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 1.  ABSTRACT

   Differentiation is the cellular process that
regulates development of long bones and joint surface
cartilage of synovial cavities. Growth plate cartilage
development is commonly referred to as endochondral
ossification which is the end stage of long bone
development. Endochondral ossification proceeds as a
continuum of chondrocyte proliferation cycles followed by
non-proliferative phases coupled to extracellular matrix
protein transformations that are regulated by proteins of the
hedgehog family and by parathyroid-hormone-related
peptide and its receptor, the parathyroid-hormone-related
peptide receptor. A compelling body of evidence has now
emerged implicating matrix metalloproteinases (MMPs) in
the process of long bone lengthening and endochondral
ossification. Among the MMPs, MMP-13 (collagenase-3),
MMP-9 (92-kDa gelatinase; gelatinase B) and MMP-14
(MT1-MMP) are the most abundant proteinases that
regulate cellular migration, alterations in the extracellular
matrix and apoptosis in growth plate cartilage. Murine
mutation or ablation models of growth plate development
that target MMPs often result in skeletal abnormalities,
indicating the critical role that MMPs play in these animal
models and in skeletal maturation. Many of the MMPs that
have been identified as regulating the spatial and temporal
changes in rodent and rabbit endochondral ossification
have also been identified by in situ hybridization and
immunohistochemical analysis of human long bone
development. Genetic manipulation to correct defective or
dysfunctional MMP genes or MMP activity found in
certain human chondrodysplasias may provide a novel
strategy for treating medical disorders characterized by
skeletal anomalies.

2. INTRODUCTION

 2.1. Chondrocyte Differentiation Pathways in Skeletal
Development

Differentiation is the cellular process whereby the
genesis, development and stabilization of eukaryotic tissues
and organs are established.  Cartilaginous tissues emerge
from embryonic mesenchyme (1). In the epiphyseal
cartilage of the growth plate, a continuum of chondrocyte
proliferative and non-proliferative cycles are coupled to
extracellular matrix (ECM) transformations that are
regulated by hormones and growth factors (2) resulting in a
progressive lengthening of the skeleton followed by
eventual cessation of skeletal growth over time, commonly
referred to as growth plate closure. By contrast, in articular
cartilage, (the cartilage located atop skeletal long bones),
chondrocyte proliferation is an early embryologic event,
but maturational events are dominated by gradual
alterations in the composition of cartilage ECM as well as
bony remodeling (3). Alterations in the programmed events
related to skeletal development often result in skeletal
abnormalities and dysplasias (4).

    Chondrogenic stabilization is established when
mesenchymal cells committed to the chondrogenic lineage
synthesize proteins characteristic of cartilage ECM (5).
Thus, the chondrogenic phenotype is characterized by the
synthesis and integration of specific ECM macromolecules,
namely, the proteoglycans aggrecan, decorin, biglycan,
fibromodulin, and perlecan as well as the collagen isotypes,
Type II, Type IX and Type XI (5, 6).  Chondrocyte
terminal differentiation is characterized, in part, by
derepression of the Type X collagen gene (6).
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Figure 1. Growth plate cartilage development proceeds by
the ordered transformation of “prehypertrophic”
chondrocytes (↓1) to hypertrophic chondrocytes (↓2) and is
regulated by the actions of IHH and PTHrP. Reproduced by
permission from Company of Biologists, Ltd.

2.2. Ordered Molecular Signals Regulate Growth Plate
Morphogenesis

The regulation of chondrocyte gene transcription
for encoding ECM macromolecules and MMPs during
skeletal development and articular cartilage morphogenesis
involves specialized intracellular signaling pathways
controlled via the activity of tyrosine kinases, mitogen-
activated protein kinases (MAPKs), extracellular-signal
regulated kinases (ERKs) and Janus kinases (JAKs) (7). In
growth plate cartilage, signaling pathways resulting in
chondrocyte differentiation are regulated by the Hedgehog
(HH) protein gene family, namely, Indian hedgehog (Ihh)
and Sonic hedgehog (Shh) as well as the parathyroid
hormone-related peptide (PTHrP) and its receptor, PTHrP-
receptor (PPR) (8,  9).

   A sequence of morphologic transformations
correlates with long bone lengthening and growth plate
cartilage ossification (9).  The morphologic transformations
occurring during long bone development are governed by
gene expressional events that eventually result in
chondrocyte hypertrophy, synthesis of Type X collagen and
cartilage ossification. In the first step in this process,
proliferating “prehyppertrophic” chondrocytes cease to
divide and express PPR (Figure 1, ↓1). PRR signaling in
columnar chondrocytes blocks terminal chondrocyte
differentiation while also suppressing perichondrium
differentiation to columnar cells (Figure 1, ↓2). In the
integrated model of PTHrP/Ihh feedback proposed by
Kobayashi et al. (9), PTHrP-mediated signaling directly
inhibits premature hypertrophic chondrocyte development
(Figure 1, “a”). In turn, Ihh directly regulates PTHrP
expression in cells of the perichondrium (Figure 1, “b”). In
response to PTHrP, columnar chondrocytes develop from
perichondrial cells between the periarticular zone and the
zone of Ihh signaling (Figure 1, “c”) where Ihh directly
stimulates chondrocyte differentiation (Figure 1, “d”). In
addition to the positive effects of Ihh on chondrocyte
differentiation, perichondrial cells also express Patched
(Ptc), a receptor for Shh, and the Gli oncogenes (i.e. Gli1, -
2, 3) zinc-finger transcription factor GLI-Kruppel family

members that mediate HH signaling in all vertebrates.
Thus, PTHrP/PPR interactions negatively regulated
terminal chondrocyte differentiation (9). The HH/Ptc/Gli
pathway has also been implicated in modulating
PTHrP/PPR interactions as well as in regulating Ihh
synthesis itself (10).

   Early in the studies of the Ihh/PTHrP/PPR
signaling pathway, PTHrP appeared responsible for
suppression of chondrocyte differentiation by delaying the
synthesis of Ihh completing a negative feedback loop (8).
This sequence of programmed events was thought to give
rise to the development of hypertrophic chondrocytes
wherein Ihh synthesis was suppressed. However, recent
studies employing chondrocyte-specific PTHrP/PPR
ablation models in mice with reduced PTHrP/PPR activity
suggested that in these murine growth plates, Ihh positively
influenced periarticular chondrocyte differentiation that
was independent of PTHrP (9).

   Additional experimental studies showed that the
Shh gene was also induced during the formation of
cartilage nodules in vitro. Thus, over-expression of the Shh
gene induced by retroviral transfection of chicken limb bud
micromass cultures resulted in alkaline phosphatase activity
and Type X collagen synthesis (11).

   Ihh and Shh appear to act in a coordinated
fashion to regulate the transition from “prehypertrophic” to
hypertrophic chondrocytes during growth plate maturation.
In this regard, Stott and Chuong (11) proposed that Ihh was
expressed principally in the late hypertrophic zone which
promoted hypertrophy. In turn, Ihh inhibited chondrocyte
maturation via PTHrP/PPR.

    Smoothened (Smo), another key protein in
signaling regulated by HH was also expressed during
chondrocyte development (10) and Ihh, Ptc as well as Smo
were synthesized in ATDC5 cells stimulated to undergo
chondrocyte differentiation (12). Of note, a mouse
recombinant N-terminal Ihh protein promoted Type X
collagen gene expression in ATDC5 cells (10).

   Specific skeletal abnormalities have been
reported in growth plate cartilages deficient in PTH, PTHrP
or PPR. Thus, Blomstrand chondrodysplasia is
characterized by precocious endochondral ossification. In
this disorder, Jobert et al. (13) found a loss of function
point mutation in PTHrP which apparently accounted for
premature ossification of human growth plate cartilage.
Double knockout mice deficient in PTH or PTHrP/PPR
also showed skeletal anomalies characterized by
accelerated differentiation of growth plate chondrocytes as
well as growth plate chondrocyte resistance to Ihh (14).
Moreover, the PTH/PPR (-/-) bones showed a significant
increase in osteoblast content as well as ECM accumulation
without a delay in vascular invasion, suggesting that PTHrP
decelerated vascular invasion, a process required for
osteoid mineralization that was independent of PPR.

   In addition to Ihh/PTHrP/PPR signaling, cyclic
AMP-dependent kinase (cAMPk; kinase A) was also
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Table 1.  MMPs Involved In Growth Plate Chondrocyte Differentiation
Chondrocyte population MMPs Function(s)
Proliferating MMP-8, MMP-13, MMP-14, MMP-1, -2, -3 Cell division/migration, Pro-MMP-2 activation, Apoptosis (?)
Prehypertrophic MMP-1, -2, -3,  MMP-8 ECM protein turnover, Activation of pro-MMP-13
Hypertrophic MMP-7, MMP-9, MMP-10, MMP-12,

MMP-13
Pro-MMP-1 activation, Type II collagen degradation, Type X
collagen synthesis, “Chondropotosis”,Cartilage vascularization

shown to play a salient role in long bone development. In
that regard, Long et al. (15) showed that the cyclic-AMP
response-element binding protein (CREB) was active in
wild type mouse growth plate development where
chondrocyte CREB activation was observed in the
proliferative growth plate zone. Conversely, transgenic
mice expressing a potent dominant-negative CREB
inhibitor exhibited decreased chondrocyte proliferation and
delayed hypertrophy.

   The G-protein α-subunit (Gsalpha) couples
receptors to adenylyl cyclase which is required for cAMP
generation as well as cAMPk activation. Homozygous mice
with complete Gsalpha deficiency died at birth and
exhibited significant abnormalities in growth plate
architecture with a shortened proliferative zone and
advanced hypertrophic chondrocyte differentiation (16).
The Gsalpha-deficient mice represented a phenotype similar
to PTH-PTHrP knockout mice (17). The mouse phenotypic
bore similarities to patients with Albright hereditary
osteodystrophy, a heterozygous Gsalpha inactivation
disorder of growth plate (18).

   Recently, SOX9, a high mobility-group- domain–
containing transcriptional factor critical to differentiation
and cartilage development was shown to be phosphorylated
by cAMPk in vitro (19). Immunohistochemical analysis
showed that SOX9 was evenly distributed in growth plate
cells in the resting and proliferative zones; SOX9 was
absent in the hypertrophic zone. However, phospho-SOX9
was localized to the “prehypertrophic” chondrocytes. These
studies indicated that SOX9 was a substrate for cAMPk. Of
note, phospho-SOX9 showed enhanced transcriptional and
DNA-binding activity to the 18-bp and 48-bp COL2A1
enhancer elements within the COL2A1 gene.  Furthermore,
Jia et al. (20) showed that cAMPk (in addition to casein
kinase I) regulated Smo protein accumulation and activity
in response to hedgehog proteins by the phosphorylation of
Smo at several amino acid sites. Of note, phosphorylation-
deficient forms of Smo failed to accumulate on the cell
surface suppressing the transduction of hedgehog signals
(20) while Shh was shown to up-regulate the expression of
SOX9 (21) during mouse skeletal development.

3. MATRIX METALLOPROTEINASES (MMPs) IN
SKELETAL DEVELOPMENT

 3.1. MMPs in Skeletal Development: Overview
MMPs have been shown to play an integral role

in the skeletal transformations that result in long bone
maturation (Table 1).  In this regard, MMPs were
implicated in chondrocyte proliferation, ECM protein
degradation and release of ECM protein degradation
products, regulation of MMP and other proteinase activities
as well as cell attachment, differentiation and programmed

cell death (i.e. apoptosis) (22).  Although in human fetal
limb development, MMP-1, MMP-2, MMP-3 and MMP-9
as well as tissue inhibitor of metalloproteinases-1 (TIMP-1)
were localized to different zones of the developing growth
plate (23), MMP-14 (MT1-MMP), MMP-9 and MMP-13
appear to account for most of the proteinase-dependent
transformations observed during endochondral ossification
(22). By contrast, MMP-1,-2,-3 were seen chiefly in all
proliferating chondrocytes and these MMPs were localized
to regions distal to the joint line before synovial joint cavity
formation. Mouse and rat limb development showed a
similar pattern. Thus, MMP-1,-2, -3, -9 and -13 mRNA
expressed during rat cartilage development in the tibial
plateau was temporally and spatially dependent on the
phase of mandible and/or limb development (24, 25).

   The functional significance of MMPs dysfunction
during skeletal development is related to the requirement
for specific MMPs to cleave ECM proteins. Regulated
ECM degradation promotes cell migration and tissue
stabilization. In this regard, MMP-3, -7,-9, -13, -14 cleaved
recombinant trimeric Type IIA collagen amino terminal
pro-peptide in vitro, whereas MMP-1, -2 and -8 did not
(26). Furthermore, MMP-7 was shown to cleave the amino-
terminal propeptide from collagen fibrils in fetal cartilage
ECM (26), indicating that some MMPs also played a
critical role in procollagen processing to mature fibrils
during skeletal development. Because the activity of MMPs
is generally regulated by TIMPs, Joronen et al. (27) studied
the extent to which TIMPs were expressed in the
developing mouse skeleton and showed by
immunohistochemical analyses a time-dependent change in
TIMP-1, -2, -3 mRNA in articular and growth cartilages,
synovial tissue and bone.  However, the levels of TIMP-1, -
2 mRNA  in articular cartilage were lower than TIMP-1, -2
levels in growth plate suggesting that TIMPs played a more
critical role in modulating MMP activity during growth
plate development.

   Studies by Dean et al. (28) and Maeda et al. (29)
emphasized the modulatory effect of Vitamin D
metabolites on growth plate development in vivo (28) and
in vitro (29). These studies showed that 1alpha, 25(OH)
2D3 and 24R, 25(OH) 2D3 regulated neutral
metalloproteinases (NMPs) and collagenase activity not
only in growth plate cartilage development but also in cell
maturation and mineralization as well. In cultures of resting
zone chondrocytes, 24, 25(OH) 2D3 caused a dose-
dependent increase in NMP activity, but had no effect on
collagenase activity. By contrast, 1alpha, 25 (OH) 2D3
altered collagenase, but had no effect on NMP activity (28).
The action of Vitamin D metabolites on NMP and
collagenase activity during growth plate development
appeared to be mediated by the activity of protein kinase C
(29).
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The MMPs to be discussed in detail below have
been implicated in specific skeletal transformations during
development. Several MMPs were shown to work
independently; others were shown to act synergistically in
the molecular events governing the activation of MMPs in
skeletal development and maturation (Table 1).

3.2. MMP-13 (Collagenase-3)
The MMP-13 gene is composed of 10 exons and

9 introns spanning over 12.5 kb in size. The MMP-13 gene
contains structural similarities to other MMP genes, such as
those encoding fibroblast collagenase (MMP-1), matrilysin
(MMP-7) and macrophage metalloproteinase (MMP-12),
but MMP-13 is somewhat distinct in its genomic
organization from other MMP genes, namely, stromelysin-
3 (MMP-11), gelatinase-A (MMP-2) and gelatinase-B (MMP-
9), the latter genes flanking outside the chromosome 11q22
gene cluster where the MMP-13 gene is located  (30).

   Hypertrophic chondrocyte maturation is
characterized by an enrichment in Type II collagen, Type X
collagen in the developing growth plate ECM as well as
MMP-13 transcripts in vivo (31, 32) and in vitro (33) and
during fracture callus healing (34). MMP-13 was also
found as an enzyme marker for osteoclastic-derived
tartrate-resistant alkaline phosphatase-containing cells (34).
In addition, during skeletal long bone differentiation and
maturation, hypertrophic chondrocytes degraded the NC4
globular domain of the alpha 1(IX) chain of Type IX
collagen that protrudes from the collagen fibril (32). This
event appeared to serve as a stimulus for MMP-13 gene up-
regulation temporally coinciding with Type X collagen
gene expression. MMP-13 was also shown to degrade Type
II collagen as well as the remaining COL2 domain of Type
IX collagen alpha (IX) chains (32). Although aggrecan is a
substrate for MMP-13 (6), the available evidence indicated
that aggrecan was selectively spared degradation in this
process and instead was retained intact in growth plate
cartilage ECM (32). Moreover, MMP-13 inhibition by a
non-toxic carboxylate inhibitor of MMP-13 resulted in
suppression of Type X collagen gene expression and
inhibition of Type II collagen degradation in addition to
inhibition of ECM calcification (31).

    Recent studies by D’Angelo et al. (33) showed
that chondrocytes derived from the caudal zone of non-
hypertrophying chick growth plate expressed neither Type
X collagen nor MMP-13 transcripts, whereas chondrocytes
from the hypertrophic zone expressed both markers of
chondrocyte differentiation. Furthermore, the level of
MMP-13 enzyme activity correlated with increasing levels
of MMP-2 with time in culture, suggesting that pro-MMP-
13 is activated by MMP-2 (30). In rat tibial growth plate
development, expression of Types II and X collagen
constituted constantly changing events in sequence
resulting in terminal differentiation (34). By contrast,
MMP-13 expression was shown to be biphasic; it was
expressed at various times during the proliferative phase,
but uniformly expressed at the hypertrophic stage (35).

    The critical role for MMP-13 synthesis during
growth plate cartilage development and maturation was

emphasized by the profound deficiencies in morphological
transformations preceding endochondral bone formation in
an MMP-13-deficient (null) murine animal model (36).
Additional evidence also supported the view that
significant synergy existed between MMP-13 and MMP-9
in regulating growth plate development (37). Thus, mice
deficient in both MMP-13 and MMP-9 had severely
impaired endochondral bone formation, characterized by
low ECM content, prolonged survival of “prehypertrophic”
chondrocytes, delayed vascular formation and impaired
trabecular bone formation.

   The Wnt signaling protein family and its
antagonist protein frizzbie-1 (Frzb-1) is expressed during
skeletogenesis, especially during terminal differentiation
and in joint formation (38). In that regard, Wnt/beta-
catenin/lymphoid enhancer-binding factor (LEF)/T-cell
transcription factor (TCF) activation was shown to promote
chondrocyte hypertrophy and endochondral ossification
(39).  LEF belongs to the nuclear LEF/T-cell transcription
factor (TCF) protein family and Wnt/beta-catenin/LEF
binding in the nucleus promotes excessive Wnt/beta-
catenin signaling. Recently, Tamamura et al. (40) studied
transgenic mice expressing a mutant fusion protein of beta-
catenin and LEF. These mice exhibited a totally
disorganized growth plate structure characterized by a lack
of maturing chondrocytes expressing neither Ihh nor Type
X collagen. Furthermore, Wnt/beta-catenin activation in
immature growth plate chondrocytes blocked chondrocyte
maturation whereas in mature chondrocytes, Wnt/beta-
catenin activation promoted the morphological
transformations typical of chondrocyte hypertrophy and
ECM mineralization as well as up-regulating MMP-13 and
vascular endothelial growth factor (VEGF) gene expression
(39). Taken together, these results showed that beta-catenin
stabilization allowed a form of murine chondrodysplasia to
occur (40). Furthermore, Wnt/beta-catenin signaling
regulated both temporally and spatially the terminal
chondrocyte differentiation pathway. Interactions between
SOX9 and beta-catenin may also be critical for MMP-13
gene expression and integral to endochondral ossification
(41).

   The principal mediator of mammalian tissue
hypoxic responses is the transcription factor, hypoxia-
inducible factor-1 (HIF-1). Tissue-specific targeting to
delete HIF-1 in mice resulted in HIF-1 null growth plates
characterized by interruption of vascular flow (42). Of note,
VEGF up-regulation was found to be HIF-1-independent in
growth plate chondrocytes surrounding areas of cell death.
Recently, Pufe et al. (43) showed that mechanical overload
of bovine cartilage disks in vitro resulted in increased
expression of HIF-1-alpha, known also to induce VEGF
expression. Furthermore, mechanical overload increased
MMP-1, MMP-3 and most notably, MMP-13 expression,
but reduced TIMP-1, -2. MMP gene expression was also
shown to be VEGF-dependent as kinase inhibition of
VEGF-receptor-2 suppressed mechanically-induced MMP
expression and restored TIMP expression to normal levels.

   A large body of evidence has also implicated
transforming growth factor-beta (TGF-beta) in chondrocyte
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maturation and endochondral ossification (44). Members of
the TGF-beta protein super family including the bone
morphogenetic proteins (BMPs) transduce signals to the
nucleus via cell membrane-specific Type I and Type II
receptors and Smad proteins. Smad-1 and -2 mediate BMP
signaling; Smad-3,-4, -5, and -6 regulate TGF-beta
signaling (45). All 3 TGF-beta isoforms (i.e. TGF-beta-1, -
2 and 3) were shown to regulate PTHrP expression in chick
sternal chondrocytes via Smad-3 signaling (46). In growing
human bone, TGF-beta-2 was detected in all cartilage
zones of the growth plate, whereas TGF-beta-1 and -3 were
restricted to the proliferative and hypertrophic zones (47).
Smad-6, an inhibitor of TGF-beta/BMP signaling, when
over-expressed in transgenic mice caused postnatal
dwarfism characterized by normal growth plate
chondrocyte proliferation, but significantly delayed
chondrocyte hypertrophy and thin trabeculae (48). Smad
ubiquitin regulatory factor-1 (Smurf-1) also blocks BMP
signaling. Growth plate cartilage produced in Smad-
6/Smurf-1 offspring had a greater delay in endochondral
ossification than in Smad-6 mice (48).

   TGF-beta was reported to induce MMP-2 and
MMP-9 up-regulation via p38 kinase in human breast
epithelial cells (49). Moreover, MMP-13 mRNA levels
were up-regulated by TGF-beta and inhibited by BMP-2 in
primary human fetal chondrocytes (50).

    Other factors have been identified that control
MMP-13 expressional events in addition to the reported
temporally-regulated expression of MMP-13 during
skeletal development, Thus, core binding protein alpha-1
(Cbfa1), a transcriptional factor of the runt gene family was
shown to be critical for endochondral bone formation (51,
52). Cbfa1-deficient mice failed to express MMP-13 during
fetal development (52).  Experimental MMP-13 inhibition
also suppressed matrix calcification which was shown to be
dependent on Cbfa1 expression (32).

   Defective endochondral ossification was also
seen in mice with strongly reduced JunB expression, a
member of the AP-1 complex required for MMP
transcription during embryonic development (53).  In this
study (53), decreased JunB levels in growth plate
chondrocytes and bone lining osteoblasts correlated with
dysregulation of cyclins A and D1 that correlated with
suppressed endochondral ossification.

   Finally, the absence of another transcriptional
factor, c-maf (i. e. c-maf-null mice) resulted in the
prolongation of the chondrocyte hypertrophic state and
marked suppression of MMP-13 activity, suggesting that c-
maf was, in part, responsible for initiating terminal
differentiation (54). By contrast, c-maf did not appear to be
involved in chondrocyte proliferation and apoptosis during
murine endochondral ossification.

 3.3. MMP-8 (Neutrophil Collagenase)
Human MMP-8 (neutrophil collagenase) is a

member of a family of MMPs capable of degrading all 3
alpha chains of Types I, II and III collagens (55). Cole et
al. (56) showed that normal human articular chondrocytes

expressed MMP-8 suggesting its role in ECM turnover. A
467 amino acid sequence was deduced from the nucleotide
sequence of the human MMP-8 2.2 kb cDNA and was
found to possess only 57% identity with fibroblast
collagenase (MMP-1) and therefore represented a distinct
MMP gene product (57). The role of MMP-8 in rat hind
limb and mandible development was examined using in situ
hybridization (58). The results showed that MMP-8 was
expressed by osteoblastic precursors, differentiated
osteoblasts, osteocytes and chondrocytes. The broad
expression of MMP-8 compared to MMP-13 (58)
suggested that MMP-8 may play a more diversified role in
ECM turnover during many phases of endochondral
ossification.

3.4. MMP-9 (92-kDa Type IV Collagenase; Human
Neutrophil Gelatinase; Gelatinase B)
   MMP-9 is a regulated MMP that plays an
important role in connective tissue remodeling and
basement membrane turnover (59). The cloned human
MMP-9 cDNA hybridized to a 2.8 kb mRNA from chronic
granulocytic leukemia cells and was nearly identical to a
92-kDa gelatinase secreted by the HT1080 fibrosarcoma
cell line (60). The predicted murine enzyme possessed 72%
identity at the cDNA level and exon/intron structure with
its human counterpart (61). The rat MMP-9 enzyme
structure predicted from its cloned nucleotide sequence
comprised 708 amino acids and showed 75% and 82%
identity with the human and mouse MMP-9, respectively
(61).

   MMP-9 has been localized to the edge of
endochondral cartilage isolated from 21 day old rats where
MMP-9 was believed to participate in the degradation of
Type II collagen (62), a step that precedes vascular
formation and the replacement of cartilage by bone.  MMP-
9 was first observed during mouse development at an early
stage (i.e. E13) of cartilage and tooth morphogenesis where
the MMP-9 gene was transiently expressed in surrounding
mesenchymal cells (63). These studies concluded that
MMP-9 was the gelatinase required for the removal of
denatured collagen fragments generated by the action of
interstitial collagenase (i.e. MMP-1). In this regard, Conot
et al. (64) showed that MMP-9 mediated the vascular
invasion of hypertrophic cartilage callus in developing
murine long bones confirming the contention raised earlier
by Vu et al. (65) who studied homozygous mice with a null
mutation in the MMP-9 gene. These animals also exhibited
abnormal patterns of growth plate vascular development. In
addition, although MMP-9-null mice exhibited normal
patterns of chondrocyte hypertrophy and apoptosis,
ossification was delayed (65).

   In situ hybridization and immunohistochemistry
confirmed the predominant localization of MMP-9 mRNA
and MMP-9 protein to osteoclasts and chondroclasts at the
osteochondral junction in mouse fracture callus (34).  In the
same study (34), MMP-13 protein was found only in
osteoblasts and individual hypertrophic chondrocytes near
the cartilage-bone interface providing support for the view
that MMP-9 and MMP-13 were mutually exclusive
markers for cartilage resorption and endochondral
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ossification, respectively (34, 66). In situ hybridization
studies of avian growth plate development also showed that
MMP-9 was expressed principally by cells surrounding
blood vessels penetrating the growth plate and by
chondrocytes located in front of these vascular invasion
sites (67).

   There is also additional data from studies in
MMP-9-deficient animals which support a role for this
enzyme in skeletal development. For example, chicken
tibial chondrodysplasia was characterized, in part, by
impairment of vascular penetration due to MMP-9
deficiency (68).  However, Gustafsson et al (69) analyzed
MMP-9 activity in the perlecan-null murine growth plate
characterized by disorganized growth plate architecture and
reduced collagen density. Immunohistochemical analysis
revealed a weak, but definite expansion of MMP-9
deposition into the hypertrophic zone, but no alterations in
MMP-9 activity, suggesting that MMP-9 did not contribute
to the altered growth plates in these animals.

                  MMP-9 levels were also reduced in X-linked
hypophosphatemic (Hyp) mice which is the murine
homologue of the human disease caused by mutations in
the Phex gene (70). This study (70) suggested that Phex
may regulate mineralization and removal of hypertrophic
chondrocytes by apoptosis as well as cartilage ECM
degradation in growth plate by altering MMP-9 activity.

3.5. MMP-2 (72-kDa Gelatinase; Gelatinase A)
The mouse (71), chicken (72) and rabbit (73)

MMP-2 gene has been cloned. Rabbit MMP-2 cDNA was
totally different from MMP-1, -3, -and -9 (73).  The murine
MMP-2 cDNA clone contained 662 amino acids and
encoded a 72-kDa protein which was intensively expressed
in mesenchymal cells (71). The mouse MMP-2 was also
similar in many respects to the human MMP-2 cloned from
human tumors (74).  The importance of MMP-2 activity in
skeletal development, however, remains contentious.
MMP-2 activity was shown to be constitutive and
associated with osteoblast phenotypic maturation (75).
However, MMP-2 and MMP-9 levels were higher in
growth plate than in articular cartilage in vivo (76).

3.6. MMP-14/MMP-15/MMP-16/MMP-17/MMP-
18/MMP-25 (Membrane-type 1-6 matrix
metalloproteinases; MT1-6 MMP)

The MT-MMPs are cell surface enzymes that
appear to be critical for normal development as well as
malignant transformation. The regulation of MT-MMP
activity is complex involving autocatalytic processing,
TIMP binding and enzyme internalization (77).  In contrast
to other MMPs which cluster on chromosome 11 (30),
MT1-MMP (MMP-14) mapped to human or mouse
chromosome 14, MT2-MMP (MMP-15) to human
chromosome 16 and MT3-MMP (MMP-16) to human
chromosome 8 (78, 79).  Murine MT1-MMP consisted of
10 exons. The exon structure encoding the catalytic domain
and pro-domain of MT1-MMP was distinct from all other
MMPs (78).  MT1-MMP and the TIMP-2 gene were
spatially and temporally co-expressed during mouse
development and MT1-MMP/TIMP-2 was coordinated

with the activation of MMP-2 (pro-gelatinase-A) (78).
MMP-15 has also been shown to activate pro-MMP-2 and
pro-MMP-13 (78). To date, MT4-MMP, MT5-MMP and
MT6-MMP activity have not been specifically implicated
in the regulation of growth plate cartilage development.

    It is likely that the regulation of MT1-MMP
catalytic activity involves vacuolar H(+)–ATPase-
dependent degradation (80) and the MMP inhibitor
membrane-anchored glycoprotein, reversion-inducing-
cysteine-rich protein with Kazal motifs (RECK) since mice
defective in RECK die around stage E10.5 with defects in
collagen fibrils, basal lamina and vascular development
(81).  In this regard, it was recently shown that MT1-MMP
played a pivotal role in capillary-like tubular structures in a
collagen-containing fibrin matrix in vitro (82).

   MT1-MMP-deficient mice showed craniofacial
abnormalities, arthritis, osteopenia and dwarfism in
addition to tissue fibrosis as a result of suppressed
collagenase activity (83). The shortened bones in MT1-
MMP-deficient mice was not only traced to decreased
chondrocyte proliferation in the growth plate, but also to
delayed vascular development and enlargement of the
hypertrophic zones with delayed formation of secondary
centers of ossification (84). In addition, MT1-MMP
deficiency also resulted in suppressed levels of MMP-2
suggesting that MT1-MMP was essential for pro-MMP-2
activation in vivo (84). However, to date, neither MT2-
MMP nor MT3-MMP-deficiencies has been linked to either
mouse or human growth plate disturbances.

3.7. MMP-12 (Macrophage Metalloelastase)
MMP-12 was cloned and purified from mouse

(85) and human macrophages. The murine MMP-12 gene
located on chromosome 9 predicted a molecular mass of
the proenzyme of 53-kDa which shared only 33-48% amino
acid homology with other MMPs (85). The rat MMP-12
catalytic domain protein expressed in Escherichia coli
completely degraded Type V collagen, partially degraded
Type I collagen, but was unable to digest Type IV collagen
at neutral pH (86).

   Although the precise role of MMP-12 in skeletal
development remains to be fully established,  Kerkela et al
(87) employing in situ hybridization showed MMP-12
transcripts in human fetal hypertrophic chondrocytes in the
vertebrae of the spinal column, in ribs, and in extremities
undergoing ossification beginning at the gestational age of
8 weeks. However, peritoneal and alveolar macrophage
over-expression of the human MMP-12 gene in transgenic
rabbits was not associated with any particular skeletal
anomalies (88) but did result in significantly enhanced
arthritic lesions characterized by severe synovial
thickening, pannus formation and marked articular cartilage
destruction (89).

 3.8. MMP-7 (Matrilysin)
Despite evidence that rat (90) and human (91)

MMP-7 (matrilysin) cDNA were similar in many respects
to the structure of other stromelysins in their substrate
specificity, and to interstitial collagenases in the crystal



MMPs in Skeletal Development

1708

structure of its catalytic domain (92), MMP-7 was shown to
be unique in that it lacked the carboxyterminal domains
encoded by both MMP genes. However, along with several
other MMP genes, MMP-7 mapped to chromosome region
11q22 (93).

   Activated MMP-7 was shown to degrade
cartilage ECM proteins such as aggrecan, fibronectin (92)
and Type II collagen (25) in vitro. These results suggested
that MMP-7 might play a role in ECM protein turnover
under normal conditions and in accelerated ECM protein
degradation in inflammation. Indeed, Ohta et al (94) found
that MMP-7 was over-expressed in human osteoarthritic
cartilage and the inflammatory cytokines, interleukin-1 and
tumor necrosis factor-alpha enhanced MMP-7 gene
expression in cultured human chondrocytes. More recently,
experimental studies in a rodent femur model of fracture
fixation with pure titanium implants showed evidence of
MMP-7 immunoreactivity in addition to TIMP-3 and
MMP-9 localized to hypertrophic chondrocytes and to the
vascular component of the growth plate cartilage (95),
suggesting a role for MMP-7 during intramedullary
osteointegration.

3.9. MMP-1/MMP-3/MMP-10 (Interstitial collagenase-
1; Stromelysin-1; Stromelysin-3)

Turnover of ECM proteins in connective tissues
is largely governed by the activity of interstitial
collagenase-1 (MMP-1) and the stromelysins, namely
MMP-3 and MMP-10 (96). This view is supported by
evidence that MMP-1 and MMP-3 (in addition to MMP-2)
were localized by immunohistochemistry to chondrocytes
in zones distant from the joint line during human fetal
development (97). With respect to long bone development,
Gack et al (98) found high levels of MMP-1 transcripts
expressed in hypertrophic chondrocytes of the metaphyses
and diaphyses of mouse long bones and osteoblast-like
cells situated along the newly formed bony trabaculae,
whereas MMP-3 and MMP-10 transcripts were not
expressed at 7.5 days and 16.5 days after conception at
these anatomic sites. Interestingly, the expression of TIMP-
2 preceded MMP-1 expression in murine hypertrophic
chondrocytes between mouse embryonic stages E6.5 and
E17 of development (99) suggesting that regulation of
MMP-1 activity during skeletal development was achieved
not only at the transcriptional level, but at the post-
translational level as well. Despite the fact that MMP-1 and
MMP-10 share 82% sequence homology, activated MMP-
10 measured by in situ zymography was found in human
neonatal rib chondrocytes of the growth plate (100),
whereas only an occasional MMP-3 signal was evident in
that site. These results suggested that MMP-3 and MMP-10
were differentially synthesized and activated during human
rib development.

4. PERSPECTIVE: FUTURE THERAPIES FOR
TREATING DEVELOPMENTAL DISORDERS OF
THE MUSCULOSKELETAL SYSTEM MAY
REQUIRE CORRECTING MMP DYSFUNCTION

    Skeletal development is dependent on
mesenchymal cell recruitment, cellular commitment to the

chondrogenic lineage and terminal chondrocyte
differentiation within the growth plate; processes that are
dependent on transcriptional factors, growth factors,
cytokines, metabolites, hormones (101) protein kinases (6)
and MMPs.  Identification of fetal growth plate
chondrocyte heterogeneity by Percoll gradient fractionation
that showed varying gene expression of PTHrP, PPR, Ihh,
Type X collagen and MMP-13 also determined that these
molecules were restricted to either prehypertrophic or
hypertrophic chondrocyte fractions (102).  Restrictive
expression of these factors, signature markers for
chondrocyte terminal differentiation, support the view of
cellular and molecular transformations prior to
endochondral ossification first put forth by Vortkamp et al.
(8) and later sustained by the studies of Kronenberg et al.
(103).

   A compelling body of evidence has implicated
MMPs in the process of human skeletal development and
maturation (104), including the processes resulting in
endochondral ossification and synovial joint cavity
formation. Among their other functions in connective tissue
turnover, these studies (104-107) as well as others (108)
also concluded that MMPs  induced growth plate cartilage
angiogenesis and apoptosis in conjunction with VEGF
(104), a protein synthesized and secreted by vascular
endothelial cells.

   Although targeted murine mutation models
resulting in skeletal defects have been useful in sorting out
the cellular and molecular interactions required for skeletal
development (106, 107), recent studies also emphasized the
cooperative effects of fibroblast growth factor-2 (108) and
bone morphogenetic proteins (109) in regulating
chondrocyte proliferation as well as those interactions
between Ihh, Ptc and PTHrP/PPR that precede MMP-13
gene expression (110). In this regard, because the precise
timing of a temporal continuum in human long bone
development is more difficult to study than in murine
mutation models, immunohistochemical staining of
discarded human growth plate cartilage have been
employed. These studies concluded that Ptc, Ihh and
PTHrP and several of the MMPs, including, MMP-9,
MMP-13, MT1-MMP, were also critical components in
human skeletal development (13, 97, 100, 110).

   The recognition that MT1-MMP also plays a
crucial role in uncoupling chondrocyte apoptosis from
cartilage degradation (111) may provide an opportunity to
explore the relevancy of targeted therapies designed to
correct defects in MMPs that may contribute to skeletal
anomalies such as premature growth plate closure.  It was
recently proposed that growth plate chondrocytes may be
deleted by a process involving a special form of apoptosis,
termed, “chondropotosis” (112, 113). The molecular
signaling pathways regulating chondrocyte removal at the
lower zone of the growth plate prior to ossification remains
to be determined, but could involve the activity of MT1-
MMP. In this regard, testican-1, a protein expressed in
growth plate cartilage and its spliced variants that are
members of a Ca2+-binding proteoglycan family were
identified as inhibitors of MT1-MMP and MT3-MMP-
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mediated pro-MMP-2 activation (114, 115). Thus, testican-
1 could regulate chondrocyte deletion in the growth plate.

   Finally, normal skeletal development has been
shown to be dependent on circulating systemic hormones
including thyroid hormone (116). The mechanism
underlying the mechanism by which thyroid hormone (117)
enhances the activity of the ADAMTS (a disintegrin and
metalloproteinase with thrombospondin-like repeats)
proteinase family that appear to be critical in regulating
skeletal development may also factor into future medical
strategies for treating long bone growth disorders. In this
regard, Gao et al. (118) reported ADAMTS-4 (i.e.
aggrecanase-1) activation was partially dependent on MT4-
MMP suggesting that MT4-MMP played an important role
in aggrecanase-1 activation in growth plate
transformations. Two recent studies by Glasson et al. (119,
120) also have shed light on the potential role of the
ADAMTS in skeletal development. One study reported that
although ADAMTS-4 is the major aggrecanase in mouse
growth plates, gene-targeted deletion of the ADAMTS-4
catalytic domain produced no abnormalities in long bone
development, growth or remodeling nor was there any
effect on the progression of surgically-induced OA
pathology (119). Furthermore, Glasson et al. (120) also
reported that ADAMTS-5 (i.e. aggrecanase-2) null mice
also have normal growth plate morphology which was
similar to wild-type mice. However, deletion of ADAMTS-
5 activity prevented cartilage destruction in a murine model
of OA. In addition, these studies also suggested that
ADAMTS-4 activity (which is unaffected in ADAMTS-5
null mice) was not the enzyme mediating aggrecan
degradation at the TEGE (373-374) ARGS aggrecanase site
(119). Thus, the precise role of both ADAMTS-4 -5 in
murine and human long bone development remains to be
elucidated.

Kobayashi et al. (121) recently demonstrated that
Ihh directly stimulated periarticular chondrocyte
differentiation as well as regulating columnar cell mass
independently of PTHrP.
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