development. These include concepts of
germ layer formation, the establishment of the initial head plan in the neural plate, and the manner in
which head segmentation is controlled by regulatory transcription factor activity in neuromeres and
their derived neural crest cells (1,3,10). There is also a much better appreciation of ways in which new
cell associations are established. For example, the associations are achieved by neural crest cells pri-
marily through cell migration and subsequent cell interactions that regulate induction, growth, and
programmed cell death (2,11–13). These interactions are mediated primarily by three groups of regu-
latory signaling molecules: growth factors/receptors, the steroid/thyroid/retinoic acid superfamily,
and extracellular matrix proteins (14). Similarly, advances have been made with respect to our under-
standing of the mechanisms involved in primary and secondary palate formation, such as growth, mor-
phogenetic movements, and the fusion/merging phenomenon. In addition, much progress has been
made on the mechanisms involved in the final differentiation of skeletal tissues (10).

Using mice and chicken as animal models for human malformations (treated with known teratogens
or genetically altered) has provided many insights into abnormal development. Numerous genes (1,3,
15) have been shown to be expressed within the developing head. Significantly several genes that are
expressed at a critical time and in a tissue relevant to head development, which have been altered
(either in structure or expression), exhibit a cleft of some type. The six best examples to date are the
Msx1, Tgf , sonic hedgehog (Shh), PDGF- receptor, Alx3/Alx4 double and Ap-2 knockouts, in which
gene expression supports a role in craniofacial development and the knockouts result in mid-face clefts.

Msx1 is expressed in developing craniofacial structures, including the palate (3) and two indepen-
dent knockouts (16,17), resulting in 100% of the cleft palate. MSX1 is deleted in cases of the human
4p- syndrome, which commonly includes clefts. In the case of Tgf 3, two independent knockouts result
in the phenotype of cleft palate (18–20). Expression data and work showing that exogenous Tgf 3
can induce palate fusion in the chicken, where the palate is normally cleft (21), further support a role
for Tgf 3 in clefting. Shh is downregulated by teratogenic doses of retinoic acid (22), and targeted
gene disruption of Shh results in multiple patterning defects of the head, spinal cord, axial skeleton,
and the limbs (23). Early defects are observed in the establishment or maintenance of midline struc-
tures, such as the notochord and the floorplate, and later defects include absence of distal limb struc-
tures, ventral cell types within the neural tube, the spinal column, most of the ribs, and cyclopia.
Defects in all tissues extend beyond the normal sites of Shh transcription, confirming the proposed
role of Shh proteins as an extracellular signal required for the tissue-organizing properties of several
vertebrate patterning centers (23).

Patch mutant mice (24) harbor a deletion, including the platelet-derived growth factor (PDGF)-
receptor gene, and exhibit defects of neural crest cells, which adversely affect pigmentation in hetero-
zygotes and cranial bones in homozygotes. To verify the role of the PDGF- receptor during devel-
opment, mice carrying a targeted null mutation were generated (25). No pigmentation phenotype was
observed in heterozygotes, but homozygotes die during embryonic development and exhibit midface
clefts similar to those observed in Patch mutants. In addition, increased apoptosis was observed along
the pathways followed by migrating neural crest cells, indicating that PDGFs may exert their functions
during early embryogenesis by affecting cell survival and patterning.

Compound mutants of Alx3 and Alx4 show severe craniofacial abnormalities that are absent in both
Alx3 and Alx4 single mutants, as Alx3/Alx4 double-mutant newborn mice have cleft nasal regions.
Most facial bones and many other neural crest-derived skull elements were malformed, truncated, or
even absent. The craniofacial defects in Alx3/Alx4 double-mutant embryos become anatomically mani-
fest around 10.5 days post coitum (dpc), when the nasal processes appear to be abnormally positioned.
This is thought to lead to a failure of the medial nasal processes to fuse in the facial mid-line and
subsequently to the midface cleft phenotype. Increased apoptosis is localized in the outgrowing fronto-
nasal process in 10.0-dpc double-mutant embryos, which is proposed to be the underlying cause of
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the subsequent malformations (26). Knockouts of the retinoic acid-dependent transcription factor Ap-2
resulted in extensive craniofacial and more generalized structural disruptions (27). Similarly, chime-
ric knockouts for Ap-2 (28) suggest a more specific role for this gene in clefting. Ap-2 also lies near the
site of two balanced human translocations at 6p that have cleft lip/palate phenotypes (29).

Additional growth and signaling factors thought to play a role in facial development include
JAGGED1, patched, CREB-binding protein, GLI3, FGFR1, CASK, treacle, and FGFR2. Other tran-
scription factors involved include DLX5/6 and Pax3/Pax7. Extracellular matrix proteins, such as COL2A1,
COL1A2, COL11A2, PIGA, V integrin, glypican 3, fibrillin, and aggrecan, are essential as well. This
ever-expanding catalog of molecules highlights the complex genetics underlying the pathogenesis of
facial morphogenesis and the formation of facial clefts (3).

Given that most craniofacial defects appear to have a multifactorial etiology, it is not surprising
that various teratogens such as retinoic acid, alcohol, jervine, and cyclopamine have all been shown
to cause facial clefting (5). Work on animal models for the retinoic acid syndrome shows that there is
major involvement of neural crest cells. Administration of the drug 13-cis-retinoic acid in animals,
primarily affects the neural crest cells (which undergo excessive apoptosis). Similarly, a mouse model
for the fetal alcohol syndrome, which exhibit a mild form of holoprosencephaly, demonstrates a mid-
line anterior neural plate deficiency leads to olfactory placodes being positioned too close to the mid-
line, and other secondary changes. Genetic variations in TGF- , RA receptor- , NADH dehydrogenase
(an enzyme involved in oxidative metabolism), and cytochrome P-450 (a detoxifying enzyme), have
also been implicated as contributing genetic factors. Cigarette smoking (with the attendant hypoxia)
is a probable contributing environmental factor (10). Thus, in addition to providing information on
the normal developmental processes that generate and pattern the face, genetic and teratogenic tech-
niques also are beginning to provide insight into the basis for abnormal craniofacial growth (5).

This study describes the identification and analysis of a severe midfacial cleft in a subset of homo-
zygous Splotch (Sp2H allele) mutant embryos that have a mutation within Pax3 (30). Additionally, the
pathogenesis of the formation of the craniofacial defects in Sp2H mutants is compared with that of the
well-characterized Patch mutants (25), which have a phenotypically similar midface cleft. We have
previously shown that Pax3 expression is important for normal rib development and that increased apop-
tosis occurs in the Sp2H/Sp2H mutants thoracic muscles and that it is the reduced and/or deficient thor-
acic muscles that may contribute to the abnormal skeletogenesis. Additionally, our data suggest that
Pax3 may influence the expression of PDGF-  receptor during rib morphogenesis (31). Furthermore,
analysis of gene expression markers of lateral sclerotome (tenascin-C and scleraxis) and myotome
(myogenin, MyoD, and Myf5) in the rib truncations and fusions of the Sp2H/Sp2H embryos revealed a
role for Pax3 in specification of the ventrolateral and posterior parts of the somite (32).

Sp2H mice have a mutation within the Pax3 DNA-binding transcription factor that is thought to
function as a transcriptional repressor (located on human chromosome 2q35 and mouse chromosome
1), and Patch mice have a mutation within the PDGF- receptor that has been implicated in control
of cell proliferation, survival, and migration (located on human chromosome 4q12 and mouse chro-
mosome 5). Although located on different chromosomes, both these mouse mutants have been widely
used as models for the human Velocardiofacial/DiGeorge syndromes (33,34), in which the majority
of patients are hemizygous for a deletion of chromosome 22q11 (35). DiGeorge syndrome is a com-
plex human developmental disorder (occurs in 1 of 4000 live births) associated with cardiac outflow
tract defects, mild facial dysmorphology, velopharyngeal insufficiency, submucous cleft palate, and
thymic/parathyroid hypoplasia/aplasia. DiGeorge is thought to be multifactorial because no one gene
is responsible for all clinical defects (because homologous mouse chromosome 22q11 deletions do
not completely recapitulate syndrome), and other genes not on chromosome 22 are thought to be
downstream effectors (35). Thus, our goal was to determine whether these similar facial clefting phe-
notypes (but different genetic mutations) are caused by similar mechanisms, in order to begin to under-
stand how patients with very different genetic mutations exhibit similar malformations.
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MATERIALS AND METHODS

Animal Breeding, Genotyping, and Determination of Sex
Splotch (Sp2H) homozygous embryos were generated from heterozygous mating of Sp2H/+ mice, and

the genotypes were confirmed by polymerase chain reaction (PCR) analysis, as previously described
(36). Sp2H/+ mice were bred to the RARE-lacZ reporter mice (37) that contain a retinoic acid-sensitive
promoter/lacZ reporter construct as indicator transgenic mice to assess endogenous retinoic acid levels.
Embryos were prepared and processed for lacZ staining as previously described (38).

Patch heterozygotes on a C57Bl/6 background (Jackson Laboratories) were backcrossed with Balb/c
mice for seven generations to generate Patch/+ heterozygotes enriched with the Balb/c genetic back-
ground (39). Two different protocols were used to genotype homozygous Patch mutants. First, for
embryos on a pure C57Bl/6 background, Mouse Map Pairs 290 and 201 (D5MIT290 and D5MIT201
Map Pairs; Research Genetics) were used to distinguish between homozygous mutant and wild-type
or heterozygote embryos; this method cannot distinguish between heterozygotes and homozygous
wild-type embryos. The 201 primer pair (3'-ACCAGTCAAGGACGAATCCTT-5'; 3'-CCCTTTAGCTT
CCTCAGGAG-5') amplifies a segment of PDGF- receptor inside the deletion and the 290 primer pair
(5'-ACCCAGGCCACAAAAGAAC-3'; 5'-ACCCCTATTCAGTGCCAGG-3') amplifies a region of DNA
outside the deletion, thereby serving as a positive control for the presence of genomic DNA. The follow-
ing program was used for 30 cycles to amplify genomic DNA: denaturation at 94°C for 30 s, annealing
at 58°C for 45 s, and extension at 72°C for 30 s. PCR products were run on a 4% agarose gel alongside
known controls and homozygous mutants were identified by the presence of the 290 amplified band
and the subsequent absence of the 201 band. Wild-type and heterozygous embryos contained both
the 201 and 290 bands. Once the C57Bl/6 heterozygotes were backcrossed onto a Balb/c background,
all three genotypes of embryos (wild-type, heterozygote, homozygous mutant) could be distinguished
from heterozygote matings with PCR primers, which localize to the D5MIT135 region of the mouse
locus (3'-CGGAGATTAGGTTTTAGAGGGA-5'; 3'-GGGACAGGAAAGGGACACAT-5'; D5Mit135
Map Pairs, Research Genetics; ref. 40). PCR conditions were the same as listed above and products were
run on a 2% agarose gel alongside known controls.

DNA from all embryos were subjected to PCR sex determination using male and female specific
primers designed against X- (DXNds3) and Y- (Sry, Zfy) mouse gene sequences as described (41).

Noon on the day of the finding, a copulation plug was designated 0.5 d of gestation. Pregnant females
were killed by cervical dislocation, and the embryos were explanted into Dulbecco’s Modified Eagle’s
Medium (GIBCO) containing 10% fetal calf serum prior to genotyping, fixation, and processing. This
investigation conforms to the publication “Guide for the Care and Use of Laboratory Animals” pub-
lished by the National Institutes of Health (NIH Publication No. 85–23, revised 1985).

Histological Examination
Embryos were fixed by immersion in Bouin’s fluid overnight, dehydrated through a graded series

of alcohols, and stored in absolute ethanol. Embryos were then cleared in Histoclear and embedded
in paraffin wax. Serial sections of 10 µm in thickness were cut on a Leica microtome, stained with
hematoxylin and eosin, mounted in DPX, and photographed on a Zeiss Axiophot microscope.

Scanning Electron Microscopy (SEM)
Embryos were isolated in cold phosphate-buffered saline and immersed overnight in a fixative

comprising 2% glutaraldehyde and 1% formaldehyde in 0.1 M cacodylate buffer (300 mosmol/L).
After fixation, hearts were washed overnight in 0.1 M cacodylate buffer, postfixed for 1 h in 0.1 M
cacodylate buffer containing 1% osmium tetroxide, rinsed twice in isotonic 0.1 M cacodylate buffer,
and then stored in the same buffer. Embryos were then dehydrated through a graded series of ethanols
and critical point dried using liquid CO2 at a temperature of 50°C and pressure of 1400 lb/m2.
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Whole-Mount in Situ Hybridization and Terminal Deoxynucleotidyl
Transferase-Mediated Deoxyuridine Triphosphate-Digoxigenin Nick End
Labeling (TUNEL) Analysis of Apoptosis

 Whole-mount in situ hybridization was performed using antisense and sense (as negative controls;
not shown) probes as described previously (36). Plasmids were linearized with the appropriate restric-
tion enzymes (AP-2, ref. 2; CRABP1, ref. 43; and Prx2, ref. 44) and used as templates to generate dig-
oxygenin both labeled sense and anti-sense RNA probes according to manufacturer’s directions (Genius3
kit, Boehringer Mannheim). Embryos were dehydrated through a glycerol/phosphate-buffered saline
series and photographed in 40% glycerol.

Embryos were prehybridized according to the whole-mount in situ hybridization protocol (36), and
subsequently whole-mount TUNEL analysis was performed as described (45).

RESULTS AND DISCUSSION

Derivation of Mice and Characterization of Facial Malformations
The Splotch (Sp2H) mice have been backcrossed for eight generations onto a CBA genetic back-

ground via brother–sister matings. Histological analysis of the resultant embryos from Sp2H/+ matings
revealed that 99.7% (n = 47 litters) of the Sp2H/Sp2H mutants have either spina bifida or exencephaly
(or both) neural tube defects and die in utero by 14 dpc as a result of associated cardiovascular defects
(30,36,46). Interestingly, 11% of the Sp2H/+ embryos also exhibit neural tube defects and die at birth
(approx 20 dpc). Additionally, it was noted that 9% (n = 29 mice at 13.5 dpc) of the Sp2H/Sp2H mutants
have severe midface clefts (Fig. 1). Careful re-examination of the Sp2H/Sp2H mutants also revealed that
a further 29% of the mutants had small facial blebs (Fig. 2), either on the snout or on the forehead.

The Patch (Ph) mice were backcrossed for seven generations onto a Balb/C genetic background
via brother–sister mating. Histological analysis of the resultant embryos from Ph/+ mating revealed
that 100% (n = 28 litters) of the Ph/Ph mutants have mid-face clefts (Fig. 1) as previously reported
and that 60% of the mutants die at birth (rest of mutants die between 9 and 11.0 dpc as a result of severe
hemorrhaging). Detailed histology (not shown) and SEM (Fig. 1) analysis revealed that although both
mutants had severe midface clefts, there were anatomical differences. The Ph clefts were always accom-
panied by vascular blood-filled blebbing and were usually more superficial than the Sp2H mutant clefts,
which were deep and not accompanied by blood-filled blebs. Additionally, histology revealed that the
Ph mutant facial cleft was caused by a generalized paucity of mesenchyme within the frontonasal
prominence, probably secondary to the reported elevated levels of neural crest-associated apoptosis
associated with lack of PDGF-  receptor gene (25).

Sp2H Mutant Facial Clefts
Are Gender-Biased But Ph Clefts Are Random

Because it has been reported that cranial defects (exencephaly) can sometimes have a gender prev-
alence in both humans and mice models, with more females affected than males (47,48), we addressed
the question as to whether there was a gender bias. After PCR sex determination of the DNA, the severe
midface clefts were found to only be present within the male Sp2H/Sp2H mutants (n = 29/29 embryos with
midface clefts were male). Additionally, the small facial blebs were only macroscopically observed
in male Sp2H/Sp2H mutants (Fig. 2). However, the severe mid-face clefts present within Ph/Ph mutants
were not statically gender biased (n = 37 embryos with mid-face clefts: 16 female, 21 male). This gen-
der bias is significant because it has been previously reported that Splotch-delayed (which contain a
different mutation of Pax3) mice interspecifically bred have significant alterations in skull morphology
and are thought to have several genetic modifiers, one being the sex of the mouse (49).
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Fig. 1. Major phenotypic abnormalities in mutant embryos. Upper Panel, 13.5-dpc whole embryos viewed
frontally. Left embryo is a heterozygous Sp2H/+ mutant embryo (tail partially removed to enable clear viewing of
face) and homozygous Sp2H/Sp2H mutant (middle embryo) littermates. Note that the homozygote mutant has
spina bifida (sb) and a large midface cleft (indicated by arrow) Homozygous Patch (Ph/Ph) mutant embryo (right
embryo) with midface cleft and facial bleeding/edema (indicated by arrow) Lower Panel, SEM images of 13.5-
dpc heads viewed frontally, which are enlarged images viewed from above. Wild-type (+/+) and homozygous
Sp2H/Sp2H mutant embryos (middle embryo) with mid-face cleft. Note that the tongue is normal, as is the lower
jaw. Homozygous Patch mutant embryo with mid-face cleft. Note the crumpled appearance of the skin overlying
the nasal bridge/forehead region, and that the mid-face cleft is more superficial than the Sp2H/Sp2H mutant cleft.
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Comparative Pathogenesis of Sp2H and Ph Mutant Facial Clefts
To define the onset and nature of the facial cleft defect, embryos were analyzed at various stages dur-

ing development. Histology revealed that facial clefts were present within Sp2H/Sp2H mutant embryos
from 9.0 dpc onwards (not shown) and were grossly manifest at 10.0 and 10.5 dpc (Fig. 3). However,
facial clefts were not present within Ph/Ph mutant embryos until after 11.0 dpc (Fig. 3). This indicates
that the underlying mechanisms are clearly different and that the facial cleft in Sp2H/Sp2H mutant
embryos occurs prior to cranial neural crest migration and differentiation. Rather, these results indi-
cate that lack of frontonasal neural tube closure of the anterior neuropore is responsible for the forma-
tion of the midface cleft. Closure of the neural tube is thought to occur in at least four major sites (50)
at different times of development. In normal embryos, neural tube closure and craniofacial develop-
ment is accomplished by concurrent closure of the prosencephalon/mesencephalon boundary (closure
point 2) and fusion from the rostral tip of the neural tube (closure point 3) that extends caudally to close
the anterior neuropore at around 8.5–9.0 dpc. Thus, in a subgroup of Sp2H/Sp2H mutant embryos, the
anterior neuropore remains open, secondarily resulting in formation of the midface cleft defects.

Mechanism Underlying Sp2H Mutant Facial Clefts
Facial clefts in Patch has been associated with defects in the migration of cranial neural crest cells,

either during migration or within the crest cells themselves (51). Additionally, increased apoptosis
has been observed within cephalic/branchial arch region of PDGF- receptor knockout embryos (25).
Similarly, abnormalities in retinoic acid levels and/or signaling have been shown to be involved in
the generation of facial malformations, either by teratogenic studies (52) or in transgenically altered

Fig. 2. Subtle phenotypic abnormalities in mutant embryos. Left six panels, 13.5-dpc whole embryos viewed
from the left. Note that only the male homozygous Sp2H/Sp2H mutant embryos with spina bifida (sb) and exen-
cephaly (ex) have a small edematous facial bleb (indicated by white arrow), while the homozygous mutant female
embryos only exhibit spina bifida and exencephaly. (Bar = 0.79 mm) Right panels, SEM image of 13.5-dpc Sp2H/
Sp2H mutant embryo with spina bifida (not visible) and midface bled (indicated by small white arrow), but no
exencephaly.
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Fig. 3. Histological analysis of the pathogenesis of the midface cleft. Transverse sections through the heads of
10.5-dpc wild-type (+/+), male homozygous (Sp2H/Sp2H), and homozygous Patch (Ph/Ph) mutant embryos. At 10.5
dpc, the wild-type telencephalic (tele) vesicle is intact within the forehead region and there is a large open cham-
ber. The communication between the optic stalk and intra-retinal space is intact and there is space between the
walls of the third ventricle, plus the chamber of the fourth ventricle (4th Vent) is intact. Note that while the Ph/Ph
mutant head is grossly normal at 10.5 dpc, the Sp2H/Sp2H mutant head is already malformed. There is a large mid-
face cleft (indicated by *), the space of the telencephalon and third chamber is missing and the neuroepithelial
walls of the telencephalon and third chamber abut each other. Also, this embryo has exencephaly (ex) and the
chamber of the fourth ventricle is lost. (Bar = 0.18 mm.)

Fig. 4. Apoptotic cell death. TUNEL analysis in wild-type and homozygous (Sp2H/Sp2H) mutant male 10.5-dpc
embryos, as detected by the whole death method. The wild-type (+/+) embryo (viewed frontally) has a seam of
apoptotic cells along the frontonasal region of the anterior neuropore (indicated by arrowheads), following fusion
of the neural folds. Also note that there are normal levels of apoptosis within the heart (h) and in the remodeling
somites. There are equivalent levels of apoptotic cells within both the Sp2H/Sp2H) mutant frontonasal regions,
even though one mutant (middle embryo) has a closed anterior neuropore and exencephaly (ex) whereas the other
mutant (right) has an open anterior neuropore and a mid-face cleft (indicated by *). It is interesting to note that
there are still apoptotic cells along the neural folds in the cleft-face mutant, even in the absence of fusion.

mouse mutant models (28,53). In the absence of pronounced cell death, it appears that retinoic acid can
possibly produce deleterious effects on the precursors of craniofacial primordia, such as the neural
crest, by misexpression of developmentally important genes. Given these results, we addressed the
questions as to whether apoptosis was affected in Sp2H/Sp2H mutant embryos, whether endogenous
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levels of retinoic acid were altered in Sp2H/Sp2H mutant embryos, and what role the cranial neural
crest play in the pathogenesis of the Sp2H/Sp2Hmutant facial clefting.

Apoptotic cell death was examined at 9.5, 10.5, and 13.5 dpc by the “whole death” procedure. No
significant difference between wild-type and Sp2H/Sp2H mutant embryos was observed, even when
facial clefts were evident (Fig. 4). Both wild-type and Sp2H/Sp2H mutant embryos have a seam of apop-
totic cells along the frontonasal region of the anterior neuropore and histological sections through the
cephalic region did not reveal any differences in the localization or extent of apoptosis (not shown).
This result suggests that mid-face clefts are not caused by elevated apoptotic levels, but are more
likely due to a different cause.

Endogenous retinoic acid levels were assessed by breeding the Sp2H/Sp2H/+ mice to a retinoic acid
responsive reporter mouse, that expresses -galactasidase in the presence of retinoic acid (37). -
galactasidase expression was examined at 9.5–13.5 dpc by whole embryo staining, and the levels of
expression were unchanged in the Sp2H/Sp2H craniofacial region (Fig. 5). Similarly, retinoic acid sig-
naling and the role of the neural crest were assessed at 9.5–13.5 dpc by using molecular markers. A
retinoic acid-responsive transcription factor, Ap-2, (42) and cellular retinoic acid-binding protein-1

Fig. 5. Analysis of the endogenous levels of retinoic acid within homozygous (Sp2H/Sp2H) mutant embryos. At
11.0 dpc, retinoic acid-mediated -gal staining is prominent along the anterior-posterior axis of the spinal cord,
and within the eyes and regions of the frontonasal primordia. Note that in the Sp2H/Sp2H mutant embryos. LacZ
expression is reduced in the tail (around the region of spina bifida), and there is ectopic staining of one of the
vagal branches in the cardiothoracic region (indicated by arrow), but the endogenous levels (as shown by lacZ
expression) are unchanged in the craniofacial region. A similar pattern of lacZ expression is observed in the 13.5-
dpc mutants.
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Fig. 6. Expression of neural crest cell marker genes in both Sp2H/Sp2Hand Ph/Ph mutant embryos. Left panels, Sp2H/Sp2H, Ph/Ph mutant, and littermate
control embryos were analyzed for CRABP-1 mRNA expression by whole-mount in situ hybridization. Note that CRABP-1 is normally expressed within the
craniofacial region of 10.5-dpc Sp2H/Sp2H mutant embryos (indicated by *) with a midface cleft (indicated by large white arrow head) and exencephaly but that
CRABP-1 is significantly downregulated in 9.5-dpc Ph/Ph mutant craniofacial region (indicated by *). Also note that CRABP-1 is misexpressed within the
cardiac neural crest cell region in Sp2H/Sp2H mutant embryo, as instead of the normal three streams of migrating neural crest cells (indicated by three small white
arrows in +/+), there is only a single stream of migrating neural crest cells in the mutant embryo (indicated by single small white arrow in mutant) Middle panels,
Enlarged Sp2H/Sp2H and wild-type (+/+) littermate control embryo were analyzed for AP-2 mRNA expression by whole-mount in situ hybridization. Note that
Ap-2 is normally expressed within the craniofacial region of 10.5-dpc Sp2H/Sp2H mutant embryo (indicated by *) with exencephaly. Right panels, Sp2H/Sp2H, Ph/
Ph, mutant and littermate control embryos were analyzed for Prx2 mRNA expression by whole-mount in situ hybridization. Note that Prx2 is normally
expressed within the craniofacial region of 11.5-dpc Sp2H/Sp2H mutant embryos (indicated by *), but that Prx2 is significantly downregulated in 10.5-dpc Ph/Ph
mutant craniofacial region (indicated by *).

344



Pax3 and PDGF-  Receptor 345

(CRABP-1; ref. 47) are two genes that respond to retinoic acid that are also expressed within migrat-
ing neural crest cells (30,46). Both Ap-2 and CRABP-1 expression are unaffected in Sp2H/Sp2H mutant
craniofacial region but is downregulated in Ph/Ph mutants (Fig. 6).

The aristaless-related homeobox gene Prx2 is known to be required for normal skeletogenesis and
Prx1/Prx2 double mutants have a reduction or absence of skeletal elements in the skull and face (54).
Given this association and that Prx2 is expressed in neural crest cells as they are undergoing terminal
differentiation, we used the Prx2 molecular marker to determine whether there was a lack of cranial
neural crest cells present within the frontonasal primordia. Prx2 expression was unchanged in the
Sp2H/Sp2H mutant embryos but is downregulated in Ph/Ph mutants (Fig. 6), suggesting that the Sp2H/
Sp2Hfacial clefts are not caused by a lack of neural crest-derived mesenchyme.

These data suggest that Sp2H/Sp2H mutant midface clefts are not caused by the same neural crest-
associated mechanism as in Ph/Ph embryos and that neither retinoic acid levels and/or retinoic acid
signaling is perturbed within the Sp2H/Sp2H mutant embryo heads. Furthermore, these data indicate
that a lack of complete neural fold closure is the underlying cause of the Sp2H/Sp2H craniofacial malfor-
mations. Thus, the Sp2H/Sp2H mutant mice provides us with a new model for the study of facial clefting
and importantly demonstrates that craniofacial malformations are not solely caused by neural crest-
associated defects. It also has been demonstrated that similar abnormal phenotypes can be caused by
completely different mechanisms. This will be important when trying to understand the embryologi-
cal pathogenesis of many clinically complex and diverse human syndromes. Especially as the human
genome project continues, the understanding of facial clefting and its syndromes may continue to
improve. Such knowledge could advance diagnosis and treatment of the patient and counseling of the
affected family (8).
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Genetics of Achondroplasia and Hypochondroplasia

Giedre Grigelioniene

PHENOTYPE AND GENETIC DEFECTS

Clinical Features
Achondroplasia and hypochondroplasia are relatively common skeletal dysplasias characterized

by disproportionate short stature, rhizomelic shortening of the limbs, and increased head circumfer-
ence. Short stature and body disproportion are usually severe and uniform in achondroplasia, whereas
phenotype in hypochondroplasia varies from severe achondroplasia-like forms to mild shortness and
body disproportion. Mild forms of hypochondroplasia are on clinical grounds difficult to differenti-
ate from idiopathic short stature or normal height at the shorter end of the height spectrum.

Achondroplasia
Achondroplasia has a rather constant phenotype and is easily diagnosed at birth because of the

infant’s short arms and legs, macrocephaly with a relatively small face, depressed nasal bridge, and
frontal bossing. The length at birth is slightly decreased (mean at about 1.7 SDS*), and weight is nor-
mal. The growth failure usually becomes obvious in a few months and the loss of body height is severe
during the first 3 yr of life (Fig. 1; Hertel, N. T., Kaitila, I., and Hagenäs L., manuscript in preparation).
The proximal parts of the limbs are especially affected and the short stature is thus called rhizomelic.
In contrast with extremities, the length of the trunk is affected to a minor extent. Hands and feet are
short and broad because of short metacarpals and phalanges, with the hand having a characteristic
appearance that is often called “trident hand.” Extension and rotation defects of elbows are common.
Muscular hypotonia and ligament laxity are often noticed at birth and later on are associated with
delayed gross motor development. The head is larger than normal usually as the result of true megal-
encephaly, but in some cases it might be combined with hydrocephalus. Intelligence and cognitive
development are normal (1). Thoracolumbar kyphosis is common during the first year of life and is
replaced by lumbar lordosis when the child begins to walk. Bowed tibia (varus deformity) usually
develops during childhood and may require correcting surgery. Narrowing of the foramen magnum
is common and may cause neurological symptoms, for example, sleep apnea during infancy. Spinal
stenosis may cause neurological symptoms during adulthood. Radiological features include (1) large
neurocranium, (2) small slit-shaped foramen magnum, (3) shortened skull base, (4) caudally narrowing
interpedicular distance, (5) short broad pelvis, and (6) short thick long bones and are in detail described
elsewhere (2,3). Final adult height for males is 118–145 cm and for females, 112–136 cm (4).

*Standard deviation score shows the relationship of the analyzed data to the standard population mean. SDS is the
ratio of the difference between body height or segment size of the subject and the 50th percentile value of the popula-
tion standard for same age and sex to the corresponding standard deviation.
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Hypochondroplasia
Hypochondroplasia is a skeletal dysplasia phenotypically similar to but usually milder than achondro-

plasia. Because the phenotypic deviations are mild at birth, this dysplasia is usually diagnosed later
in childhood. Patients with hypochondroplasia are sometimes characterized as having stocky build,
lumbar lordosis, relative macrocephaly with normal facies, genu varum (i.e., bowleg), and short broad
arms and feet. The diagnosis may be confirmed by radiological examination. The features commonly
used for radiological diagnosis of hypochondroplasia are (1) narrowing or unchanged interpedicular
distance in the lumbar spine going caudally from L1 to L5, (2) squared shortened ilia, (3) short broad
femoral neck, (4) shortening of long tubular bones with mild metaphyseal flare, and (5) mild brachydac-
tyly (5). Some of the above described features may be subtle or absent in milder cases of hypochon-
droplasia, especially in young children, rendering diagnostic difficulties. Hypochondroplasia-specific
metacarpophalangeal profile is available and might be important in confirming the diagnosis (5,6).
Body disproportion and short stature is mild in infants and toddlers with hypochondroplasia and usually
becomes more obvious with age (7). Absence or decrease of pubertal growth spurt is thought to be
common in hypochondroplasia (8,9), but data on this issue are sparse. Final adult height for males is
145–165 cm and for females, 133–151 cm (8). It has to be emphasized that no consensus opinion exists
regarding which and how many of the above-described clinical and radiological features must be pres-

Fig. 1. The loss of the body height expressed in standard deviation score (SDS) in achondroplasia during the
first 3 yr of life. The figure is based on 910 measurements from 72 children with achondroplasia and was kindly
provided by Hertel et al. (manuscript in preparation).
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ent to confirm the diagnosis of hypochondroplasia. Consequently, establishing the diagnosis of hypo-
chondroplasia by radiological and clinical-auxological means might be difficult in milder cases. In
these cases differentiation among hypochondroplasia, idiopathic short stature, and other skeletal dyspla-
sias with mild short stature and body disproportion (e.g., dyschondrosteosis) should be regarded. In some
of these cases, early diagnosis might be possible only on the basis of molecular-genetic examination.

Inheritance
The prevalence of achondroplasia is reported to be 1:10,000–30,000 (10,11), whereas the preva-

lence of hypochondroplasia is unknown, although probably higher than that of achondroplasia. This
could be explained by the phenotypic variability in hypochondroplasia and its overlap with that of
normal short stature. Both achondroplasia and hypochondroplasia are inherited in an autosomal-domi-
nant manner. Most cases of achondroplasia and hypochondroplasia are the result of de novo mutation.
The germ-line frequency of achondroplasia mutation has been estimated to be 5.5–28 × 10 6, and the
base where this mutation occurs is considered to be among the most mutable nucleotides in the human
genome (12). This high mutation rate could be partially explained by the fact that it occurs in a con-
text of CpG dinucleotide. The rate of achondroplasia mutation is slightly increasing with paternal age
and has been molecularly confirmed to occur exclusively in the paternal allele (13,14). Gonadal mosaic-
ism has also been reported in a few cases with achondroplasia (15,16). Evidence that hypochondro-
plasia and achondroplasia were allelic disorders was first suggested by the observation of a child who
was born to a hypochondroplastic mother and achondroplastic father (17). This child had clinical and
radiological features that were more severe than in heterozygous achondroplasia or hypochondropla-
sia but milder than in homozygous achondroplasia.

Molecular Genetics
Achondroplasia and hypochondroplasia were mapped to the short arm of chromosome 4 (4p16.3)

in 1994, and mutations in the FGFR3 gene were then rapidly found in both dysplasias (12,18,19). Almost
all achondroplasia cases were found to be caused by C1177A or C1177G transversions (according to
GenBank accession no. M58051), occurring in the first base of the codon 380, which results in a gly-
cine to arginine substitution (Gly380Arg). This mutation is located in the region coding for the trans-
membrane domain of the FGFR3. For hypochondroplasia, C1659A and C1659G transversions in the
third base of the codon 540, converting it from asparagine to lysine codon (Asn540Lys), have been
described in 40–70% of the cases selected for genetical examination (19–25). Other FGFR3 mutations
were later described in a few families with hypochondroplasia. Most of hypochondroplasia muta-
tions are located in the gene region coding for the tyrosine kinase domain of the receptor. The known
mutations in the FGFR3 associated with achondroplasia and hypochondroplasia are summarized in
Table 1 and Fig. 2.

It has to be emphasized that in a significant proportion of cases that on clinical and radiological
grounds are classified as hypochondroplasia mutations have not yet been identified. Genotyping a
few informative pedigrees have excluded the involvement of FGFR3 in hypochondroplasia pheno-
type of these families (6,22,26). Thus, hypochondroplasia is a genetically heterogeneous disorder,
that is, more than one gene is responsible for this skeletal dysplasia. The actual proportion of locus
heterogeneity in hypochondroplasia is difficult to establish because most of the cases are sporadic,
which makes genotyping analysis impossible. Sequencing of the whole FGFR3 gene has been per-
formed only in a few hypochondroplasia cases; thus, some of the yet unidentified mutations still might
be localized in this gene.

Genotype–Phenotype Correlation
Given the uniformity of the achondroplasia phenotype, in both physical appearance and radiographic

features, it is not surprising that almost 100% of the cases are caused by a single mutation, the Gly380Arg
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substitution. In contrast to the uniformity of achondroplasia, hypochondroplasia is characterized by
varying phenotype and genetic heterogeneity. The studies on genotype and phenotype correlation in
hypochondroplasia suggest that patients with the Asn540Lys mutation are more disproportionate,
have a bigger head circumference, and tend to have more of the characteristic radiological features
than those without this mutation (6,22–24). Consequently, the children with the Asn540Lys mutation

Table 1
FGFR3 Mutations in Achondroplasia and Hypochondroplasia

Nucleotide triplets    Codon             Reference Comments

Achondroplasia
GGC  TGC Gly375Cys (61,62) A couple of cases reported so far.
GGG  CGG Gly380Arg (18) Less common achondroplasia mutation.
GGG  AGG Gly380Arg (18) The most common achondroplasia mutation.

Hypochondroplasia
AAC  ATC Asn328Ile (63) A single family reported.
TC GTC Ile538Val (64) A single family reported.
AAC  AAA Asn540Lys (19–25) 40–70% of the patients reported in several studies.
AAC  AAG Asn540Lys (20)
AAC AGC Asn540Ser (65) A single family reported.
AAC  ACC Asn540Thr (66) A single family reported.
AAG  AAT Lys650Asn (43) A single individual reported.
AAG  AAC Lys650Asn (43) Three unrelated probands reported.
AAG  CAG Lys650Gln (43) A single individual reported.

Fig. 2. Mutations responsible for achondroplasia (ACH) and hypochondroplasia (HCH) in the FGFR3 gene
and their corresponding locations in the protein (modified from Bellus et al. [43]). FGFR3 protein is drawn sche-
matically and the areas of currently known achondroplasia and hypochondroplasia mutations are shown in detail.
tm, transmembrane domain; tk, tyrosine kinase domains; I, II, and III, immunoglobulin-like domains.
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come to medical attention earlier compared with hypochondroplastic children without this mutation
(24). However, considerable phenotype variability has been observed even among the individuals with
Asn540Lys mutation (23,27). An individual with hypochondroplasia, cloverleaf skull deformity, and
Asn540Lys mutation has been reported, further illustrating the phenotypic heterogeneity in hypochon-
droplasia (28).

MOLECULAR INTERACTIONS AND DEVELOPMENT OF THE GROWTH
PLATE IN ACHONDROPLASIA FAMILY OF SKELETAL DYSPLASIAS

Longitudinal Bone Growth and FGFR3
The template for the longitudinal bone growth is the cartilaginous anlagen of the embryonic bones

and epiphyseal growth plates after the endochondral ossification is established. FGFR3 gene expres-
sion has been found in these structures, indicating its importance for skeletal development (29–31). It
is has been demonstrated that FGF8 and FGF17 act as FGFR3 ligands during embryonic bone devel-
opment, whereas FGF2 and FGF9 are involved in the regulation of the growth plate (32,33).

The structure of the growth plate is briefly described below. The growth plate consists of chon-
drocytes and the extracellular matrix and exhibits spacial polarity. It is divided into four zones: rest-
ing, proliferative, hypertrophic and mineralization (Fig. 3). The chondrocytes occupying different
zones of the growth plate are in different phases of their life cycle. The stem cells of the resting zone
divide and form strictly organized chondrocytic columns in the proliferative zone. The proliferative
chondrocytes then increase their volume and form the hypertrophic zone. The hypertrophic chon-
drocytes mature, stop dividing, and finally undergo a programmed cell death. The extracellular matrix
in the end of the hypertrophy zone is mineralized and invaded by blood vessels and bone forming
osteoblasts (the mineralization zone). The overall rate of longitudinal bone growth is determined by
the progression of the chondrocytes through the aforementioned developmental stages. Thus chondro-
cyte growth, proliferation, and differentiation (chondrogenesis) in the growth plate are tightly coupled
to vascular invasion of the matrix and mineralization (osteogenesis). Many hormones and growth fac-
tors control chondrogenesis and osteogenesis. A delicate balance between proliferation and differen-
tiation of chondrocytes and ossification of the epiphyseal growth cartilage is necessary for normal

Fig. 3. Schematic representation of the epiphyseal growth plate and its cellular organization.
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longitudinal bone growth. FGFR3 is one of the key regulators of the longitudinal bone growth and is
involved in proliferation, differentiation and apoptosis of chondrocytes as well as ossification of the
growth plate. As described below, mutations of the FGFR3 disturb the highly controlled regulation
of the growth plate, which results in growth failure and skeletal dysplasia.

Achondroplasia Family of Skeletal
Dysplasias Result from Activation of the FGFR3

Mutations in the FGFR3 gene have been found in rhizomelic skeletal dysplasia syndromes, includ-
ing achondroplasia, hypochondroplasia, thanatophoric dysplasia, and severe achondroplasia with
developmental delay and acanthosis nigricans (SADDAN) (19,20,34–37). These syndromes are now
grouped into the achondroplasia family of skeletal dysplasias. The transgenic mouse models with inacti-
vated Fgfr3 indicated that the receptor is a negative regulator of bone growth because Fgfr3 knockout
mice have longer bones than the wild-type mice (38,39). The phenotypic differences between skeletal
overgrowth in Fgfr3 knockout mice and short stature in FGFR3-related human skeletal dysplasias strongly
suggested that the mutations responsible for short stature activate the receptor. Indeed, further experi-
ments have demonstrated that FGFR3 activation is responsible for the spectrum of the phenotypes in
achondroplasia family of skeletal dysplasias (40–43). Mutations responsible for different clinical
entities were found to cluster to certain domains of the receptor. For example, mutations in the extra-
celullar domain of the receptor are involved in thanatophoric dysplasia type I, whereas mutations in the
transmembrane domain of the receptor are responsible for achondroplasia. Interestingly, different amino
acid substitutions occurring at the same position can activate the receptor to different levels and the
degree of FGFR3 activation correlates to the severity of the clinical phenotype. The Lys650Asn and
Lys650Gln mutations causing hypochondroplasia occur in the same codon as mutations reported in than-
atophoric dysplasia type II (Lys650Glu) and SADDAN syndrome (Lys650Met). The hypochondropla-
sia mutations Lys650Asn/Gln cause less severe FGFR3 activation than the mutations described in than-
atophoric dysplasia type II and SADDAN (43). Thus, all these studies suggest a correlation between
the degree of receptor activation and severity of skeletal dysplasia.

FGFR3 Activation Is Achieved in Several Ways
The mechanisms by which mutations cause the increased level of signaling through FGFR3 are

partly different. The thanatophoric dysplasia type I mutation, Arg248Cys, and achondroplasia muta-
tion, Gly375Cys, activate FGFR3 by forming a disulfide linked receptor homodimer, which constitu-
tively stimulate the cells in the absence of ligand (41,44). The achondroplasia mutation (Gly380Arg)
has been shown to cause ligand-independent activation of the receptor (40), as well as to increase its
responsiveness to the ligand (42). Mutations in the tyrosine kinase domain (Asn540Lys, Lys650Glu,
and Lys650Met) are thought to affect the intracellular kinetics of the FGFR3. In cells expressing the
mutations of the tyrosine kinase domain the amount of the mature (membrane bound, glycosylated,
p170) FGFR3 receptor form is decreased, whereas the immature (intracellular, unglycosylated, p130)
exhibits abnormally strong ligand-independent tyrosine phosphorylation (42). Furthermore, the mutant
FGFR3 containing the achondroplasia mutations is more resistant to ligand-induced internalization
and downregulation compared with that of the wild type, which results in increased receptor levels at
the plasma membrane (44,45). This mechanism seems to be involved in thanatophoric dysplasia as
well, because increased FGFR3 expression has been observed in the growth plates of thanatophoric
dysplasia fetuses (46).

In summary, the increased signaling through FGFR3 in the achondroplasia family of skeletal dys-
plasias is accomplished in at least three different ways, all resulting in disturbed regulation of the
growth plate: (1) ligand-independent (constitutive) activation; (2) increased receptor responsiveness
to the ligand; and (3) change in the intracellular kinetics of the receptor.
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Overactivation of the FGFR3 Disturbs
Normal Cell Development in the Growth Plate

Transgenic animal models for achondroplasia and thanatophoric dysplasia and morphological
studies of the growth plates from human thanatophoric dysplasia fetuses have provided some insight
on how the overactivation of FGFR3 affects chondrocyte life cycle in the growth plate. The growth
plates of the transgenic mice with achondroplasia and thanatophoric dysplasia type II mutations were
diminished with significant decrease and disturbed columnar organization of the proliferative zone
and shortening of the hypertrophic zone (44,47–51). Moreover, similarly to human thanatophoric dys-
plasia (46,52), mice with achondroplasia mutation have foci of abnormal vascularization and transverse
tunneling of the growth plate cartilage (51). These findings indicate that activating FGFR3 mutations
decrease chondrogenesis and stimulate osteogenesis. This is further supported by data on increased
expression of genes related to osteoblast differentiation (osteocalcin, osteopontin and osteonectin) in
mice with achondroplasia mutation Gly375Cys (44). Moreover, thanatophoric dysplasia type I muta-
tions have been shown to promote chondrocyte apoptosis (53). Thus, different types of mutations seem
to affect different stages of chondrocyte life cycle when causing disturbed longitudinal bone growth.

Interestingly, developmental differences have been observed in the regulation of chondrocyte pro-
liferation by normal and mutant FGFR3. In contrast with both prenatal and postnatal inhibition of dif-
ferentiation, proliferation of chondrocytes might even be increased prenatally. It was demonstrated that
thanatophoric dysplasia type II mutation in mice (Lys644Glu) enhanced chondrocyte proliferation at
embryonic day 15 but not at embryonic day 18 (50). In vitro studies of chondrocytes from thanato-
phoric dysplasia type I fetuses suggest that at least during fetal development, cell differentiation is
more affected than cell proliferation (53). The presence of two FGFR3 isoforms with different affini-
ties for FGF1 and FGF2 during chondrogenic differentiation (54) further supports the hypothesis that
FGFR3 might have different functions during different developmental stages.

Molecular Pathways Used by Normal and Mutant FGFR3
As presented below, activating FGFR3 mutations responsible for the achondroplasia group of skel-

etal dysplasias involve different signaling pathways. These molecular mechanisms vary not only with
regard to mutation type (and thus specific clinical entity) but also depend on developmental period.

Activation of Cell-Cycle Inhibitors and Disturbance of PTHrP/Ihh Signaling Loop
The transgenic animal models as well as expression of both normal and mutated FGFR3 in cell

lines have been used to highlight intracellular signaling pathways, involved in pathogenesis of the
achondroplasia family of skeletal dysplasias. The Fgfr3 containing achondroplasia and thanatophoric
dysplasia mutations activates STAT1, 5a and 5b (signal transducers and activators of transcription
responsible for antiproliferative effects), and ink4 family cell cycle inhibitors and in this way decreases
cell proliferation (44,48,55).

Several studies suggest that parathyroid hormone-related protein and Indian hedgehog (PTHrP/
Ihh) signaling loop, a major coordinator of the growth plate, is also affected by mutations causing the
achondroplasia family of skeletal dysplasias. Sox9 is a target of PTHrP signaling (56,57), and both
normal and mutant FGFR3 stimulate expression of the transcription factor Sox9 (58). Sox9 is neces-
sary for differentiation of mesenchyme cells to chondrocytes and subsequently for arresting the tran-
sition of chondrocytes from the proliferative to the hypertrophic stage (56,57). Thus, an increased
expression of Sox9 in the achondroplasia family of skeletal dysplasias may contribute to decreased
hypertrophy of growth plate chondrocytes. Moreover, the signaling pathways for induction of Sox9 and
activation of the cell cycle inhibitor STAT1 seem to be independent of each other (58), indicating that
several intracellular pathways are involved in the pathogenesis of the achondroplasia family of skeletal
dysplasias. In addition, Fgfr3 signaling downregulates the expression of Ihh and bone morphogenetic
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protein 4 in transgenic mice with achondroplasia mutation (47). Ihh is known to be impor-tant for the
chondrocyte proliferation and their longitudinal stacking in the proliferative zone (59), whereas bone
morphogenetic protein 4 might serve as a link coordinating chondrogenesis and osteogenesis in the
growth plate.

The above-described activation of the cell cycle inhibitors and downregulation of Ihh contribute
to decreased proliferation and affected columnar organization of the chondrocytes, whereas increased
expression of Sox9 probably confer decreased hypertrophy of the cells. All these molecular processes
explain the morphological changes of the growth plates in human thanatophoric dysplasia as well as
in the transgenic models of achondroplasia and thanatophoric dysplasia. Interestingly, neither altered
expression of Ihh nor STAT protein activation has been found in prenatal mice with thanatophoric
dysplasia II mutation, suggesting that different molecular pathways are important for bone growth
during different developmental stages (50).

Activation of MAPK Pathway,
Altered Integrin Expression, and Triggering of Apoptosis

One of the important signaling molecules in the tyrosine kinase pathway is mitogen-activated pro-
tein kinase. This molecule is activated in a ligand-dependent manner in achondroplasia, hypochondro-

Fig. 4. A schematic summary of cellular and molecular mechanisms involved in the disturbance of bone growth
in the achondroplasia family of skeletal dysplasias. Cell cycle progression is regulated by assembly of cyclins,
cyclin-dependent kinases (cdk), and cdk inhibitors with subsequent regulation of retinoblastoma protein, pRb. Cells,
in this case chondrocytes, are kept in growth arrest by active pRb. pRb can be phosphorylated and by cyclin com-
plex E-cdk2/D-cdk4, which leads to inactivation. Cdks are blocked by so called cell cycle inhibitors, among which
p21 has a broad spectrum, whereas ink4 has a narrow spectrum (inhibits only D-cdk4 and D-cdk6). The increased
expression of p21 blocks the E-cdk2, which in turn cannot phosphorylate (inactivate) pRb. The active pRb does
not allow the cell to enter S-phase. Ihh stimulates chondrocyte proliferation and regulates their longitudinal stack-
ing in the proliferative zone, thus a decreased amount of this factor may cause disorganization of the cellular struc-
ture in the growth plate. The regulation of apoptosis involves Bax and Bcl-2 proteins. Bax is a proapoptotic protein,
whereas Bcl-2 is an antiapoptotic protein. STATs are also involved in the inhibition of proliferation and in the acti-
vation of apoptosis. Integrins provide a link between the extracellular matrix and the cytoskeleton, functioning as
important transducers of mechanical stimuli. Integrin binding stimulates intracellular signaling, which can affect
gene expression and regulate chondrocyte function. Thus, changes in integrin expression pattern might affect
cell-matrix interactions and integrin-related signaling pathways.
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plasia, and thanatophoric dysplasia (42,53). In contrast to mitogen-activated protein kinase signal-
ing, STAT1 signaling pathway is activated in a ligand-independent manner in thanatophoric dyspla-
sia type I (53). The latter is likely involved in triggering premature apoptosis of the growth plate
chon-drocytes by decreasing Bcl-2 levels (53).

Another mechanism involved in the pathogenesis of the achondroplasia is disturbed cell–matrix
interaction because chondrocytes containing FGFR3 with achondroplasia mutation change the pat-
tern of integrin expression (60). Integrins function as a link between the extracellular matrix and the
cytoskeleton and can transduce signals into the cells. Consequently, changes in integrin expression
affect not only chondrocyte interaction with the surrounding extracellular matrix but also integrin
signaling into the cell. Celullar and molecular mechanisms involved in the pathogenesis of the achon-
droplasia family of skeletal dysplasias are summarized in Fig. 4.
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INTRODUCTION

The adult axial skeleton consists of the skull, ribs, and vertebrae. Based on their morphology, the
vertebrae can be divided into five distinct regions, that is, the cervical (C), thoracic (T), lumbar (L),
sacral (S), and caudal vertebrae. The number of vertebrae in each region varies across species within
the vertebrate phylum. In humans, the vertebral column normally consists of 7C, 12T, 5L, 5S, and
four or five caudal vertebrae, whereas rodents have 7C, 13T, 6L, 4S and varying numbers of caudal
vertebrae.

During embryonic development, positional information determining the craniocaudal identity of
the somites, the precursors to the vertebrae, is thought to be conferred by the hox genes. They encode
transcriptional regulators containing a homeodomain that mediates sequence-specific DNA binding.
These genes are clustered in four genomic loci, the HoxA, -B, -C, and -D complexes. Hox expression
in the paraxial mesoderm begins early, during gastrulation, before the formation of the somites. Hox
genes have overlapping domains of expression in the somites and prevertebrae (PV) that extend from
the caudal end of the embryo to a precise cranial limit that is correlated to the linear order of the genes
within a given cluster. This expression pattern along the craniocaudal axis of the embryo suggests a
combinatorial code according to which the expression of a given combination of hox genes will spe-
cify the identity of a vertebral segment (1–3).

Several agents have been reported to induce anomalies of the axial skeleton that resemble homeotic
transformations, that is, they induce the transformation of the anatomical structure of a vertebra to
that of an adjacent vertebra, thus leading to altered numbers of vertebrae or ribs. Boric acid (BA), an
essential plant micronutrient, is widely used industrially (cosmetics, pharmaceuticals, pesticides, glaz-
ing, ceramics) and widely distributed. Prenatal exposure to BA has been shown to cause reductions in
the number of ribs in rodents (4–8) as well as induce a missing cervical vertebra (7) with associated

*This document has been reviewed in accordance with the U.S. Environmental Protection Agency policy and
approved for publication. Mention of trade names or commercial products does not constitute endorsement or recom-
mendation for use.
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changes in hox gene expression (9). Although many agents, for example, valproic acid (10), retinoic
acid (11), salicylate (12), and acetazolamide (13), have been shown to cause supernumerary ribs in
rodents, very few agents cause a reduction in the number of ribs or vertebrae. In addition to BA, agents
or conditions in the latter category include arsenate (14), methanol (15), and hyperthermia (16). This
unusual effect on axial development has also been associated with changes in homeotic gene expres-
sion (17–19) as well as deletion of the bmi-1 proto-oncogene (20). In this study, we describe BA-
induced homeotic shifts by characterizing the morphological changes in the axial skeleton of rats after
prenatal exposure to BA and also report the changes in hox gene expression associated with BA expo-
sure shown to alter cervical vertebral development.

MATERIALS AND METHODS

Chemicals
BA (H3BO3; Lot no. 83H0843) was purchased from Sigma Chemical Co.; purity was reported to

be approx 99%. Dosing solutions were prepared in double-distilled deionized water at appropriate
concentrations to provide the desired dose (0 or 500 mg/kg) when given at 10 mL/kg.

Animals and Husbandry
For assessment of effects on full-term morphology, timed-pregnant Sprague–Dawley rats were

obtained from Charles River, Inc. and individually housed. For assessment of gene expression, male
and female Sprague–Dawley rats (Charles River, Inc.) were cohabited overnight and mated females
were housed two per cage. All animals were maintained in polycarbonate cages with heat-treated
wood shavings supplied as bedding. The day that evidence of mating (i.e., copulatory plug or vaginal
sperm) was detected was designated gestation day (GD) 0. The animals were provided feed (Purina
Lab Chow no. 5001) and tap water ad libitum, and a 12:12 light:dark cycle (lights on at 0600). Room
temperature and relative humidity were maintained at 22.2 ± 1.1°C and 50 ± 10%, respectively.

Experimental Design
Animals were assigned to treatment groups using a nonbiased procedure that assured a homoge-

neous distribution of body weights among groups (21).

Full-Term Morphology
BA was administered at 0 or 500 mg/kg twice daily (b.i.d.; approx 0700 and 1600 h). This experi-

ment was conducted in two blocks. In the first block, rats were dosed with BA on GD 6, 7, 8, or 9;
controls received vehicle on GD 6–9. In the second block, rats were dosed on GD 9, 10, or 11; con-
trols received vehicle on GD 9–11. Individual doses were based on GD 6 body weights. Animals were
weighed on GD 6–10, 13, 16, and 21. All rats were examined throughout the experimental period for
clinical signs of toxicity.

On GD 21, dams were killed by cervical dislocation, and the liver, kidneys, and gravid uterus were
weighed. Uterine implantation sites were counted and their relative positions were recorded. Each
implantation site was classified as a live fetus, dead fetus, or resorption. Each resorption site was
further classified as a macerated fetus, placenta (with no recognizable fetus), metrial gland (with no
placenta), or scar. Ovaries from live-bearing dams were examined and corpora lutea were counted.
Live fetuses were weighed individually, fixed in 95% ethanol, and subsequently double stained with
Alizarin red S and Alcian blue (22) for skeletal examination. Nongravid uteri were stained with 10%
ammonium sulfide to detect cases of full-litter resorption (21).

Skeletal examinations included evaluation of vertebral, costal, and skull morphology. Each side of
the specimen was evaluated independently. The pattern of costal cartilage attachment to the sternum
and the number of presacral vertebrae were recorded. The first thoracic vertebra (T1) was defined as
the most cephalad vertebra bearing a rib with a prominent costal cartilage. At the thoracolumbar junc-
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tion, all rib-bearing vertebrae were designated as thoracic, regardless of the length of the rib. The num-
ber of C, T, and L vertebrae were recorded for each side. Vertebrae in each region were further classi-
fied into subregions (normally represented by C1, C2, C3–5, C6, C7, T1, T2, T3–10, T11, T12–13,
L1–3, and L4–6; ref. 22). The morphological criteria for each subregion are presented in Table 1; the
cervical region of normal and abnormal specimens are pictured in Fig. 1. Because variations in the size
of the cartilaginous area on the lateral aspects of C3, C7, and T1 were observed in the first block, the
extent of the lateral cartilaginous aspect was scored from zero (normal for T1) to four (cartilage span-
ning the width of the arch, normal for C3 and C7) for the specimens of the second block.

STATISTICS

Females who died or had only one uterine implantation site were excluded from statistical analy-
ses. The litter was used as the statistical unit for the analysis of data regarding corpora lutea, implan-
tation sites, prenatal loss, fetal weights, and fetal examination findings. Maternal body weights and
litter data were analyzed using the General Linear Models procedure in SAS software versions 6.04
and 6.12. Because data from GD-9 exposure and controls were collected in two blocks, data were com-
pared across blocks using General Linear Models. Except for the incidence of fetuses with <6 sterne-
brae (observed only in the second block), all developmental end points were comparable between
blocks. Thus, data from the two blocks were combined. Fetal weights were analyzed with the number
of live fetuses as a covariate. Similarly, the number of implantation sites was used as a covariate in
the analysis of litter size. When a significant treatment effect was detected by analysis of variance,
Student’s t-test on least-squares means was used for pairwise comparisons between groups. No adjust-
ments were made for multiple comparisons. For vertebral-count distributions, inferential statistical
analyses were not conducted; instead, descriptive statistics were calculated for each side based on the
numbers of fetuses, not litters, in each group.

Hox Gene Expression
Pregnant rats were treated by gavage with BA at 0 or 500 mg/kg, b.i.d. (approx 0900 and 1800 h)

on GD 9. Females were killed by cervical dislocation on GD 13.5 and embryos were recovered in

Table 1
Key Morphological Criteria Used in Assessing Vertebral Regions on GD 21

Normal no.
Vertebral region of vertebrae Key features

Cervical 7
C1 (atlas) 1 Large arch, wide transverse process
C2 (axis) 1 Large arch, spinous process
C3-C5 3 Lateral cartilage
C6 1 Tuberculum anterium, lateral cartilage
C7 1 Lateral cartilage

Thoracic 13
T1 1 Cranial-most with rib and costal cartilage, rostrad diapophysis
T2 1 Prominent spinous process, rostrad diapophysis
T3-T10 8 High ossified arch, lateral cartilage
T11 1 Blunted ossified arch, reduced lateral cartilage
T12-T13 2 Virtually no lateral cartilage

Lumbar 6
L1-L3 3 Reduced/absent pleurapophysis
L4-L6 3 Pleurapophysis projecting cephalad
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phosphate-buffered saline (PBS) from one control and two BA-treated dams. The embryos were dis-
sected from the decidua and membranes and fixed in 4% paraformaldehyde in PBS (pH 7.4) overnight
at 4°C. Embryos were washed in PBS and stored in 70% ethanol at room temperature.

IN SITU HYBRIDIZATION (ISH)
Embryos were dehydrated in a graded series of ethanol, cleared in benzene, and embedded in paraf-

fin by standard methods. Approximately 350 serial sagittal 6-µm sections were distributed into seven
groups. The first group was stained with toluidine blue, and the remaining slides were each hybrid-
ized with a different probe (approx 50 sections/probe/embryo), thus allowing direct comparisons of
expression domains of the different genes on neighboring sections of the same embryo (23). Although
all embryos were hybridized with the five or six probes, the number of embryos analyzed for each probe

Fig. 1. Top, Control fetal skeleton with forelegs disarticulated to show cervical vertebral subregions: C1 (atlas),
C2 (axis), C3–C5, C6 (with tuberculum anterium; arrow), and C7. The spinous process of T2 is also indicated
(arrowhead). Bottom, Fetus exposed to boric acid (500 mg/kg b.i.d.) on GD 9. The C3–C5 subregion (bracket)
has only two vertebrae rather than the normal complement of three. The C1, C2, “C6” (the fifth vertebra, with
tuberculum anterium, arrow), and “C7” (the sixth vertebra) subregions are intact. The spinous process of T2 is
also indicated (arrowhead).
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Table 2
Summary of Uterine Findings (Mean ± SE) at GD 21 Cesarean Section

No. of Implantation Postimplantation Fetal
dams sites Live fetuses loss (%) weight (g)

Control 15 12.8 ± 0.4 12.3 ± 0.5  4.6 ± 1.9 5.5 ± 0.1
GD 6 11 13.1 ± 0.5 12.4 ± 0.5  4.6 ± 2.1 5.5 ± 0.1
GD 7 11 13.7 ± 0.4 12.7 ± 0.5  7.5 ± 2.1 5.1 ± 0.1a

GD 8 13 13.2 ± 0.6 12.2 ± 0.7  7.5 ± 2.6 5.3 ± 0.1
GD 9 15 13.4 ± 0.3 12.5 ± 0.5  8.2 ± 2.5 5.0 ± 0.1b

GD 10 10 13.1 ± 0.4 12.1 ± 0.6  7.8 ± 3.3 4.8 ± 0.0c

GD 11 10 12.4 ± 0.7 11.1 ± 1.0 12.3 ± 5.6 4.8 ± 0.2a

aSignificantly different from control value (p < 0.05).
bSignificantly different from control value (p < 0.01).
cSignificantly different from control value (p < 0.001).

varied because of processing artifacts on some slides; a minimum of nine embryos were observed for
each probe. Analysis was restricted to the expression domain in the PV (the sclerotomal derivatives
of the somite).

ISH was performed as described by Duboule and Dolle (24) and reviewed by Picard et al. (23).
The single-strand antisense RNA probes were synthesized in a standard T7, T3, or SP6 polymerase
reaction using 35S-CTP, followed by partial alkaline hydrolysis to reduce the average probe length to
the optimal size of approx 150 nucleotides. Sections were pretreated with Proteinase K at 1 µg/mL for
30 min at 37°C. After ISH, the deposit of silver grain was visualized on a microscope using dark field.

PROBES

A fragment of the murine homeobox gene hoxa4 extending from an EcoRI site in the second exon
until the extremity of the 3' untranslated region was cloned in a pGEM11zf vector (Promega). The
probe for hoxa4 was then synthesized from the extremity of the 3' untranslated region of the gene until
a BglII site located in the second exon. The RNA probe for hoxd4 was prepared after subcloning a
cDNA fragment into a pBluescript KS (+/ ) transcription vector (Stratagene). This sequence extended
up to 700 bp downstream of the homeobox BglII site (BglII–HindIII fragment; ref. 25). The probes for
hoxa5, hoxc5, and hoxc6 were described by Fibi et al. (26), Gaunt et al. (27), and Sharpe et al. (28),
respectively. The probe for hoxa6 was synthesized from a vector provided by P. Gruss and which con-
tained a 1.7 kb EcoRI insert in pSP65.

FALSE-COLOR DISPLAY OF ISH
To analyze the ISH signal, dark-field sections were visualized using a Laborlux S microscope (Leitz)

with an attached CCD camera (TK-890 E, JVC) and were processed using PC-based image analysis
software (vidas Res 2.1, Kontron Elektronik). For the expression-level analysis, the image analysis
system substituted a false-color look-up table for the 256 gray level look-up table initially used to dis-
play the ISH image. Gradients of increasing intensity of expression were thus converted to colors span-
ning from blue (corresponding to background), to green (a weak signal), to yellow (a clearly visible sig-
nal), to red (a very intense, saturated signal). Analyzers of expression levels were blind to treatment.

RESULTS

BA treatment had no effect on prenatal mortality; however, a slight, nonsignificant, increase in post-
implantation loss was noted after GD 11 treatment (Table 2). Fetal weights were reduced for groups
treated on GD 7, 9, 10, or 11. A variety of malformations (Table 3) involving the axial skeleton (small
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Table 3
Summary of Fetal Examination Findings

Treatment
Control GD 6 GD 7 GD 8 GD 9 GD 10 GD 11

No. litters (fetuses) 17 (211) 12 (150) 11 (140) 13 (162) 16 (201) 10 (121) 10 (111)

Mean fetal incidence per litter (%)
<26 presacral vertebrae 0 0.6 ± 1.4 0 8.5 ± 3.0 51.9 ± 6.5c 57.2 ± 9.1c 0
<7 cervical vertebrae 0 0 0 1.8 ± 1.4 88.3 ± 6.1c 0 0
<13 ribs 0 0 0 1.3 ± 1.3 0 55.9 ± 8.4c 0
>13 ribs 2.0 ± 1.1 2.4 ± 1.8 6.2 ± 2.4 7.4 ± 1.9 48.2 ± 5.6c 0 0
<6 sternebrae 0 0.8 ± 0.8 0 2.7 ± 1.8 15.0 ± 3.2 27.4 ± 8.8c 1.5 ± 1.0
Cervical rib 0.4 ± 0.4 0 1.3 ± 0.9  3.8 ± 0.3a 4.8 ± 1.5b 1.6 ± 1.1 0
Sternoschisis (partial) 0 0 0 0 0 0 0.8 ± 0.8
Sternal agenesis 0 0 0 0 0.5 ± 0.5 0 0
Fused ribs 0.5 ± 0.5 0 0  4.1 ± 1.5b 0 3.2 ± 2.4a 0
Bifurcated ribs 0 0 0  1.8 ± 0.9b 0 0 0
Fused vertebrae 0.5 ± 0.5 0.6 ± 0.6 0  8.9 ± 3.3b 1.1 ± 0.7  5.9 ± 2.7a 3.3 ± 3.3
Fused mandibles 0 0 0 0 0.5 ± 0.5 0 0
Small orbit 0 0 3.7 ± 2.5 0 0.5 ± 0.5 0 0
Fused costal cartilage 0 0 0 2.0 ± 1.5 18.4 ± 3.3c 0 0
Asymmetric L-S junction 0 0.6 ± 0.6 0 3.1 ± 1.7 11.7 ± 3.8c 4.6 ± 2.6c 0
Vestigial tail 0 0 0 0 0  0.9 ± 0.9a 0
Umbilical hernia 0 0 0 0.5 ± 0.5 0 0 0
Agnathia and exophthalmia 0.5 ± 0.5 0 0 0 0 0 0
Extra rib cage, etc. 0 0.6 ± 0.6 0 0 0 0 0

Lateral cartilage score:
C3 3.9 ± 0.0 – – – 3.9 ± 0.1 3.9 ± 0.0 3.8 ± 0.1
C7 3.7 ± 0.1 – – – 3.9 ± 0.1 3.9 ± 0.1 3.8 ± 0.1
T1 0.0 ± 0.0 – – – 1.0 ± 0.5 0.1 ± 0.1 0.0 ± 0.0

aSignificantly different from control value (p < 0.05).
bSignificantly different from control value (p < 0.01).
cSignificantly different from control value (p < 0.001).
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orbit, partial sternoschisis, sternal agenesis, fused or bifurcated ribs, fused vertebrae, and fused man-
dibles) were similar to findings in earlier experiments (7) and were attributed to BA treatment. Both
the GD 8 and GD 9 groups had low, but significant, incidences of (rudimentary) cervical ribs. Isolated
cases of malformations observed included agnathia with exophthalmia (one control fetus), umbilical
hernia (one GD 8-exposed fetus), and vestigial tail (one GD 10-exposed fetus). Also, one GD 6-exposed
fetus had exencephaly, ablepharia, agnathia, an extra rib cage, two extra scapulae, and one extra forelimb.

The most noteworthy effects of BA were alterations in the numbers of vertebrae, ribs, and sterne-
brae. Although treatment on GD 6, 7, 8, or 11 generally had no such effect, exposure on GD 9 or 10
resulted in dramatic, but strikingly different, alterations in the axial skeleton. In the GD 9 group,
about 90% of the fetuses (15 of 16 litters) had only six cervical vertebrae (Fig. 2). Based on the
placement of the tuberculum anterium (normally on C6), the deficient region was usually C3–C5
(Fig. 1), with C7 or C6 being affected less frequently. Morphology on the right side of the vertebrae
indicated that 61, 27, and 1% of the fetuses were deficient at C3–C5, C7, and C6, respectively.
Although vertebral asymmetry was sometimes observed, similar incidences (70, 20, and 0%, respec-
tively) were seen on the left side. Alterations in the attachment pattern of the costal cartilage to the
sternum were also evident and fused costal cartilage were observed in approx 10% of the progeny.
Examination of the lateral aspects of the arches of C3, C7, and T1 showed significant changes in the last
of these vertebrae. Although T1 (by our working definition) bore a rib with a prominent costal cartilage,
this vertebra sometimes had a lateral cartilaginous aspect characteristic of a cervical vertebra. It is
important to note, however, that the vertebra with a prominent spinous process (a defining feature for
T2) was always situated immediately caudal to the vertebra defined as T1 regardless of the amount of
cartilage present on the lateral aspect. The GD 9 group also exhibited, though less frequently, super-
numerary thoracic (“lumbar”) ribs, (rudimentary) cervical ribs, <6 sternebrae, and asymmetric lumbo-
sacral (L–S) junction (Table 2). Despite the increased incidence of supernumerary ribs, approximately
one half of the fetuses had reduced numbers of presacral vertebrae.

Progeny exposed on GD 10 also had increased incidences of <6 sternebrae, <26 presacral verte-
brae, and asymmetric L–S junction; unlike the other groups, however, the GD 10 group had nearly
60% incidence of progeny with less than 13 ribs (Fig. 2). The most frequently deficient thoracic sub-
region was T11 (44% of the fetuses), followed by the T3–10 (12% of the fetuses), and T12–13 sub-
regions (5% of the fetuses); T1 and T2 were present in all fetuses.

In our examination of GD-13.5 hox gene expression, control and treated embryos showed similar
expression profiles for hoxd4, hoxa4, hoxa5, and hoxc5 (Fig. 3). For hoxd4, the cranial limit of
expression was observed in PV1 for all embryos; however, the signal in PV1 was weak or just above
the limit of detection. For hoxa4, the cranial border of expression was weakly labeled in PV2 in 4 of
11 control embryos and 6 of 13 treated embryos. The hoxa4 transcript was strongly expressed in PV3
and caudad for all embryos. For hoxa5, a control embryo was unique in that a signal was detected just
above the detection limit in PV2. For the remaining control and treated embryos, the cranial bound-
ary of expression was PV3; however, for 6 of 10 controls and 4 of 13 treated embryos, the signal in PV3
was weak. For hoxc5, all embryos showed a gradient of expression from PV2 (1 of 11 controls, 6 of 13
treated), PV3 (9 of 11 controls, 7 of 13 treated), or PV4 (1 of 11 control) increasing to full intensity
in PV8.

For hoxc6 and hoxa6, BA shifted the cranial border of expression cranially on GD 13.5 (Fig. 3).
Among treated embryos, the maximum intensity of expression of hoxc6 was detected in PV9 in 10 of
11 embryos, whereas none of the control embryos presented a maximum intensity of expression in
that PV. Increasing gradients of expression with a cranial boundary at PV7 or PV8 were evident in
the treated embryos and at PV8 or PV9 in controls. For hoxa6, all 11 treated embryos showed a signal
with a maximum intensity in PV10, whereas all control embryos presented such an expression in
PV11. Increasing gradients of expression with a cranial boundary at PV9 or PV10 were observed in
controls, and at PV7, PV8, or PV9 in treated embryos.
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Fig. 2. Incidences of fetuses with different cervical–thoracic–lumbar (C–T–L) vertebral patterns (counts) after BA exposure on different days
of gestation. For example, 100% of fetuses exposed on GD 11 had the normal C–T–L vertebral pattern of 7-13-6, that is, 7 C, 13 T, and 6 L
vertebrae. These graphs present data for the right side of the fetus only. Although the right and left sides of any given fetus were not necessarily
symmetrical, the left-side profiles were very similar to the right-side profiles shown here.
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Fig. 3. Percent incidence of embryos showing a cranial border of gene expression of hoxd4, hoxa4, hoxa5, hoxc5, hoxc6, and hoxa6 genes in prevertebrae
of control and BA-treated GD 13.5 embryos. Bars represent the incidence of embryos with a cranial border of expression at the indicated prevertebra; solid
bars reflect the cranial border of a signal of maximum intensity whereas open bars reflect the cranial border of a weaker signal. Note that the cranial border of
expression of hoxc6 and hoxa6 genes is shifted in the BA-treated embryos when compared with control embryos.
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DISCUSSION

As reported by others (4,5,8)‚ BA administration caused distinct effects on the developing rodent
axial skeleton. The single-day dosing regimen also demonstrated discrete periods of axial develop-
ment. Although GD 6 exposure had no developmental effects, and treatment on GD 7 and 11 caused
only relatively mild developmental toxicity (reduced fetal weights), treatments on GD 8, 9, and 10
disrupted axial development. GD 8 exposure induced cervical ribs and rib or vertebral malforma-
tions, but only treatment on GD 9 or 10 dramatically altered numbers of vertebrae, ribs, or sterne-
brae. GD 9 exposure yielded a high penetrance (approx 90%) of a missing cervical vertebra whereas
GD 10 exposure resulted in a missing thoracic or lumbar vertebra. Close examination of vertebral
morphology indicated a missing vertebra usually in the C3–C5 region for the GD 9-exposed fetuses;
missing C7 or, less frequently, C6 was also seen in this group. Although the majority of GD 10 fetuses
had a missing vertebra, the penetrance was not as high as in the GD 9 group. The most frequently
affected vertebral regions in the GD 10 group were, in decreasing order, T11, T3–10, and T12–13; T1
and T2 were unaffected. These findings suggest an impact of BA on the fundamental control mecha-
nisms that define the positional identity of the somites and, consequently, the vertebrae.

Homeotic genes that are known to confer positional information in the cervical and the cranial-
most thoracic regions include hoxd4, a4, a5, c5, c6, and a6; we hypothesized that their expression
may be affected by GD-9 exposure to BA. Because GD-9 exposure yielded a highly localized effect
on the cervical region, with high penetrance (approx 90%), and with little else effected, we used this
exposure regimen as an experimental model for investigating BA’s possible effects on homeotic gene
expression. Comparison of expression patterns between BA-exposed embryos and controls revealed
a shift in the expression domain of two genes, hoxc6 and hoxa6 on GD 13.5. According to the hox code,
these shifts are likely to result in posterior transformation of cervical vertebrae later in development,
without altering the total number of vertebrae. This is consistent with the observed morphological
defects at GD 21 after similar BA exposure, suggesting that these hox gene alterations are indeed part
of the dysmorphogenic cascade resulting from BA exposure.

In control GD-13.5 embryos, five genes are expressed in PV8 (T1): hoxd4, a4, a5, c5, and c6. In
embryos exposed to BA, a one-PVor a one- to two-PV cranial shift of the cranial boundary of expres-
sion of hoxc6 and hoxa6, respectively, was observed. Therefore, in exposed embryos, the same com-
bination of five genes is expressed in PV7 (C7). In the same way, in control embryos, the six genes
studied are expressed in PV9 (T2). In exposed embryos, we observed the expression of these genes in
PV8 (T1). Thus, the cranial shift of the cranial boundary of hoxc6 and hoxa6 leads to a modification
of the hox code that may explain the posterior transformation of C7 to T1, and of T1 to T2 observed
in full-term fetuses exposed to BA. However, our data do not directly explain the two other vertebral
patterns observed on GD 21, namely the absence of C6 or a deficiency in the C3–C5 region. This
suggests that BA may induce shifts in the expression of genes acting spatially and temporally upstream
of hoxa6 and hoxc6 and that the modifications observed here reflect the cascade of misexpression of
these genes. Among candidate genes are the upstream hox genes, such as paralogs 4 and/or 5, as well
as pattern-regulating genes other than those studied here. The similar incidences of embryos with a
cranial shift of hoxa6 and hoxc6 expression, and of fetuses with six cervical vertebrae support an asso-
ciation between the altered gene expression and the full-term phenotype.

Comparative analyses that map hox gene expression boundaries to morphological regions in the
chick and mouse embryo showed that gene expression patterns are consistently correlated with mor-
phology (29). In other words, specific hox genes are always expressed at specific morphological boun-
daries along the craniocaudal axis regardless of changes in the number of segments that contribute to
each morphological region in different species of vertebrates. Notably, the cranial border of expres-
sion of hoxc6 is in the first thoracic PV of mice (somite 12), chicks (somite 19), and geese (somite 21).
Moreover, in all amniotes, the T1 segment is the caudal-most segment to contribute a spinal nerve to
the branchial plexus; hoxc6 expression is always aligned with this segment, indicating that the axial
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level of hoxc6 expression is morphologically conserved between all these species (29). Therefore,
the cranial shift of one PV in the expression domain of hoxc6 may explain the cranial shift of the
cervicothoracic transition observed in BA-exposed fetuses. The maximum intensity of expression of
hoxc6 was detected in PV9 in 91% of the embryos exposed to BA whereas none of the control
embryos presented a maximum intensity of expression in that PV. It is interesting to note that the
percentage of GD 21 fetuses with six cervical vertebrae is similar to the percentage of BA-treated
embryos that presented a shift in the maximum level of expression of hoxc6.

Changes observed in the cervical vertebrae after treatment suggested an action of BA on expres-
sion of specific hox genes. The present work further supports the hypothesis that BA-induced axial
skeletal alterations involve early modifications of hox gene expression. Several mechanisms may
underlie the BA-induced changes in such gene expression. BA may act directly on hox gene expres-
sion via a cofactor or indirectly via upstream regulators of hox genes. Possible candidates include the
mouse homologues of the Polycomb group genes or Cdx proteins, repressor, and activators of hox
genes, respectively. Indeed, knockout mutants for the M33 gene (mouse Pc gene) showed homeotic
transformations of the axial skeleton similar to those described after BA exposure (30). Alterna-
tively, BA could interfere with critical physiological process during development. A transient arrest
of cell proliferation in somites or presomitic mesoderm has already been associated with skeletal
defects induced by hyperthermia. These homeotic-type defects were also associated with a shift in
the cranial limit of expression for some hox genes (31).

To pursue these different hypotheses, further investigations should include work on the effects of
BA on additional hox genes, upstream regulator genes, and cell proliferation. The study of hox expres-
sion patterns in other research models, for example, embryonic carcinoma cells treated with BA or
retinoic acid, may also provide complementary information regarding the ability of BA to alter hox
expression as well as induce homeotic transformations.
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Toxicant-Induced Lumbar and Cervical Ribs in Rodents

John M. Rogers, R. Woodrow Setzer, and Neil Chernoff

INTRODUCTION

The design of “Segment II” developmental toxicity studies involves exposure of pregnant rodents
or rabbits to dosages of test chemical up to and including at least one that is maternally toxic. Adverse
developmental effects noted in these studies may be induced by direct in utero exposure of the embryo
to the test agent or its metabolite(s) and/or indirect effects because of compound-induced maternal
toxicity. Standard developmental toxicity bioassays in rodents include a detailed examination of the
near-term fetal skeleton in single-stained (alizarin red for ossified bone) or double-stained (alizarin
red plus Alcian blue for cartilage) specimens. Lumbar supernumerary ribs (LSNRs) lateral to the 21
vertebra (first lumbar, L1), are common finding in such studies, and have been categorized as “rudi-
mentary” (shorter) or “extra” (longer) by some investigators using various criteria (refs. 1–3; Fig. 1).
Cervical supernumerary ribs (CSNRs), ribs lateral to the seventh vertebra (seventh cervical, C7), are
less common than LSNRs, but still often observed in rodent developmental toxicity bioassays.

A broad spectrum of chemical agents, including valproic acid (4), retinoic acid (5), salicylate (6),
acetazolamide (7), and bromoxynil (8,9) have been shown to cause LSNRs in rodents. However, LSNRs
also exhibit a high background incidence in commonly used strains of rats and mice, and background
rates vary over time (10). In mice, LSNRs have been associated with maternal toxicity induced by
diverse chemicals (11–13), and Chernoff and coworkers have demonstrated that maternal-restraint
stress in mice causes elevations in the incidence of LSNRs (14,15). These findings, along with the
question of whether LSNRs have any adverse effects on health, have made the interpretation of the
significance of LSNRs for human risk assessment controversial.

Wickramaratne (6) concluded that salicylate-induced LSNRs in rats were transient, subsequently
becoming part of the transverse process of the first lumbar vertebra. However, Foulon et al. (16)
followed the fate of salicylate-induced LSNRs in rats by radiography from birth to adulthood and
reported that although rudimentary LSNRs were transient, the incidence of offspring with extra
LSNRs was the same at birth and adulthood. We have reported that fetal LSNR induced in rats by the
herbicide bromoxynil appeared to be transient, whereas in contrast, some bromoxynil-induced LSNRs
in mice appeared to persist postnatally (refs. 8 and 9). In agreement with the results of Foulon et al. (16),
bromoxynil-induced LSNRs in rats were mostly rudimentary, whereas those that persisted in mice
were extra LSNRs. Beck (7) reported that LSNRs induced prenatally by acetazolamide also persist to
adulthood in mice.
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Fig. 1. LSNRs in term rodent fetuses. Skeletons were stained with Alizarin red S for bone and Alcian blue for cartilage. A, An untreated CD-1 mouse fetus
with the normal number of 13 thoracic ribs, with the13th pair labeled. B, An untreated CD-1 mouse fetus with bilateral rudimentary LSNR (rr) on lumbar
vertebra one. Thirteenth thoracic ribs are also labeled. C, Fetus from a Sprague–Dawley rat dam treated with valproic acid showing a rudimentary LSNR (rr) on
one side and an extra LSNR (er) on the other side. Thirteenth thoracic ribs are also labeled.
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Lumbar ribs are relatively rare in humans, but studies have indicated adverse health effects asso-
ciated with their occurrence. Symptomology associated with lumbar ribs primarily consists of pain in
the lumbar region (17) and a tendency for L4–5 degeneration (18).

CSNRs have been induced in mice or rats by various maternal chemical treatments, including tri-
n-butyltin (19), nitrous oxide (20), mitomycin-C (21), methanol (22,23), and boric acid (24). CSNRs,
similar to LSNRs, occur in various lengths in rodents, ranging from ossification sites to full ribs con-
nected to the sternum distally. Background rates for CSNRs in laboratory species are variable, but most
spontaneous CSNRs in rodents consist of ossification sites or very short ribs. No categorization of
CSNRs by length has been proposed to date.

Cervical ribs have been associated with adverse health effects in humans. The most common
effect of cervical ribs is thoracic outlet disease (25–28), a condition characterized by compression of
and diminished blood flow in the subclavian artery and vein and carotid arteries, and displacement of
the stellate ganglia, sympathetic ganglia, and C7–T1 nerve roots. Symptomology of these anomalies
is both vascular and neurological. The vascular effects include cerebral and distal embolism (29–32),
whereas neurological symptoms include extreme pain (33), migraine (34), and Parkinson’s disease
symptoms (27). A family exhibiting cervical ribs across two generations was described by Schapera
(35), indicating that a genetic component may be involved in some instances.

Human CSNRs have been shown to be associated with an increased risk of cancer (36). Schumacher
et al. (37) studied a series of 1000 children with malignancies and investigated the occurrence of skel-
etal anomalies in this population. They found a highly significant correlation of CSNRs and other rib
anomalies with a series of cancers. The specific cancers and the percentage of cancer patients with
anomalous ribs included leukemia (27%), brain tumor (27%), neuroblastoma (33%), soft tissue sar-
coma (25%), and Wilm’s tumor (24%). These relationships may be caused by effects on a gene or
genes that play a role in the development of the axial skeleton and is/are also a component/s of the
cellular pathways that lead to cancer. Anbazhagan and Raman (38) hypothesized that alterations in
homeobox genes that are known to be important in the development of the axial skeleton may also be
critical in the etiology of cancer in children.

Effects on axial skeletal development have been associated with changes in homeobox (Hox) gene
expression (39–42) as well as deletion of the bmi-1 proto-oncogene (43). Shifting of the anterior
boundary of Hoxa-10 expression in a posterior direction has been associated with lumbar ribs in mice
after prenatal exposure to retinoic acid (44). Retinoic acid treatment of pregnant mice on gestation
day 7 results in posteriorization of cervical vertebrae, including CSNRs. Homeotic transformations
reported to occur concurrently with CSNRs in fetuses of retinoic acid-treated dams include splits and/or
fusions of the atlas (C1) or axis (C2) and displacement of the tubercula anterior (ventral vertebral pro-
cesses) to C5 from their normal position on C6 (5,44).

CHEMICALLY INDUCED LUMBAR RIBS:
SIZE DISTRIBUTION AND DOSE RESPONSE

Kimmel and Wilson (1) observed a bimodal distribution of lengths of LSNRs induced in rat fetuses
by maternal treatment with acetazolamide or actinomycin D. These authors defined two size classes:
rudimentary, less than half the length of the ipsilateral 13th thoracic rib; and extra, at least half the
length of the ipsilateral 13th thoracic rib. These authors concluded that the two classes of LSNRs
were different phenomena. In further support of this conclusion, they found that extra LSNRs were
induced in a dose–response fashion, whereas rudimentary LSNRs were not. Despite these early find-
ings concerning the interpretation of fetal LSNRs in developmental toxicity studies, current studies
generally do not report lengths or size categories for LSNRs. More recently, Foulon et al. (2) exam-
ined the induction and size distribution of LSNRs induced by salicylate in rats. These investigators
also reported a bimodal distribution of LSNR lengths and also referred to the short and long LSNRs
as rudimentary and extra, respectively. They found that a ratio of the length of the thirteenth to the
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fourteenth rib of 0.35 separated the two populations better than did the ratio of 0.5 used by Kimmel
and Wilson (1).

We designed a study to examine spontaneous and chemically induced LSNRs in fetal CD-1 mice
using diverse developmental toxicants. The chemicals chosen were benomyl, dinoseb, 2-methoxy-
ethanol and valproic acid. Benomyl is a benzimidazole carbamate fungicide that is teratogenic in rats
and mice when administered by oral gavage (45); dinoseb is a dinitrophenol herbicide shown to induce
LSNRs in CD-1 mice (13,46); 2-methoxyethanol is an industrial solvent that produces multiple skel-
etal anomalies in mice (47); and valproic acid is an anticonvulsant drug and human teratogen that is
also teratogenic in multiple laboratory species (48). We determined the size distribution of LSNRs
and the dose responses for different size classes of chemically induced LSNRs. We found that, simi-
lar to the phenomenon reported for rats by Kimmel and Wilson (1) and Foulon et al. (2), LSNR lengths
in mice were bimodally distributed both in controls and in all chemically treated groups (Fig. 2). The
two size classes of LSNR had different dose responses. The incidence of the rudimentary LSNRs was
independent of dose, whereas the incidence of extra LSNR showed a clear dose response (Fig. 3).
Thus, size classification of LSNRs in developmental toxicity studies may provide a clearer indication
of their toxicological significance. The extant literature indicates that extra LSNRs are a significant
toxicological finding, while the significance of rudimentary LSNRs appears questionable.

BROMOXYNIL-INDUCED LUMBAR RIBS
IN MICE AND RATS: EVALUATION OF POSTNATAL PERSISTENCE

Bromoxynil, a broad-spectrum herbicide, causes LSNRs in offspring of treated rats or mice (8,9)
in the absence of other anomalies or overt maternal toxicity. The postnatal persistence of LSNRs in
controls and of those induced by maternal bromoxynil treatment was studied by Chernoff et al. (Fig. 4;
ref. 9). Control fetuses in both rats and mice exhibited rudimentary LSNRs (11% in mice and 13% in
rats), but the incidence at postnatal day (PD) 40 was zero in both species. In litters of pregnant mice
treated with 96.4 mg/kg/d bromoxynil on gestation day (GD) 6–15, the incidence of LSNR was similar
across the different age groups examined (approx 45% in term fetuses and 42% in offspring at PD 40).
A significant reduction in the incidence of rudimentary LSNR was observed in both species between
PD 20 and PD 40. The incidence of LSNR in offspring of pregnant rats treated with bromoxynil was

Fig. 2. Size distribution of LSNRs in litters of dams treated with benomyl (0, 75, 150 mg/kg/d), 2-methoxy-
ethanol (2-ME; 0, 75, 150 mg/kg/d), valproic acid (VPA; 0 [saline], 125, 250 mg/kg/d), or dinoseb (0 [saline], 30,
50 mg/kg/d) on GD 7 and 8. Hashmarks on the inside of the x-axis represent individual cases of LSNR and
density represents a smoothed function of the regional frequency of LSNR lengths. The vertical line at 0.6 mm
indicates the point taken to separate the two populations of LSNR in our study.
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Fig. 3. Dose–response for the incidence of fetuses with no, short (rudimentary), or long (extra) LSNRs in litters
of dams treated with 2-methoxyethanol (2-ME; 0, 75, 150 mg/kg/d), dinoseb (0 [saline], 30, 50 mg/kg/d), or val-
proic acid (VPA; 0 [saline], 125, 250 mg/kg/d) GD 7 and 8. Error bars are 95% confidence intervals.
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similar in term fetuses (62%) and PD 20 pups (55%), but the incidence dropped to zero by PD 40. It
is important to note that approx 50% of the lumbar ribs in mouse fetuses were extra ribs by the criterion
of being at least half the length of the 13th rib, whereas in rat fetuses more than 90% of the lumbar
ribs were rudimentary. The authors also noted that 95% of the lumbar ribs observed in mice on PD 40
were categorized as extra. These results again support the idea that rudimentary and extra LSNRs are
two different phenomena, the former being transient and the latter being persistent. These findings rein-
force the contention that it is important to differentiate the two classes of LSNRs and that they have
different implications for risk assessment. It is interesting to note that a similar lack of persistence for
short ribs appears to exist for CSNRs in humans. The fetal incidence of CSNR ranges between 19 and
63% (49,50), whereas the adult incidence is greatly reduced, with incidences of 0.04–4.5% having been
reported (37,51). It has been hypothesized that fetal CSNRs may be ossification sites that become part
of the transverse processes of the cervical ribs (52).

METHANOL-INDUCED CERVICAL RIBS AND VERTEBRAL ANOMALIES

The effects of inhaled methanol during pregnancy were first studied by Nelson and coworkers (22).
Sprague–Dawley rats were exposed to 5,000, 10,000, or 20,000 ppm methanol for 7 h/day. Maternal
exposure to 20,000 ppm methanol resulted in decreased fetal weight and significant increases in exter-
nal, visceral and skeletal malformations. Skeletal malformations were the most prevalent and included
abnormalities of the basicranium and the vertebra, including an increase in the incidence of fetuses
with CSNRs.

Rogers et al. (23) studied the effects of methanol exposure (filtered air or 1000, 2000, 5000, 7500,
10,000, or 15,000 ppm methanol) during pregnancy in CD-1 mice under conditions similar to those
used for rats by Nelson et al. (22). No maternal toxicity was attributed to methanol although the expo-
sure procedure per se reduced maternal weight gain in all groups, including the filtered air-exposed
mice, compared to unhandled controls. This study demonstrated that CD-1 mice were more sensitive to
the developmental toxicity of methanol than were Sprague–Dawley rats. The incidence of fetuses with
CSNRs was increased in a dose-related fashion at 2000 ppm methanol and above. Cleft palate, exen-
cephaly, and skeletal defects were observed at 5000 ppm and above. The skeletal anomalies observed,

Fig. 4. The incidence of bromoxynil-induced LSNRs in fetuses and offspring of CD-1 mice and Sprague–
Dawley rats treated on GD6–15. In both species there was a significant (p < 0.01) increase in LSNR in fetuses at
term (GD17 and 20 in mouse and rat, respectively). In the mouse, extra LSNRs persisted through postnatal day
(PND) 40, whereas the incidence of rudimentary ribs decreased sharply between PND20 and PND40. The inci-
dence of rudimentary LSNRs decreased similarly in the rat between PND20 and PND40. There was only a low
incidence of extra LSNRs in bromoxynil-treated rat fetuses at term.
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including CSNRs, were similar to those observed in rats by Nelson et al. (22). The effects of methanol
administered by oral gavage during pregnancy in CD-1 mice were also studied by Rogers et al. (23).
Mice were given twice daily dosages of 2 g/kg methanol, 7 h apart, on GD 6–15. Effects observed were
similar to those observed after inhalation exposure (cleft palate, exencephaly, skeletal defects includ-
ing CSNR and resorptions).

The developmental phase specificity for the adverse effects of exposure to inhaled methanol in
pregnant CD-1 mice has been examined. Single or 2-d exposures to 10,000 ppm methanol during the
period of GD 5–13 were performed by Rogers and Mole (53). Two-day exposures were performed
beginning on each of GD 6–12 (e.g., the latest exposure was on GD 12–13) and single-day exposures
were on each of GD 5–9. Peak blood methanol concentration after a single exposure was approx 4 mg/
mL, and blood levels returned to baseline within about 24 h. Peak sensitivity to cleft palate occurred
with 2-d exposure on GD 7–8 or 1-d exposure on GD 7. Exencephaly occurred with 2-d exposure on
GD 6–7 through GD 8–9 (peak GD 6-7) and 1-d exposure on GD 5 through GD 8 (peak GD 7). The
critical periods for skeletal defects were progressively later going from more anterior to more posterior
structures affected. The critical single-day exposure period for exoccipital defects was GD 5, for atlas
defects GD 5 or 6, and for axis defects, lower cervical defects, and supernumerary lumbar ribs, GD 7.
The peak 2-d exposure period for CSNRs was GD 6–7 and for LSNRs was GD 7-8 (Fig. 5). Approxi-
mately 12% of fetuses had only 25 presacral vertebrae (one less than normal) with methanol exposure
on GD 6–7, and about 22% of fetuses had 27 presacral vertebrae (one more than normal) with metha-
nol exposure on GD 7–8.

The skeletal abnormalities observed by Rogers and Mole (53), including splits and duplications of
the atlas and axis (Fig. 6B), CSNRs (Fig. 6B,D,F), and abnormal number of presacral vertebrae, were sug-
gestive of disruption of embryo segmentation and/or segment identity. These skeletal malformations

Fig. 5. Critical periods for CSNRs and LSNRs in CD-1 mouse fetuses examined at term. Pregnant CD-1 mice
were exposed to 10,000 ppm methanol by inhalation for 7 h/d on two consecutive days as indicated. Peak induc-
tion of CSNR occurred with exposure on GD 6–7, with incidence of CSNR falling rapidly with later exposures.
The peak induction of LSNRs occurred with exposure on GD 7–8, continued at 40–50% with exposures on GD
8–9, 9–10, and 10–11, and fell to about 12% with GD 11–12 exposure. Background rate of LSNR in CD-1 mice
in our hands ranges from approx 5–15%. Also shown is the incidence of fetuses per litter with 25 or 27 presacral
vertebrae (PSV; 26 is normal). Effects on the number of PSV suggest that methanol is interfering with the process
of segmentation in the embryo.
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were examined in greater detail by Connelly and Rogers (54). Methanol (5 g/kg) was administered
orally to CD-1 mice on GD 7, fetuses were collected on GD 18, and fetal skeletons were double-stained
for bone and cartilage. Anatomical landmarks identifying specific cervical vertebrae were examined,
including the tubercula anterior normally found on C6 and various foramina and other features evi-
dent in disarticulated cervical vertebrae. The number of free (e.g., ventrally unattached) ribs and ribs
attached to the sternum were counted, and CSNRs were categorized as partial or full (i.e., attached to
the sternum). Methanol caused homeotic shifts of segment identity. Specifically, a posteriorization
of vertebral elements, especially in the cervical region, was observed. That is, some vertebrae had
structural features normally found on the next vertebra posteriad. Methanol-treated fetuses often had
cartilaginous tubercula anterior on C5 rather than their normal position on C6, and full ribs attached
to the sternum were observed on C7 (Fig. 6B,D,F). Further, morphological abnormalities of the atlas
and axis (fusions, splits, duplications; Fig. 6B) gave the appearance of disrupted segmentation. The
process(es) underlying these striking skeletal alterations is unknown, but similar phenotypes have
been observed in mice in which homeobox gene function has been ablated (e.g., ref. 42).

SUMMARY

A wide variety of chemical and physical agents are capable of disrupting the normal development
of the axial skeleton in rodents when administered to the pregnant female during sensitive periods of
gestation. One of the most common anomalies reported in standard developmental toxicity bioassays
is the presence of supernumerary ribs. These can occur at the cervicothoracic border (C7) or the
thoracolumbar border (L1). Mice are known to have a high background incidence of lumbar ribs
(LSNRs) whereas cervical ribs (CSNRs) occur less frequently in controls. Low incidences of both of
these anomalies have been reported in human populations and are associated with adverse health
effects. In humans, CSNRs are the cause of thoracic outlet disease, a condition characterized by vas-
cular and neurological symptoms due to diminished blood flow and compression of critical nerves.
An intriguing association between CSNRs and a number of pediatric cancers has been reported. The
incidence of LSNRs in humans is less than CSNRs. Here too, the anomalous ribs are associated with
adverse health effects, specifically lower back pain and/or degeneration of lumbar vertebrae 4 or 5.
The size distribution of LSNRs in rats and mice indicates that this anomaly is comprised of two
populations differing in size and fate during pre- and postnatal growth. Using a ratio 0.35 for the
length of the 14th to the 13th rib allows for good separation of these two populations in both species.
The smaller (rudimentary) LSNRs most often are not affected by maternal treatment, whereas the
larger (extra) LSNRs are induced in a dose-dependent manner. Rudimentary LSNRs do not persist
postnatally and are no longer seen by PD 40 in mice and rats; it has been hypothesized that they are
absorbed into the lateral process of the vertebrae. In contrast to rudimentary ribs, observations to date
indicate that extra ribs are permanent structures. The basic mechanism(s) involved in the formation of
supernumerary ribs are unknown. There is evidence that alterations in developmental genes can affect
the number of ribs formed, but the relevance of these findings to xenobiotic- and stress-induced
supernumerary ribs is currently unknown.

Fig. 6. (opposite page) Cervical vertebrae in the mouse fetus at GD 18. A, Side view, control (normal) fetus.
There are seven cervical vertebrae (C1–C7), and the tubercula anterior are on C6. B, Side view, fetus from a dam
treated with methanol on gestation day 7. C1 and C2 are fused and abnormally shaped, the tubercula anterior are
abnormally positioned on C-5, and there is a full rib (attached to the sternum ventrally) on C7. C, Ventral view,
control (normal) fetus. Tubercula anterior are on C6 bilaterally, C7 has no rib, and the first rib is on T1. D, Front
view, fetus from a dam treated with methanol on GD 7. The tubercula anterior on the left side of the fetus is
misplaced on C5, whereas the tubercula anterior on the right side is in the correct position on C6. There is a full
bilateral rib on C7. E, Disarticulated cervical vertebrae from a control (normal) fetus. The tubercula anterior are on
C6 (asterisk), and there is no rib on C7. F, Disarticulated cervical vertebrae of a fetus from a dam treated with meth-
anol on GD 7. The tubercula anterior are abnormally located on C5 (asterisk) and C7 has a full rib attached to it.
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Risk Assessment Issues

Rochelle W. Tyl, Melissa C. Marr, and Christina B. Myers

INTRODUCTION

The two components of formal risk assessment are hazard identification and risk assessment. Hazard
can be defined as the intrinsic capacity of an agent to do harm. Risk can be defined as the assessment
of whether an agent will produce adverse outcomes to the species of interest under relevant exposure
conditions. The critical aspect of risk is relevant exposure, by a relevant route, at relevant doses or
concentrations, during sensitive life stages (i.e., timing of exposure), and for appropriate durations.
Laboratory animal studies are critical for the risk component. The doses for the animal studies at
which effects are observed or not observed are then compared with the exposures from all sources
(e.g., feed, water, air) as measured, calculated, or modeled of the species of interest, to calculate a
margin of exposure (MOE). The larger the MOE, the less concern. The species of interest is usually,
but not always, humans (e.g., increasing attention to environmental risk assessments).

An early attempt to graphically visualize the risk process is presented in Fig. 1 (1). It presents the
process as one-way and essentially linear. A more recent version is presented in Fig. 2 (2), wherein
the risk assessment process is represented as iterative and interactive between hazard identification
(science-based basic research) and risk assessment (science-based applied research). Formal risk
assessment requires animal data from relevant studies compliant with regulatory test guidelines and
(ideally) performed under Good Laboratory Practice principles and regulations. Submission of animal
studies, as part of an extensive submission package, is required to obtain US Food and Drug Adminis-
tration (FDA) approval for marketing a drug and to obtain labeling approval from the US Environ-
mental Protection Agency (EPA) Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) to
market a pesticide. Requirements for EPA Toxic Substances Control Act premanufacturing notices
are minimal (see Table 1).

TESTING GUIDELINE STUDIES

The prenatal development of the skeletal system is currently assessed only in a developmental
toxicity study (FDA nomenclature: Phase or Segment II study, old terminology: teratology study, EPA
and Organization for Economic Cooperation and Development [OECD] designation: prenatal devel-
opmental toxicity study). All so-designated studies share a similar study design: exposure to mater-
nal animals of two species (rodent: rat or mouse, and nonrodent: usually rabbit) during the pregnancy,
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termination of the dams/does just before expected parturition (birth), and necropsy of maternal and
fetal organisms. The number of ovarian corpora lutea (postovulation follicles) is counted as a mea-
sure of the number of eggs ovulated. The number and uterine location of total uterine implantations
(as a measure of the number of conceptuses which have implanted in the uterine wall), and the num-
ber of resorptions (early in utero deaths) and dead and live fetuses are also recorded. Fetuses are counted,
weighed, sexed, examined externally (100% per litter), examined viscerally by various methods on fresh
or fixed specimens (50% per litter for rodents, 100% for rabbits), and examined skeletally (50% intact
[not decapitated] fetuses per litter for rodents, 100% [50% intact, 50% decapitated] for rabbits). Earlier
testing guidelines (3–5) and current FDA testing guidelines (6) specified examination of ossified
skeletal components only, after staining the fetal carcasses with alizarin red S (7–10). Current EPA
(11) and OECD (12) testing guidelines specify examination of both ossified and cartilaginous skeletal
components, with methods of visualization left to the performing laboratory. Almost all laboratories
use a double staining technique before examination, with alizarin red S for bony components and
Alcian blue for cartilaginous components (13–15). There are currently no testing guidelines that eval-
uate the postnatal development of the skeletal system, although there are a number of focused studies
that have done so (16–19).

Fig. 1. Risk assessment paradigm (1).
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Prior to 1998, regulatory testing guidelines for developmental toxicity assessments specified expo-
sure from gestational day (GD) 6 (time of implantation of conceptuses into the uterine lining) to the
end of major organogenesis (closure of the secondary palate), GD 15 for rodents, and GD 18 (4) or
19 (3) for rabbits. Current International Conference on Harmonization guidelines (20) have retained
this duration of exposure. Recent EPA (11,21), FDA (6), and OECD (12) testing guidelines specify
exposure beginning after implantation is complete (or on the day of insemination; see below) and
continuing until the day before scheduled sacrifice at term. This corresponds to GD 6 (or 0) through
19 (or 20) for rats, GD 6 (or 0) through 17 (or 18) for mice, and GD 6 (or 0) through 28 (or 29) for
rabbits. The day vaginal sperm or a copulation plug is found (rodent) or mating is observed (rabbit)
is designated GD 0.

The rationale for starting exposures after implantation is complete is based on two possible con-
founding scenarios:

• If the initial (parent) test material is teratogenic and the metabolite(s) is not, and if metabolism is induced
by exposure to the parent compound, then exposure beginning earlier than implantation (with concomitant
induction of enzymes and enhanced metabolism) will result in the conceptuses being exposed to less of the
teratogenic moiety, and the study may be falsely negative.

• If the test chemical and/or metabolite(s) interfere with implantation, then exposure prior to implantation
will result in few or no conceptuses available for examination at term.

However, there are situations when initiation of exposure should begin before uterine implantation.
These include the following:

• For exposure regimens that are anticipated to result in slow systemic absorption (e.g., topical application,
subcutaneous injection or insertion of an osmotic mini-pump for continuous infusion, or dosing via feed or
water), steady-state or maximal blood levels may not be attained until the very end (or beyond) of major
organogenesis if exposures begin on GD 6 or 7.

• For materials that are known to have cumulative toxicity (due to build-up of chemical and/or insult) after
repeated exposures, exposure should begin on GD 0 (or earlier) so the conceptuses are developing in a
fully affected dam.

Fig. 2. New risk assessment/risk management paradigm (2).
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• For materials that are known to deplete essential components, such as vitamins, minerals, cofactors, etc.,
exposures should begin early enough so that the dam is in a depleted state by the start of organogenesis (or
by GD 0).

• For materials that are innocuous as the parent chemical but that are metabolized to teratogenic forms, expo-
sures should begin early enough so that postimplantation conceptuses are exposed to maximal levels of the
teratogenic metabolites.

• For test materials that are known not to interfere with implantation, so exposure can encompass the entire
gestational period and offspring will be available for examination.

The previous specification for cessation of exposure prior to term allowed for a postexposure
recovery period for both the dam and the fetuses, and an assessment could be made regarding whether
the observed maternal effects (body weights, clinical observations) are transient or permanent. How-
ever, the fetal evaluations take place only at term, and there is no commonly employed way to detect
early adverse effects on the conceptus that resolve (are repaired, or compensated for, or result in in
utero demise) earlier in gestation. What was observed at term was the net result of the original insult
and any repair or compensation that occurred subsequently in the dam and conceptus after a post-
exposure period. Thus, no detailed necropsy information on the dam was obtained during the expo-
sure period (unless satellite females were used), and there was no way to distinguish effects during

Table 1
Regulated Materials Requiring Risk Assessment

1. U.S. FDA (Food and Drug Administration)
a. Food additives (preservatives, flavorings, dyes, etc.)
b. Vitamins, not “natural products” (biologically active)
c. Food substitutes (e.g., fat substitutes, artificial sweeteners)
d. Pharmaceuticals (biologically active)
e. Veterinary pharmaceuticals (biologically active)
f. Food use pesticides (biologically active)
g. Food use chemicals (e.g., chemical wrapping, artificial sausage skins, etc.)
h. Medical devices

NOTE: Attention to mechanism, human focus: disease state, clinical trials (IND [investigational new drug],
NDA [new drug application], FDA approval)

2. U.S. EPA (Environmental Protection Agency)
a. U.S. FIFRA (Federal Insecticide, Fungicide and Rodenticide Act)

i. Pesticides (biologically active)
ii. Food use pesticides (biologically active)
iii. Biological pesticides (e.g., BT—Bacillus thuringiensis)
iv. Biochemical pesticides (biologically active)
v. Engineered plants (e.g., transgenic plants make pesticidal chemicals or are otherwise resistant to

pests; GMOs [genetically modified organisms])
NOTE: Attention to nontarget species, environmental migration, contamination, transformation,

bioaccumulation, etc. (registration and labeling, reregistration, data “call-ins”)
b. U.S. TSCA (Toxic Substances Control Act)

i. Commodity chemicals (use based on physio-chemical properties)
—Paints, paint thinners, inks, plasticizers, plastics, medical supplies, PVC piping, solvents, carpets,

 car parts, chemical intermediates, etc.
ii. Options the Agency uses to obtain/require animal testing

—Test rules
—Negotiated test agreements
—Voluntary submissions/programs (e.g., HPV [High Production Volume] initiative)

NOTE: Minimal information required for PMN (premanufacturing notice), SNUR (significant new use
registration); EPA has 90 d to respond to submission
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exposure from those occurring afterward. Most germane to this chapter, the fetal skeleton primarily
develops during the fetal period, so the previous maternal exposure period ended prior to fetogenesis,
and the fetal skeleton developed after maternal exposure had ended. The new developmental toxicity
testing guidelines require exposure until term, which includes the postembryonic fetogenesis period.

The rationale for continuing exposure until term includes the following:

• Maternal exposure until term is a better model for human exposure than exposure only during a portion of
gestation with abrupt cessation at the end of embryogenesis.

• Maternal responses at term with continued exposure (e.g., changes in organ weights, hematology, clinical
chemistry, histopathology) can be better interpreted in terms of causality; there is no confounding mater-
nal postexposure period for compensatory changes to occur.

• Many systems continue to develop in the fetal period, both in terms of increases in cell size and number,
and of differentiation of specialized cells, tissues, organs, and systems (e.g., skeletal, central nervous, pul-
monary, renal, gastrointestinal, etc.). The effects on these processes occurring in the presence of continued
maternal exposure will be manifested at term (for most of the systems) and will not be confounded by com-
pensatory processes that may occur in a postexposure period.

• The male fetal reproductive system is established and differentiates internally and externally in utero,
beginning on GD 13–14 in rodents, so effects may occur from continued exposure to possible endocrine-
active or reproductively toxic compounds by other mechanisms and may be detected. However, at term, only
the testes and epididymides can be reasonably assessed, and most effects are not discernible until weaning,
puberty, or adulthood (such as morphological and/or functional effects on accessory sex organs, adult
testicular spermatogenesis, and epididymal sperm transit, etc.).

Recently in the authors’ laboratory, a comparison was made of parameters of maternal and devel-
opmental effects in control CD® (Sprague–Dawley) rat dams dosed by oral gavage from GD 6 through
15 vs CD® rat dams dosed from GD 6 through 19 (22). Although the GD 6 through 15 dosing was
employed for earlier studies (1992–1997) and the GD 6 through 19 dosing was predominantly used
for more recent studies (1996–1998), there was an overlap in time between studies using the different
dosing durations.

The authors concluded that the longer dosing regimen with no recovery period resulted in signifi-
cant depression of maternal body weight and weight gain end points, as well as a reduction in fetal body
weights. Presumably, the stress of continued handling and dosing was responsible for these differences.
The three vehicles used (methylcellulose, corn oil, and water) were equally represented in both data
sets. The concern was whether dosing with a potentially toxic test material would result in even fur-
ther reductions because of a synergistic effect of the longer dosing period and the toxicity of the test
material. The unexpected decrease in the number of implants and live fetuses may be the result of the
differences in times of performance of the two groups of studies. In the early 1990s, Charles River
Laboratories selected all offspring from larger litters (i.e., rather than a set number per litter, regard-
less of litter size) as breeders, so that the average litter size rose. In the latter 1990s, a more balanced
selection program was instituted [the CD®(SD) “international gold standard”] to halt and reverse the
increasing litter sizes and to minimize spontaneous differences in CD® rats in the different Charles
River breeding facilities. The decreased incidence of hydronephrosis (a common malformation), as
well as enlarged lateral ventricles of the brain and of rudimentary ribs on Lumbar I (both variations),
may represent genetic drift in this strain over the years evaluated. The relative developmental delay of
the fetal skeleton, evidenced by the increased incidences of dumbbell cartilage and bipartite ossification
centers in the thoracic centra, was likely because of decreased fetal body weights at term in the litters
under the longer dosing regimen (i.e., the fetuses are delayed in late gestational development but are
appropriate in the development of their systems, especially the skeletal system, for their size; ref. 23).

Any embryofetal adverse outcome must be interpreted in the context of maternal toxicity. This is
especially true of the development of the skeletal system because fetal well being (e.g., body weight)
is absolutely dependent on maternal well-being. Therefore, the maternal animals should be evaluated
in-life for at least clinical signs of toxicity, body weights, body weight gains, and feed and/or water con-
sumption (as g/d and g/kg body weight/d). At maternal necropsy, body and organ weights are essen-
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tial, including gravid uterine weight, so gestational/treatment period weight gain, minus the contribu-
tion of the gravid uterus, can be calculated as a measure of maternal toxicity separate from any embryo-
fetal toxicity (e.g., reduced numbers of fetuses/litter and/or reduced fetal body weights/litter will result
in reduced gravid uterine weight which, in turn, will cause reduced maternal body weight in the intact
female) as well as at least a gross evaluation of organs.

ADVERSE IN UTERO EMBRYOFETAL OUTCOMES

There are four general categories of adverse in utero embryofetal outcomes:

1. Prenatal death, including preimplantation loss (the difference between the number of eggs ovulated and
the number of conceptuses implanted) and postimplantation loss (the difference before the number of con-
ceptuses implanted and the number of live fetuses at term; nonlive implantations include resorptions, indic-
ative of early postimplantation demise, and dead fetuses, indicative of late postimplantation demise).

2. Fetal malformations and variations, including individual alterations; alterations by system; pooled exter-
nal, visceral, and skeletal alterations; and all alterations. Usually, the alterations are separated into malfor-
mations and variations for summarization and analysis. See below for a discussion of the definitions and
characteristics of malformations and variations.

3. Developmental delays or growth retardation, including reduced body weights and reduced ossification,
especially in those areas which ossified late, which are frequently associated with immaturity or delayed
development (reduced fetal body weight) caused by toxicity. For example, typical skeletal delays include
reduced ossification in fore- and hindpaw bony structures, such as metacarpals, metatarsals (hand, foot),
and phalanges (fingers, toes); carpals and tarsals (wrist and ankle), are usually not ossified in terms of
rodents or rabbits; caudal vertebrae, pubis (but usually not ilium or ischium), skull plates, sternebrae (especi-
ally 5 [last to ossify], 6, 2, or 4 in that order), and cervical centra (especially 1; last to ossify; see the section
titled Term Rodent Skeletal Components and Historical Control Incidences of Fetal Skeletal Malformations
and Variations in this chapter). In addition, other evidence of delays includes enlarged renal pelvis in rats
(24), reduced size of organs (e.g., liver or lung lobes, etc.) or other structures (e.g., long bones of the limbs),
and dilated lateral ventricles (without tissue compression) of the cerebrum. Developmental delays or growth
retardation also includes delayed organ development (reduced size and/or level of differentiation).

4. Functional deficits, which are not assessed in a developmental toxicity study design. They can be assessed
in postnatal offspring exposed prenatally, which is done in other study designs.

CLASSIFICATION OF FETAL MALFORMATIONS AND VARIATIONS

In the test animal and human literature on malformations, there is no case to date where a teratogenic
agent causes a new, never-before-seen malformation. What is detected is an increase in the incidence
of the malformation(s) above that seen in the general population in humans and that seen in historical
and concurrent control groups for animal studies. The current view is that teratogenic agents act on sus-
ceptible genetic loci and/or on susceptible developmental events. Therefore, the response seen is influ-
enced by the genetic background and will vary by species, strain, stock/colony, or race (in the case of
humans) and individual (the last is more variant in, and therefore more relevant to, genetically hetero-
geneous populations than in and to inbred strains). The outcome is also influenced by timing and dur-
ation of exposure.

There is genetic predisposition to certain malformations that characterizes specific species, strains,
races, and individuals. Historical control data are indispensable (along with concurrent controls) to
determine the designation and occurrence of the present finding(s) in the context of the background
“noise” of the population on test or at risk.

The general considerations for designation of a finding as a malformation, a variation, or a delay
are imprecise, may vary from study to study and teratologist to teratologist, are relatively arbitrary, and
are not necessarily generally accepted. However, the following are the general classification criteria
for skeletal findings currently used in the authors’ laboratory (refs. 25 and 26; see also Figs. 7–15 in
this chapter).
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Malformations
• Incompatible with or severely detrimental to postnatal survival (e.g., exencephaly, anencephaly, spina bifida,

cleft palate, ectopia cordis, gastroschisis, missing limbs [amelia])
• Involves replication, reduction (if extreme), or absence of essential structure(s) or organs (e.g., missing,

extra, or small limbs, digits, ribs, other skeletal components)
• Abnormal fusion of skeletal components (long bones of appendages, digits, ribs, etc.), dichiria (double hand),

sympodia (fusion of legs), craniostenosis (abnormal/accelerated closure of anterior/posterior fontanelles and
suture margins of skull plates), syndactyly (fused digits), vertebral scoliosis, cleft or “lobster claw” hand

• Skeletal components unossified in an abnormal pattern (e.g., cleft sternum)
• Result from partial or complete failure to migrate, close, or fuse (e.g., cleft palate, cleft lip, facial clefts,

forked ribs, open neural tube, exencephaly, anencephaly, spina bifida, cranioraschisis)
• May include syndromes of otherwise minor anomalies
• Exhibit a concentration- or dose-dependent increased incidence (and/or severity) across dose groups, with a

quantitative and/or qualitative change across dose groups (e.g., meningocele meningomyelocele menin-
goencephalocele exencephaly; foreshortened face  facial cleft facial atresia; short tail no tail 
anal atresia; short rib missing rib; brachydactyly (short digits) oligodactyly (absence of some digits)

adactyly (absence of all digits); missing distal limb bones (hemimelia) missing distal and some prox-
imal limb bones  amelia (missing limbs)

• Rare in concurrent and historical control fetuses
• Cervical ribs

Transitional Findings
These may be upgraded to “malformation” or downgraded to “variation” status, depending on sever-

ity and/or frequency of occurrence.

• Nonlethal and generally not detrimental to postnatal survival
• Generally irreversible
• Frequently may involve reduction or absence of nonessential structures (e.g., innominate or brachiocepha-

lic artery, as long as the subclavian artery to the arm and common carotid artery to the head are still present)
• Frequently may involve reduction in number or size (if extreme) of nonessential structures or may involve

their absence
• Exhibit a dose-dependent increased incidence

Variations
• Nonlethal and not detrimental to postnatal survival
• Generally reversible or transitory, such as wavy rib, extra rib (especially rudimentary)
• May occur with a high frequency and/or may not exhibit a dose-related increased incidence (e.g., extra ribs

on Lumbar I in mouse, rat, and rabbit fetuses)
• Detectable change (if not extreme) in size of specific structures (subjective); e.g., shortened long bones of

forelimb (humerus, radius, ulna, and/or hind limb femur, tibia, fibula), reduced renal papilla, small/large/
accessory spleen, short rib (XIII in rodents, XII in rabbits), etc.

Please note that there is less variability in the development of the fetal skeleton the closer to term
it is evaluated (i.e., if the term sacrifice is on GD 21 for rats, GD 18 for mice, and GD 31–32 for rabbits,
rather than on GD 20 for rats, GD 17 for mice, and GD 28–30 for rabbits), but the risk of delivery
before scheduled sacrifice is much greater. In addition, the sacrifice order must be random or selection
of one from each dose group in rotation. If the dams and their fetuses are necropsied by group, there
will be uncorrectable confounding. If done in the order of high, mid, low, and control groups, then
there will be a “dose”-related reduction in fetal body weight and skeletal ossification due to the tim-
ing of sacrifice (independent of any treatment-related effects), since late gestation, even a few hours
close to term, is the time of rapid growth and development, especially of the fetal ossified skeleton (27).

Skeletal defects may be primary (intrinsic to the cells and tissues that will form the skeletal com-
ponents) or they may be secondary to a defect in another system that impacts on the development of
associated skeletal components. Examples of the first situation are cleft sternum, cleft or “lobster
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claw” hand, duplication or loss of limb components (if not caused by amniotic band syndrome), etc.
Examples of the second situation are exencephaly (when the overgrowth of the brain is considered
primary, causing subsequent failure of the skull plates to form), spina bifida (where the initial failure
of the neural folds to fuse into a closed neural tube subsequently prevents normal formation of the
associated vertebrae), etc.

The skeletal system is formed of two types of bones: (1) the flat, plate-like bones of the face, cranial
vault, and scapulae are dermal elements that develop directly in a connective tissue membrane (i.e.,
“membranous bone”); and (2) the deeper, three-dimensional bones go through a membranous phase,
then form as cartilaginous anlagen, and then finally the cartilaginous structures are replaced by bone-
forming cells (osteoblasts and osteocytes) and extracellular bony matrix (i.e., cartilage replacement
bone). The genesis of the rat skeleton has been previously described (28–30).

With the new regulatory requirement for identifying and evaluating both cartilaginous and bony
components of the fetal skeleton, knowledge of the status and nomenclature of both types of compo-
nents at term is essential (excellent sources are ref. 31 for the rat, mouse, and rabbit; refs. 32 and 33
for the rabbit; ref. 34 for the mouse, etc.). The designation of skeletal malformations and variations,
especially in the vertebral column, are now primarily based on the status of the cartilaginous components.
If the cartilage is abnormal or variant, then the ossified bone that develops will follow the cartilagi-
nous form and be abnormal variant. Examples of fetal malformations at term under this classification
include fused cartilage:lumbar centrum; unilateral cartilage, unilateral ossification center:lumbar cen-
trum; bipartite cartilage, dumbbell ossification center:lumbar centrum; split sternal cartilage; fused rib
cartilage; rib cartilage attached to sternum; discontinuous rib cartilage; bipartite cartilage, normal ossi-
fication center/dumbbell ossification center/unossified ossification center:thoracic centrum, and so on.

In contrast, if the cartilage is normal, then unossified ossification centers in thoracic centra are
designated as variations. If the cartilage is dumbbell, then unossified dumbbell or bipartite ossifica-
tion sites in the thoracic and lumbar centra are also designated as variations. If cartilage is present for
other bones (such as the pubis), even though there is incomplete ossification, the findings are desig-
nated as variations.

TERM RODENT SKELETAL COMPONENTS AND HISTORICAL CONTROL
INCIDENCES OF FETAL SKELETAL MALFORMATIONS AND VARIATIONS

The fetal skeletal components, which ossify last during late gestation, are the most sensitive to
insult and are, therefore, usually the most affected by (and associated with) maternal and other embryo-
fetal toxicity (33,35). These skeletal regions include the fetal skull (the GD 20 rat skull is illustrated
in Fig. 3), the ribs and sternum (the GD 20 rat clavicle, ribs, and sternum are illustrated in Fig. 4), and
the distal appendages (the rat GD 20 fore- and hind-paws are illustrated in Fig. 5). The complete fetal
rat skeleton on GD 20 is presented in Fig. 6. Note the large anterior and posterior fontanelles in the
GD 20 skull (Fig. 3), the predominantly cartilaginous rib cage in the GD 20 thorax (Fig. 4), and the
pattern of ossification of units of the fore- and hind paws (Fig. 5). The bones of the wrist (carpals)
and ankle (tarsals) are not yet ossified in the GD 20 rat. The bones of the hand (metacarpals) and foot
(metatarsals) are ossified to a variable extent, with the forepaw usually ahead of the hindpaw in ossi-
fication. In Fig. 5, four of the five metacarpals and three of the five metatarsals are ossified. The pha-
langeal bones are also ossified to a variable extent in the GD 20 rat. There are ossification sites in the
proximal phalanges of digits II and III of the forepaw, and no ossification sites yet in any phalanges of
the digits in the hindpaw. The alizarin red S stained tips of the digits are the nails (not bones). A beau-
tiful and detailed colored atlas of the double-stained fetal skeletons of Jcl:ICR mice on GD 18, Wistar
rats on GD 21, and Kbl:JW rabbits on GD 28 is strongly recommended for the reader’s review (31).

Historical control fetal incidences of malformations and variations have been published periodi-
cally to aid in the interpretation of findings in a particular study and to illustrate the background inci-
dence of effects of interest in rats (36–41), in mice (37,38,42), and in rabbits (38,40,42–45). Historical
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control fetal skeletal malformations and variations from the authors’ laboratory are presented to illu-
strate the changing incidences over time within specific stocks and strains of rats, mice, and rabbits.
These changing incidences are caused by founder effects, genetic drift, and spontaneous fluctuations
(causes unknown) and are presented to make the point that concurrent and historical control data are
absolutely essential to place the fetal skeletal findings in treatment groups in a given study in the
proper context and to provide the background for deciding whether the effects are biologically and
toxicologically significant (whether or not they are statistically significant). This information will

Fig. 3. Rat gestational day 20 cranium. A, Dorsal view; B, ventral view. Ossified bone is clear, cartilaginous
bone is black (modified from ref. 31 with permission).
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Fig. 4. Rat gestational day 20 rib cage. A, Lateral view; B, ventral view. Ossified bone is clear, cartilaginous
bone is black (modified from ref. 31 with permission).

Fig. 5. Rat gestational day 20 appendages. A, Forepaw, dorsal view; B, hindpaw, dorsal view. Ossified bone is
clear, cartilaginous bone is black (modified from ref. 31 with permission).
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also inform subsequent risk assessment procedures and decisions (see below) based on the most sen-
sitive, biologically relevant end points in the animal model.

The historical control data from the authors’ laboratory are based on three CD-1® (Swiss) mouse
studies with 70 dams and 841 fetuses evaluated on GD 17 (date of copulation plug = GD 0), 28 CD®

(Sprague–Dawley) rat studies with 652 dams and 10,033 fetuses evaluated on GD 20 (date of vaginal
sperm = GD 0), and 11 New Zealand White rabbit studies with 224 does and 1800 fetuses evaluated
on GD 30 (date of maternal breeding = GD 0). The rats and mice were all obtained from Charles
River Laboratories (Raleigh, NC; Portage, MI; and New York facilities). The rabbits were all obtained
from Covance Laboratories (Denver, PA; previously known as Hazleton Research Products [HRP],
Inc.). Figures 7 through 9 provide data on the fetal incidence of all skeletal malformations and varia-
tions over time in rats (Fig. 7), mice (Fig. 8), and rabbits (Fig. 9). In general, the incidence of skeletal
malformations is always lower than the incidence of skeletal variations, and the peaks and troughs
of malformations do not mirror the peaks and troughs of variations (and vice versa). The incidences of
both parameters vary greatly over time, with no apparent trends. Pooling the control incidences across

Fig. 6. Rat gestational day 20 axial and appendicular skeleton. Ossified bone is clear, cartilaginous bone is
black (from refs. 25 and 26 with permission).
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Fig. 7. Historical incidence of total fetal rat skeletal malformations and variations on gestational day 20 (over
28 studies).

Fig. 8. Historical incidence of total fetal mouse skeletal malformations and variations on gestational day 17
(over three studies).
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many studies is not recommended since it obscures the fluctuations over time and precludes the use
of historical control values around the time of the study of interest (the most appropriate range to
consider).

The incidences of the most common skeletal malformations (A) and variations (B) in control
fetuses in studies over time are presented in Figs. 10 through 12 (for rats, Fig. 10; for mice, Fig. 11;
for rabbits, Fig. 12). Interestingly, the predominant areas affected for malformations and variations
in all three species are the ribs and sternebrae. All three species exhibit relatively comparable ranges
of incidences of skeletal malformations and variations, although rabbits and mice exhibit higher
incidences of skeletal malformations than do rats (except for study 3 in rats performed in 1990).

The incidences of extra rib(s) on lumbar centrum I (the most common fetal skeletal variations in
all three species) are presented for rudimentary (bilateral, left, or right; A series) or full or supernumer-
ary (bilateral, left, or right, B series) in Figs. 13 through 15 (for rats, Fig. 13; for mice, Fig. 14; for
rabbits, Fig. 15). The extra rib(s) on lumbar I are considered variations in the authors’ laboratory,
with lumbar I with a rib equivalent to thoracic vertebra XIV in rats and mice and thoracic vertebra
XIII in rabbits. The incidence of each entry in each species varies from 0.0% to relatively robust
values (expressed as percent fetuses with rib on lumbar I). The incidence of rudimentary extra ribs is
higher than full extra ribs for rats (Fig. 13) but the reverse for mice (Fig. 14) and rabbits (Fig. 15). The
incidence of bilateral extra ribs (full and rudimentary) is higher than the incidence for unilateral extra
ribs (full and rudimentary) for rats (Fig. 13) and mice (Fig. 14), and for full ribs (Fig. 15B) but not
rudimentary ribs (Fig. 15A) for rabbits. Note that for the rat, the incidences of full and rudimentary
rib(s) on lumbar I are higher in studies 1–19 (1989–1996) and are much lower in studies 20–28
(1997–present). This shift is approximately concurrent with the establishment by Charles River of
the International Gold Standard (IGS) CD rat.

Marr et al. (18) exposed CD rats on GD 6 through 15 during gestation to ethylene glycol (EG) by gav-
age and followed the incidences and types of EG-induced fetal skeletal malformations and variations

Fig. 9. Historical incidence of total fetal rabbit skeletal malformations and variations on gestational day 30
(over 11 studies).
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Fig. 10. A, Historical incidence of selected fetal rat rib cage skeletal malformations on gestational day 20
(over 28 studies); B, historical incidence of selected fetal rat rib cage skeletal variations on gestational day 20
(over 28 studies).

(including lumbar ribs) from GD 18 to adulthood on postnatal day (PND) 63. Chernoff et al. (46)
exposed rats and mice on GD 6 through 15 during gestation to bromoxynil by gavage and followed
the incidence of lumbar ribs (rudimentary and supernumerary) to PND 40. In rats in both studies, the
skeletal alterations, including lumbar ribs (predominantly rudimentary), resolved essentially entirely
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Fig. 11. A, Historical incidence of selected fetal mouse rib cage and vertebral arch skeletal malformations on
gestational day 17 (over three studies); B, historical incidence of selected fetal mouse rib cage skeletal variations
on gestational day 17 (over three studies).

by the last evaluation day. In the mice, with approx 50% of the extra lumbar ribs classified as “extra”
(i.e., full, not rudimentary), the lumbar ribs persisted at approximately the same incidence through
PND 40 (46). These results suggest that the rudimentary and extra (full) lumbar ribs may be two dif-
ferent phenomena, with lumbar rudimentary ribs transient, becoming incorporated into the arches of
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Fig. 12. A, Historical incidence of selected fetal rabbit rib cage skeletal malformations on gestational day 30
(over 11 studies); B, Historical incidence of selected fetal rabbit rib cage skeletal variations on gestational day 30
(over 11 studies).

Lumbar Centrum I and with the full lumbar ribs permanent, at least in mice (47). There may be species
differences (48), such that the rat differs from the mouse in postnatal skeletal plasticity and differences
in fate, and/or whether the rudimentary and/or full rib is spontaneous in origin or due to induction by
a chemical or physical agent.
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Fig. 13. Historical incidence of extra ribs in the fetal rat on gestational day 20 (over 28 studies). A, Rudimen-
tary ribs; B, full ribs.

The anticipation, usually justified, is that the test material (if fetotoxic in general) will result in
increased incidences of skeletal malformations and/or variations in a dose–response pattern, even if
there is a dose-related decrease in fetal body weights, and may predict the likelihood of more pro-
found skeletal effects at higher doses (49). Many test materials and physical states have been shown
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Fig. 14. Historical incidence of extra ribs in the fetal mouse on gestational day 17 (over three studies). A, Rudi-
mentary ribs; B, full ribs.

to increase fetal skeletal variations and malformations, including lumbar ribs, in a dose-response pat-
tern, for example, ethylene glycol (18,50–54), valproic acid (55,56), heat (57), vitamin A (58), meth-
anol (59,60), and bromoxynil (only lumbar ribs; refs. 46,61).
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Fig. 15. Historical incidence of extra ribs in the fetal rabbit on gestational day 30 (over 11 studies). A, Rudi-
mentary ribs; B, full ribs.

One striking exception is the skeletal response in fetal CD-1® mice and rats (but not NZW rabbits;
ref. 62) to gestational exposure to dietary boric acid (63–70). With increasing dietary concentrations
in ppm (and therefore increasing dose in mg/kg/d) in the presence of dose-related decreases in fetal
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body weight, the incidence of extra ribs (full and/or rudimentary) on lumbar I was significantly
decreased. The explanation for this finding with boric acid, with exposure to methanol (71) and with
exposure to bromoxynil (61), is still under investigation. It may represent just another manifestation
of systemic fetal toxicity or it may represent a very specific effect on the highly conserved homeobox
(so-called Hox) patterning genes that determine the cephalocaudal boundaries of the cervical, tho-
racic, lumbar, sacral, and caudal portions of the vertebral column and their associated characteristics,
such as ribs on thoracic vertebrae and the shapes of the vertebrae in the different regions (46,48,72–
75). This proposed effect on the Hox regulatory genes is most likely epigenetic (i.e., not mutational
in origin), affecting transcriptional (or posttranscriptional) or translational (or post-translational) events
in the production and, therefore, the function of the Hox regulatory protein(s) (76,77). Mutations in
Hox genes (78) or proto-oncogenes (79) can also cause homeotic-axial skeletal transformations in
mice. The identification of the mechanism(s) of this effect (treatment-related reduced or increased
incidences of extra ribs on lumbar I) would determine whether the test article is a specific fetal
skeletal teratogen or a general maternal and/or developmental toxicant. In fact, maternal stress can
cause supernumerary (extra) ribs in rats and mice (74,80,81). Genetic alterations (e.g., mutations,
clastogenesis, trisomies) can also result in patterning alterations in the vertebral skeleton in humans
(e.g., trisomy 13, refs, 82–84; trisomy 21, ref. 85; trisomy 18, ref. 86; and triploid fetuses, ref. 87).

ENDPOINTS

Both hazard- and risk-based studies examine endpoints. Hazard-based research is important to iden-
tify new hazardous test materials; explore, identify, and define new endpoints; evaluate mechanism(s);
and to enhance risk-based evaluations (Table 2). For rigorous risk-based studies, endpoints used (Table 3)
must exhibit the following:

• Reproducibility: within the initial laboratory (intralaboratory) and among laboratories (interlaboratory);
reliability.

• Robustness: present after comparable routes of exposure (e.g., various oral routes; responses may differ by
parenteral routes) and at the same routes and doses over time; is not dependent on unique conditions (e.g.,
intrauterine position, etc.).

• Sensitivity: not insensitive (spontaneous variability too great); not too sensitive (greatly affected by confounders).

Table 2
Studies to Identify Hazard

In vitro/ex vivo scenarios with limited end points
• Mechanism(s) of action
• Molecular assessment of receptor binding/transcriptional activation
• Up/downregulation of gene activity (gene products)
In vivo scenarios
• Focused, limited exposure regimens
• Varied routes of administration, oral and parenteral (iv, sc, ip, etc.)
• Worse-case scenarios
• ADME (absorption, distribution, metabolism, elimination), bioaccumulation
• Small number of animals per group (and per study)
• Specialized, unique protocols
• One or limited number of dose levels (typically high)
• Specific endpoints
• Objectives: to identify mechanism(s) of action and identify endpoints

—Not designed to evaluate risk
—Not designed to determine NOAELs and LOAELs
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• Relevance: biologically plausible; related to adverse effects of interest.
• Consistency: occurs in the presence of effects in other related, relevant endpoints (if possible) at the same

dose, routes, etc.

RISK ASSESSMENT PROCESS

Table 2 presents the characteristics of hazard-based studies. They are important to inform the risk-
based studies in terms of providing information on new endpoints and possible mechanisms prior to
risk-based studies and also to answer specific questions, investigate specific findings, etc., identified
in robust, risk-based studies in an interactive process. Because these studies are specific and focused,
they can evaluate and interpret specific effects.

Table 3 presents the characteristics of risk-based studies. These are important to provide the data
on which formal risk assessment is based. Because they are apical studies (with many end points,
exposure during sensitive life stages, robust group sizes, etc.), they can identify adverse outcomes but
usually not specific mechanisms. These studies are designed to identify and provide the regulators
the NOAELs (no observable adverse effect levels) for maternal and embryofetal toxicity. This is the
highest dose in the study at which there are no statistically or biologically significant effects. In the
absence of a NOAEL, a LOAEL (lowest observable adverse effect level) can be used, with additional
safety factors to define a “safe” dose or concentration for the species of interest. The LOAEL is the
lowest dose in the study at which there are statistically or biologically significant treatment-related
effects.

The NOAEL is usually divided by 10 (to extrapolate from the animal model to humans; inter-
species variability) × 10 (to encompass and protect sensitive subpopulations of humans; intraspecies
variability) to calculate a reference dose for developmental toxicity (RfDDT). If a LOAEL is used, an
additional safety factor (or uncertainty factor 10) is placed in the denominator to extrapolate from
the LOAEL to the presumed NOAEL. The RfDDT is assumed to be below the threshold for an increase
in adverse developmental effects in humans and is used, along with human exposure assessments, for
risk characterization. The ratio of the most sensitive endpoint NOAEL from the most-sensitive species
to the estimated human exposure level from all potential sources is defined as the MOE. The MOE is
also used for risk characterization; the higher it is (the greater the disparity between the animal NOAEL
and human exposures), the less concern and the lower the considered risk.

The characteristics/limitations of NOAELs (and LOAELs) are as follows:

Table 3
Studies to Assess Risk

In vivo intact animal studies
• In vivo exposures
• In laboratory animal models (to predict human risk)
• In organisms in ecosystems as “canaries in the mine” (to predict human risk) or to determine

ecotoxicity risk, per se
• Formalized apical study designs
• Mimic routes, doses, and durations of real, predicted, or modeled exposures in species of

interest
• Large number of animals per group (and per study)
• Protocols compliant with regulatory guidelines
• Performed under appropriate Good Laboratory Practice standards and regulations (ideally)
• Specific and apical endpoints
• Objectives: to identify animal NOAELS and LOAELs

—Not designed to identify mechanism
—Not designed to identify initial target site
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• It is obviously experimentally derived and therefore dependent on the statistical power of the study which
is, in turn, dependent on the number of animals employed, the number of dose groups, and the route of
administration.

• It is also dependent on the number, relevance, and sensitivity of the parameters (endpoints) examined.
• It uses only the one dose (the NOAEL or LOAEL) and there is no way to factor in the shape of the dose-

response curve (shallow or steep), etc.
• Its presence implies a “threshold,” that is, a dose at and below which no statistically significant and/or

biologically relevant adverse effects are observed in “any adequate developmental toxicity study,” with
the same study design limitations listed above. This is an experimental threshold, with the implication that
there is a population threshold.

The limitations of the NOAEL/LOAEL approach (above) have prompted development of an alter-
native approach. The benchmark dose (BMD) approach (now used by the EPA) uses a software pro-
gram to factor in the shape of the dose–response curve and intercalates or extrapolates a dose with
lower and upper bound values which will result in an increase over the control value (of typically 1%,
5%, or 10%) for the effect(s) of interest. This is then used in place of the LOAEL or NOAEL for the
subsequent step in formal risk assessment (i.e., determination of the reference dose and MOE).

Fetal body weight by sex per litter is typically considered the most sensitive endpoint in a devel-
opmental toxicity study, because the variability is small and is a continuous variable. However, skel-
etal findings, in the context of concurrent and historical control data, are powerful and sensitive
indicators of treatment-related, statistically and biologically significant adverse outcomes.

The official position of the EPA and other federal and international regulatory agencies is that any
of the adverse outcomes are equally bad, and that the most sensitive outcomes will determine the
study NOAEL (or BMD). The rationale is that there is no guarantee that the effects observed in the
animal model will be the same as those observed in humans (or another species of concern). In addi-
tion, in the absence of information on the relevance of the animal model and/or the end points evalu-
ated, the safest default is to use the most sensitive animal model and the most sensitive indicator.

RISK ASSESSMENT ISSUES

Issues about the risk assessment process and outcome can be separated into scientific and regula-
tory areas with some overlap. They are relevant to any parameter or endpoint, but for this chapter, the
discussion focuses on their relevance to fetal skeletal parameters.

Scientific Issues
The scientific issues include the following:

• Is the finding biologically plausible? By this we mean, is there a temporal association between exposure
and outcome? Is there a biologically meaningful relationship between the timing of exposure and the
location and type of effect observed? Does the initiation of the adverse finding occur before, during, or after
(if there is a postexposure period) the exposure period? Is there a mechanistic basis for the adverse finding?

• Do other chemicals with similar physicochemical properties or biological activities cause similar adverse
findings? Is there a structure–activity relationship such as with the ethylene glycol-based ethers or with the
phthalates?

• Is there consistency and reproducibility of the exposure(s) and adverse outcome(s)? Do the endpoints
predict or reflect adverse outcome? Are they appropriate to assess risk?

• Is there a dose–response pattern? Does the incidence and/or severity of adverse finding increase with
dose? Is there a shift in the response with dose? If so, is the shift biologically plausible? For example,
incidence of fetal malformations may increase in the mid dose but decrease in the top dose, accompanied
with an increase in the incidence of in utero deaths at the top dose. Does a reduction in live fetuses per
litter affect the incidence statistically and/or biologically? What if the incidence of skeletal variations goes
down with increasing dose? For example, exposure to dietary boric acid during gestation in rats and mice
(but not rabbits) results in a dose-related decrease in the incidence of extra ribs on Lumbar I (associated
with dose-related decreases in fetal body weights; refs. 62 and 65). If the incidence of skeletal variations
goes down with increasing dose, but the incidence of skeletal malformations goes up with increasing dose,
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do the skeletal variations at the lower doses predict the skeletal malformations at the higher doses? Are the
skeletal malformations at the far end of the continuum of skeletal effects for the same bones or areas as the
skeletal variations (88)?

• What is known about the animal model? Is this species/strain the most appropriate surrogate for humans? Is
there similarity between the animal model and humans in terms of ADME (absorption, distribution, metab-
olism, elimination), systemic exposure (and toxicity), blood levels (and associated toxicity) of the test
material, target organs, calculated dose at the target, etc.? Are the ADME characteristics of the test mate-
rial in the animal model known? Are the ADME characteristics of the test material in humans known?
Without pharmacokinetic/toxicokinetic data in the animal model and the human, it is difficult (if not
impossible) to extrapolate results (routes, doses, effects) from animal models to humans with any scien-
tific rigor, and one is forced to use default assumptions and uncertainty factors.

• Extrapolation from route to route, from high doses to low human-relevant doses, from short- to long- or long-
to short-term exposure durations, is critical to risk assessment and should be based on scientific data, if at
all possible, rather than on default assumptions.

• Does the adverse finding occur only in the presence of maternal toxicity? Is that important? The initial
definition of a teratogen by Staples (89) specified that the fetal effects had to occur in the absence of
maternal effects to define the test material as teratogenic. The current EPA view is that the interpretation of
the fetal effects as secondary to the maternal effects (or not) is dependent on the type and severity of the
maternal vs fetal effects. It is reasonable and scientifically defensible to interpret altered fetal skeletal ossi-
fication (only reduced? reduced and/or abnormal ossification?), associated with reduced fetal body weights
in the presence of reduced maternal body weight gain, as likely secondary to the maternal toxicity causing
the fetal toxicity, especially if the reductions in maternal and fetal body weights are reasonably compa-
rable. It may not be reasonable or scientifically defensible to interpret major skeletal (or other) fetal mal-
formations, whether or not associated with reduced fetal body weights, in the presence of reduced maternal
weight gain on the order of 10% (statistically significant but not profound), as likely secondary to maternal
toxicity. It is more likely that these latter major fetal malformations were not caused by the maternal
toxicity, but that these endpoints represent separate and independent pleiotropic responses from the test
material at the same dose(s). The interpretation of cause and effect must be made on a case-by-case basis.

• Should temporary/transient effects be viewed differently than permanent effects? The Segment II protocol
currently does not include a postnatal component. However, we know that:
— In the postnatal period, extra ribs (especially rudimentary ones) on lumbar I become incorporated into

the arches of the vertebral centra (17).
— In the postnatal period, wavy ribs resolve (90–92).
— In the postnatal period, there is tremendous plasticity in the perinatal skeleton (EG-induced skeletal

malformations and variations are present in term fetuses and pnd 4 and 21 postnatal offspring, but are
essentially gone by pnd 63; ref. 18).

— In the postnatal period, dilated renal pelves can resolve (24).
— In the postnatal period, dilated lateral ventricles of the cerebrum resolve if there is no tissue compres-

sion (which may indicate hydrocephaly).
— In the postnatal period, ventricular septal defects can spontaneously heal if they are small.

• Should cervical and lumbar ribs be viewed in the same way? The present authors are convinced that
cervical ribs are a malformation, based on rarity in animal models and possible consequences (e.g., inter-
ference with blood flow or nerve tracts to the brain). Conversely, lumbar ribs are common in animal
models and appear to resolve postnatally and/or have no adverse consequences and should be considered
variations in animal models. In contrast to animal models, cervical ribs are more common than lumbar ribs
in humans, but they also may have adverse consequences in the postnatal human.

Both cervical and lumbar ribs are reported in the human literature (93,94), with evidence of lumbar
ribs in a Neanderthal specimen (95), a prehistoric skeleton (96), and of cervical and lumbar ribs in a
young woman of the 12th century AD (97). A number of studies evaluating human fetal accessory ribs
have reported a high prenatal incidence of cervical ribs (19%, ref. 98; to 63%, ref. 99), relative to the
incidence of lumbar ribs (1.1%, ref. 98; to 2.2% ref. 100). These incidences are in contrast with the
postnatal incidences of cervical (but not lumbar) ribs in children and adults. The percentage of patients
with cervical ribs ranged from 0.04% (101) to 4.5% (based on only nine patients; ref. 102), much
lower than the prenatal incidence. The incidence of lumbar ribs in postnatal humans was similar to
that in prenatal humans (0.04%, ref. 103 to 15.8%, ref. 104).
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With the large differences between prenatal and postnatal incidences in cervical ribs, it is likely
that the prenatal rib on cervical vertebra 7 becomes incorporated into the lateral arches of this verte-
bral body (47). In fact, cervical ribs can be considered as relatively common in pre- and perinatal
humans (105–108). They can occur spontaneously or be inherited as an autosomal-dominant muta-
tion (109). Cervical ribs are associated with adverse health effects in humans. The most common
effect is thoracic outlet disease (101,110,111), characterized by compression of the subclavian artery
and vein and of the carotid arteries, and therefore diminished blood flow to and from the arms and to
the head, and by displacement of the stellate ganglia, sympathetic ganglia, and C7-T1 nerve roots.
The vascular consequences include cerebral and distal embolism (112–115). The neurological con-
sequences include extreme pain (116), migraine (117), and Parkinson’s disease-like symptoms (111).

The possible consequences of lumbar ribs primarily consist of pain in the lumbar region (103) and
a tendency for L4–5 degeneration (104).

— Do cervical and/or lumbar ribs represent changes in Hox gene designated borders of the vertebral col-
umn? That is, do they represent indications of misfunction of fundamental (and evolutionally conserved)
patterning genes?

— If so, are they more than just variations? Do they indicate toxicologically and teratogenically relevant
changes in gene expression with possibly far-reaching consequences?

• A strong association has been reported between the presence of axial skeletal anomalies (especially cervi-
cal ribs) and cancer in two studies. In one, evaluation of basal cell carcinoma syndrome often included
multiple skeletal and rib anomalies (118). Schumacher et al. (102) also reported a highly significant correla-
tion of rib anomalies (especially cervical ribs) with a series of cancers in 1000 children. The percentage of
cancer patients with a specific type of anomalies (cervical ribs) was leukemia (27%), brain tumor (27%),
neuroblastoma (33%), soft tissue sarcoma (25%), and Wilm’s tumor (24%). These associations may be
due to effects on genes that play a role in development of the axial skeleton and are also components of the
cellular pathways that, when deranged, result in childhood cancers. Again, the homeobox genes may be
involved (47,76).

• Are increased incidences of specific skeletal variations predictors of increased incidences of specific skeletal
malformations at higher doses? In the authors’ laboratory, the incidence of total skeletal variations is usually
not a predictor of increased incidence of total skeletal malformations at the same or higher doses (although
it is dependent on the test material evaluated). Is the presence of ribs on cervical-7 and/or lumbar-1 predictive
of a risk for childhood cancer (both from altered homeobox gene structure and/or function)?

Regulatory Issues
The regulatory issues include the following:

• Adequate data to perform risk assessment are defined by the EPA as from in vivo standardized develop-
mental toxicity studies (preferably in two species), unless there are compelling human data.

• The official EPA position is that any of the adverse outcomes are equally “bad,” and the most sensitive
outcome will determine the NOAEL or BMD.

• Is there a threshold?
— Experimental threshold is a dose at and below which no statistically significant and/or biologically rele-

vant adverse effects are observed in “any adequate developmental toxicity study” (experimentally derived).
— Population threshold is a dose at and below which no adverse effects would be observed in any and all

groups of rats, mice, rabbits, etc. This is based on the study data and is dependent on the number of
animals used, the number of dose groups, route of administration, the number and sensitivity of the
endpoints examined in addition to the statistical power of the study.

— There may be no threshold for changes at the level of the gene or cell, but there may be a threshold for an
“adverse” effect; how the term “adverse” is and will be defined is very important (and very contentious).
Are the changes at the cellular or molecular level within the homeostatic range?

• Role of mechanistic data
— In vitro/ex vivo mechanistic data cannot drive risk assessment; it can (and should) inform risk assessment.
— Mechanistic data will aid in understanding structure–activity relationships (SARs) and in predicting

risk for new compounds, based on SARs (especially three-dimensional quantitative [3D-Q] SARs) in
the same chemical class.
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CONCLUSIONS

Evaluation of the fetal skeleton (both cartilaginous and bony components) at term is a major com-
ponent of developmental toxicity studies in animal models, which are required for registration of drugs
under the FDA and pesticides under EPA FIFRA (as well as for marketing in other countries under
OECD and International Conference on Harmonization testing guidelines). Adverse fetal skeletal find-
ings include frank malformations, variations, and developmental delays. The location, incidence, and
severity of the adverse fetal skeletal findings are important considerations during the risk assessment
process. Risk assessment is performed to establish whether exposure to the test chemical, by relevant
routes of exposures at relevant doses, during sensitive life stages (timing of exposure), and for short-
or long-term exposure (duration of exposure), will result in adverse effects in the species of interest,
including humans, based almost always on data from animal studies. The determination of a reference
dose (a dose at and below which no apparent risk is anticipated) and the margin of exposure (both
based on animal data) are used to characterize the risk, communicate the risk, and to manage the risk.
Risk management includes the decision on whether the test material can be marketed as a drug (with
the animal studies and clinical trials in humans performed during drug development and submitted to
the FDA for registration of the drug), whether it can be registered as a pesticide (again, based on pre-
use submission packages for EPA FIFRA), or whether it should be removed from the marketplace (if
the studies are performed during postmarketing surveillance for drugs or pesticides, or under volun-
tary action or test rules for chemicals regulated under EPA Toxic Substances Control Act). If the test
material is or can be marketed, then risk management will also involve determination of the efficacious
versus the toxic dose (for pesticides) or therapeutic margin (for drugs), safe levels of human and/or
environmental exposure (from food, water, and soil contamination, etc.), development of personal or
manufacturing plant-wide protective measures, and minimization of exposures to humans and other
nontarget species to an acceptable level (e.g., calculation of an “acceptable daily intake” [ADI] for
pesticides). Risk assessment issues are both scientific and regulatory and include the interpretation of
the adverse outcomes as primary or secondary to maternal or other fetal toxicity, the appropriateness
(or sensitivity) of the animal model for extrapolation to humans, and the reproducibility, robustness,
sensitivity, consistency, and relevance of the endpoints in the animal models to determination of the
risk to humans.
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