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Abstract
Endochondral ossification, the process by which most of the skeleton is formed, is a powerful system
for studying various aspects of the biological response to degraded extracellular matrix (ECM). In
addition, the dependence of endochondral ossification upon neovascularization and continuous ECM
remodeling provides a good model for studying the role of the matrix metalloproteases (MMPs) not
only as simple effectors of ECM degradation but also as regulators of active signal-inducers for the
initiation of endochondral ossification. The daunting task of elucidating their specific role during
endochondral ossification has been facilitated by the development of mice deficient for various
members of this family. Here, we discuss the ECM and its remodeling as one level of molecular
regulation for the process of endochondral ossification, with special attention to the MMPs.

In the past decade, multiple discoveries have facilitated our understanding of skeletal
development. Transcription factors and/or growth factors that are involved in the genetic and
molecular control of OSTEOGENESIS (see glossary box), CHONDROGENESIS and joint
formation have been identified and their pathways partially elucidated [1]. The attention now
turns to a different level of molecular regulation – that provided by the extracellular matrix
(ECM) of the developing bone and the proteases that remodel it. Recent studies attest to the
importance of unique composition of distinct ECMs within the developing skeleton, as well
as their influence on cell differentiation and function [2–4].

Bone develops in two different ways. Mesenchymal cells can directly differentiate into bone
by the process of INTRAMEMBRANOUS OSSIFICATION, which is responsible for the
formation of most of the craniofacial skeleton. Alternatively, these cells can differentiate into
cartilage, which then provides a template for bone morphogenesis by the process of
ENDOCHONDRAL OSSIFICATION; this process is responsible for the formation of most
of the vertebrate appendicular and axial skeleton (Figure 1a). Endochondral ossification occurs
at two distinct sites in the vertebrate long bone – the primary (diaphyseal) and the secondary
(epiphyseal) sites of ossification. Bone development initiates at the primary site. The secondary
(epiphyseal) site is under independent control and is ossified later (Figure 1b). During this
process, a new structure, the GROWTH PLATE, is formed between the DIAPHYSIS and the
EPIPHYSIS by the segregation of CHONDROCYTES at different stages of differentiation.
Under the control of signaling through Indian hedgehog (Ihh), bone morphogenetic proteins
(BMPs) and fibroblast growth factor 18, a region of resting chondrocytes feeds into a zone of
proliferating chondrocytes that then undergo hypertrophy and subsequently apoptosis. The
ECM produced by and surrounding the terminally differentiated hypertrophic chondrocytes is
calcified, partially degraded by the hypertrophic chondrocytes themselves [5], as well as by
CHONDROCLASTS and/or preosteoclasts, and becomes permissive of blood-vessel invasion.
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Following vascular invasion, osteogenic progenitors are recruited to this area, where they
consequently deposit TRABECULAR BONE [1].

During endochondral ossification, an avascular tissue (cartilage) is gradually converted into
one of the most highly vascularized tissues in the vertebrate body (bone). This conversion is
dependent upon an angiogenic switch along the growth plate. A strong gradient of angiogenic
factors, including vascular endothelial growth factor (VEGF), is established (Figure 2a); this
is accompanied by changes in ECM synthesis and remodeling (Figure 2b) such as upregulation
of collagen type X and matrix metalloprotease 13 (MMP 13) in hypertrophic chondrocytes.
Thus, the process of ECM degradation is a key feature of both endochondral ossification and
the subsequent bone remodeling.

Among the key molecules acting in these processes, the MMPs have been implicated in the
degradation of virtually all ECM molecules [6]. Recent analysis of transgenic mice deficient
in MMP9 [7], MMP13 (Z. Werb; unpublished) and membrane-type 1 MMP (MT1-MMP) [8,
9] has emphasized the importance of MMPs during particular stages of endochondral
ossification. This review focuses on ECM remodeling by MMPs as a level of molecular
regulation for the process of endochondral ossification. Special consideration is given to
MMPs, in particular MMP9, MMP13 and MT1–MMP, as effectors and regulators of
endochondral ossification.

Endochondral ossification and MMP expression
The MMP family of structurally related zinc-dependent proteases is able to cleave a variety of
substrates including ECM proteins, extracellular non-ECM proteins and cell surface proteins
[6]. MMPs are synthesized as secreted or transmembrane proenzymes and processed to an
active form by the removal of an N-terminal propeptide. a covalent interaction between a
cysteine residue in the N-terminal propeptide and the essential zinc ion bound to the catalytic
domain of these proteases maintain them in the inactive conformations (Figure 3). Enzyme
activation is generally accomplished by proteolytic cleavage of the propeptide [10]. For MT-
MMPs, which contain a single-pass type I transmembrane domain, an extracellular N-terminal
domain and a short cytoplasmic C-terminal domain, the activation might occur intracellularly
in the secretory pathway through furin-like enzymes [11].

It has been known for decades that protease activity is present in the developing bone.
Biochemical and immunohistochemical studies in the 1980s identified a collagenase and a
collagenase inhibitor in the growth plate of embryonic chick and rat cells [5,12,13]. Subsequent
immunolocalization studies in rabbits detected MMPs in distal femoral growth plate [14]. More
recent developmental studies have described temporal and spatial expression patterns of
specific MMPs and their inhibitors (Table 1). Several MMPs are expressed during
endochondral ossification, including collagenases [MMP1 (human only) and MMP13],
gelatinases (MMP2 and MMP9), stromelysins (MMP3 and MMP10) and a MT1-MMP;
MMP9, MMP13 and, in particular, MT1-MMP are highly expressed during endochondral
ossification. These MMPs can be regulated at multiple levels, including gene expression,
spatial localization, zymogen activation and inhibition by naturally occurring inhibitors [e.g.
tissue inhibitors of MMPs (TIMPs 1–4) which are also expressed during endochondral
ossification] [15–20].

The MMPs expressed during endochondral ossification have been localized in a variety of
temporospatial patterns. Pro-MMP3 (stromelysin-1) is present in the ECM along the
PERIOSTEUM, whereas active MMP3 is present in OSTEOCYTES and OSTEOBLASTS.
MMP10 (stromelysin-2) is expressed in resorptive cells at the chondro–osseous junction,
OSTEOCLASTS, most mononuclear cells within the bone marrow, chondrocytes and blood
vessels [21,19]. Although the expression patterns of these proteases suggest a potential role in
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endochondral ossification, no abnormal bone phenotype has been reported in mice deficient
for either of these proteases.

During mouse embryogenesis, the expression of collagenolytic proteases is detected
exclusively in the developing bone [22,23]. In these cells, the major collagenase expressed at
the primary and secondary sites of ossification is MMP13. Detectable as early as 14.5 days of
embryonic development in mice, MMP13 is highly expressed in the lower zone of hypertrophic
cartilage, where its expression colocalizes with that of type X collagen [24]. At the chondro–
osseous junction, MMP13 is expressed by the newly recruited osteoblasts adjacent to tartrate-
resistant acid phosphatase (TRAP)-positive cells [25]. Particular intramembranous bones of
the human fetus show the same expression pattern, with a strong expression first observed at
10 weeks of gestation [26] in osteoblasts lining the inner side of the calvaria [27]. At the
secondary sites of ossification, MMP13 is expressed at the blind end of excavated canals
formed by osteoclasts and along the walls of the forming-marrow space [28]. During bone
formation, MMP13 transcription is controlled by Runx-2 (Cbfa-1) [29], a transcription factor
of the runt gene family, by virtue of an osteoblast-specific element 2 (OSE2) site in the MMP13
promoter. In a model of fracture that recapitulates the steps of endochondral ossification, the
observed expression pattern of MMP13 is similar to that detected during embryonic
development [30].

The primary MMP involved in endochondral ossification is MMP9 (gelatinase B), which is
highly expressed in monocytes, preosteoclasts and osteoclasts, as well as in chondroclastic
cells of unknown origin, during mouse development [7,31,32]. Active MMP9 is concentrated
at sites of cartilage resorption, proximal to the chondro–osseous junction, where vascular
invasion occurs [7,33,34]. Analysis of MMP9−/− mice has pointed to a requirement for this
protease during endochondral ossification, when it appears to coordinate ECM degradation,
hypertrophic chondrocyte apoptosis, angiogenesis and osteoblastic differentiation [6]. By
contrast, MMP2 (gelatinase A) is diffusely expressed in osteoblasts, bone marrow cells and
periosteum. Surprisingly, humans in whom both MMP2 alleles are mutated display an
osteolysis and arthritis syndrome typified by destruction and resorption of affected bones
[35], similar to the phenotype of MT1-MMP−/− mice [8,9] described below. Although an
abnormal bone phenotype has not been described in MMP2−/− mice [36], studies using different
strains of mice are required as severity of bone phenotypes might be strain dependent.

The membrane localization of MT-MMPs makes them particularly suitable for pericellular
proteolysis [10]. Among the six MT-MMPs identified, MT1-MMP is highly expressed in
embryonic skeletal and periskeletal tissues [16,37]; similar to MMP9, its expression is
particularly high in osteoclast precursors, osteoclasts and chondroclastic cells [38]. Analysis
of MT1-MMP−/− mice indicates a role for this MMP in the degradation of noncalcified
cartilage, a process distinct from that displayed by MMP9 [8,9]. Because MMPs contribute to
ECM remodeling, it is reasonable to ask whether their inhibitors also play a role in this process.
The major TIMP expressed during bone development is TIMP2 [16,39]; however, TIMP1,
TIMP3 and TIMP4 are also expressed in skeletal elements during mouse and human
development [15,20]. These inhibitors are mainly expressed by chondrocytes and bone-lining
cells [20,40,41]. It is possible that the high concentration of these inhibitors contributes to the
antiangiogenic properties of cartilage; however, no analysis of mice deficient for one or several
TIMPs has reported abnormal bone phenotype.

MMPs and the growth of long bones
Endochondral ossification is a process that occurs from embryonic stages through adulthood
and permits skeletal structures to be sustained during rapid bone growth. The crucial role of
MMPs in this process can be observed by treating mice at 1–2 weeks of age (when the bones
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are growing very rapidly) with the broad-spectrum MMP inhibitor GM6001. This results in a
dramatic expansion of hypertrophiccartilage in the growth plate at the primary site of
ossification and an inhibition of the formation of secondary sites in the epiphysis (T.H. Vu, Z.
Werb; unpublished). In addition, such experiments have demonstrated that MMPs are required
for migration of preosteoclasts to the developing marrow cavity of primitive long bones [32].
Thus, the remodeling function of MMPs is crucial for the ability of endochondral ossification
to perform more subtle functions such as directing the recruitment of different cell types, their
communication and behavior. The development of mice deficient for one or several MMPs
allows a better molecular understanding of protease function during bone formation.

Molecular insights from MMP-deficient mice
MMP9, MMP13 and MT1-MMP have been investigated for their involvement in endochondral
ossification in developing bone using knockout mouse models [7,8,9]. There are many
processes that these MMPs might mediate in this microenvironment including ECM
degradation, vascular invasion, bioavailability of growth factors, chondrocyte apoptosis and
recruitment of osteoprogenitor cells.

MMP9 is a key regulator of early growth plate angiogenesis and apoptosis of hypertrophic
chondrocytes

MMP9−/− mice have a very pronounced phenotype at the primary site of ossification but little
phenotype at the secondary site [7]. Compared with their wild-type litter-mates, they display
substantially more hypertrophic cartilage, impaired endochondral ossification and a delay in
the formation of the bone marrow cavity. In addition, these mice show a decrease in trabecular-
bone formation, hypertrophic chondrocyte apoptosis and, in particular, early vascular invasion
and osteoclast recruitment. This phenotype manifests during the developmental stage of rapid
bone growth (from postnatal day one until four weeks of age); following this period, these mice
fully recover. In older mice, the only persistent phenotype is the length of long bones, which
is ∼10% shorter than that of wild-type mice. In addition to being expressed at the
OSSIFICATION FRONT, MMP9 is expressed along the trabeculae and in osteoclasts. This
expression pattern suggests a role for MMP9 not only in ECM degradation but also in invasion
and migration of endothelial cells and osteoclasts. This is confirmed by studies that show a
delay in the recruitment of osteoclasts and endothelial cells at the early stages of endochondral
ossification in MMP9−/− mice. Moreover, this recruitment is under the influence of a major
angiogenic factor, VEGF [42]. VEGF is made by the terminal hypertrophic chondrocytes under
the control of Runx-2 [43] and is linked to the expression of another angiogenic factor,
connective tissue growth factor (CTGF) [44]. The injection of a soluble VEGF receptor, the
mFlt-1-Fc containing the terminal three Ig repeats of the receptor fused to the Fc portion of
IgG, phenocopies the growth plate phenotype of MMP9−/− mice [45]. The same growth plate
phenotype has been observed in mice expressing only the short isoform of VEGF [46,47]. In
MMP9−/− mice, the amount of terminal hypertrophic chondrocytes increases and, according
to in situ hybridization studies, a 10-fold increase in VEGF mRNA occurs. Moreover, in an
in vitro angiogenesis assay, cartilage explants from MMP9−/− mice induce a delayed
angiogenic response [7]. This implies a negative regulation of angiogenesis at high
concentrations of VEGF. These observations led to the hypothesis that the protease regulates
the availability of VEGF in hypertrophic chondrocytes, perhaps through its ECM remodeling
function. Taken together, these observations point to a link between the functions of MMP9
and the VEGF system in coordinating processes involved in endochondral ossification. The
precise mechanism for the involvement of MMP9 in controlling the bioavailability of VEGF
during bone development is to be elucidated. However, MMP9 has many ECM substrates and
the cleavage of one of these might activate VEGF function in situ. By contrast, CTGF−/− mice,
which display a mild version of the MMP9−/− phenotype, show a decrease in VEGF expression
in hypertrophic chondrocytes [48]. Thus, the molecular mechanisms coupling hypertrophic
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cartilage remodeling, ossification and angiogenesis during endochondral ossification require
further investigation.

After one week of postnatal development, an increase in osteoclast recruitment is observed in
MMP9−/− mice. This correlates temporally with a decrease in trabecular-bone formation,
suggesting that MMP9 might also play a role in the balance of osteoclast and/or osteoblast
survival [6]. Another key feature of MMP9−/− mice is excessive hypertrophic cartilage, with
a delay in the exit rate of chondrocytes from the late hypertrophic pool and an apparent defect
in the apoptosis of hypertrophic chondrocytes [7]. Hypertrophic cartilages from wild-type and
MMP9−/− mice show strikingly different protein expression patterns when compared by SDS–
PAGE and silver-staining procedures. Indeed, many proteins accumulate in the absence of
MMP9; these could be protein precursors or downstream signaling proteins that accumulate
as a result of altered proteolysis. Among them, two substrates of MMP9, denatured collagen
type II and galectin-3, might be key substrates controlling chondrocyte apoptosis (N. Ortega,
Z. Werb; unpublished).

Experiments on fracture repair in the absence of MMP9 also suggest a role for this MMP in
the regulation of chondrogenic and osteogenic cell differentiation during early stages of repair.
Indeed, MMP9−/− mice generate a large cartilage callus even when fractured bones are
stabilized, a situation usually repaired by intramembranous ossification without callus
formation [49]. Intriguingly, stabilized fractures in MMP9−/− mice heal through endochondral
rather than intramembranous ossification, suggesting that MMP9 might be involved in the
mechanosensation that instructs the production of bone versus cartilage. Whether this indicates
a switch in differentiation of mesenchymal progenitors or it is a manifestation of a defect in
intramembranous ossification remains to be determined.

These results have implications for the role of MMP9 in the recruitment and mobilization of
bone-marrow-derived stem, hematopoietic and endothelial precursors [50]. Indeed, while
endochondral ossification is in progress, producing calcified bone from a cartilaginous
template, hematopoietic cells also populate the bone marrow. In MMP9−/− mice, this process
is delayed; however, at later stages, these mice display normal hematopoietic ability and have
red- and white-blood-cell counts comparable to those of wild-type mice. The recruitment of
hematopoietic stem cells, hematopoietic precursors and endothelial precursors from the bone
marrow is a dynamic process that can be induced by various growth factors, including VEGF,
in the presence of MMPs. In particular, VEGF cannot mobilize endothelial precursors into the
blood circulation of wild-type mice treated with an MMP inhibitor or in MMP9−/− mice [50].
Activated MMP9 promotes the release of the stem-cell-active cytokine soluble Kit-ligand
(sKitL) thereby driving stem, hematopoietic and endothelial progenitor cells from their
quiescent niches to their proliferative niches within the bone marrow [50].

MMP9 and MMP13 act together for primary and secondary ossification
MMP9 and MMP13 are expressed in nonoverlapping cell types at the front of ossification [7,
25]. MMP9 is expressed in osteoclasts, endothelial cells and other cell types, including bone
marrow stromal cells, whereas MMP13 is expressed in the hypertrophic chondrocytes and
osteoblasts. MMP9 is specifically required for the invasion of osteoclasts and endothelial cells
into the discontinuously mineralized hypertrophic cartilage that fills the core of the diaphysis
and is partially required for the passage of cells through unmineralized type I collagen of the
nascent bone collar [42]. Early in postnatal development, MMP13−/− mice display a small
increase in hypertrophic cartilage and trabecular bone (D. Stickens, Z. Werb; unpublished).
Interestingly, mutant mice that have a collagenase-resistant collagen type I show no defect in
the development of the appendicular skeleton during embryogenesis and the first week after
birth, suggesting that the cleavage of collagen type I by a collagenolytic MMP might not be
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required for early endochondral ossification [51]. With age, these mice show increased
endosteal bone deposition and osteocyte and osteoblast apoptosis. These observations confirm
a role for collagenolytic MMPs in remodeling of mineralized ECM; however, the molecular
mechanisms underlying these effects are not completely understood.

It has been proposed that MMP9 and MMP13 cooperate during the degradation of the
unmineralized septa of hypertrophic chondrocytes [33]. Studies on MMP9−/− MMP13−/− mice
support this hypothesis and show that these MMPs act synergistically in the initiation and
development of primary and secondary sites of ossification. Indeed, these double-null mice,
display delayed formation of bone marrow cavity, accumulation of hypertrophic cartilage and
inhibition of trabecular-bone formation. The initiation of the secondary site of ossification is
delayed until later than five weeks of postnatal development (Z. Werb; unpublished). Taken
together, these data show that MMP9 and MMP13 are synergistic in their effects on bone
development and remodeling.

MT1-MMP is essential for secondary ossification and chondrocyte
proliferation

In contrast to MMP9−/− mice, MT1-MMP−/− mice have a very abnormal phenotype both at the
site of intramembranous ossification and at the secondary site of ossification but little abnormal
phenotype at the primary site of ossification. The particularly severe phenotype in these mice
is increased neonatal mortality; those that survive develop skeletal dysplasia, arthritis and
osteopenia [8]. Intramembranous ossification, as well as endochondral ossification, is disturbed
with persistence of parietal cartilage and delayed initiation of endochondral ossification in the
epiphyses; however, these mice do not display any obvious defects in the early process of
endochondral ossification at the primary site. Only a slight delay with a very transient increase
in hypertrophic zone was reported in the primary ossification sites of MT1-MMP−/− mice,
whereas the vascularization of the growth plate at the chondro–osseous junction is normal
[9]. Later in development and subsequent to the delay in secondary-site ossification,
proliferation of chondrocytes in the growth plate at the primary site is impaired. The progressive
osteopenia observed in these mice results from a decrease in bone deposition, as well as an
increase in bone resorption, with a high number of osteoclasts at the chondro–osseous junction.
Other studies have shown that osteoblast survival is actually regulated by MT1-MMP through
activation of transforming growth factor-β (TGFβ) [52]. Interestingly, TGFβ has also been
implicated in the process of differentiation of hypertrophic chondrocyte through the
upregulation of parathyroid-hormone-related protein (PTHrP) [53]. PTHrP and another
morphogenic factor, Ihh, regulate chondrocyte differentiation through the establishment of a
negative feedback loop. Prehypertrophic chondrocytes differentiating into hypertrophic
chondrocytes secrete Ihh, which induces PTHrP expression in the PERICHONDRIUM, which
in turn inhibits hypertrophic differentiation [54,55]. Thus, MMPs might be upstream regulators
of this important negative feedback loop, regulating TGFβ availability and, thereby adding
another level of complexity to this system of molecular regulation.

Concluding remarks
The proteolytic activity of MMPs is essential for normal endochondral ossification. Indeed,
MMPs act not only on matrix remodeling but also on more subtle functions such as directing
the recruitment of different cell types, their communication and behavior (Figure 3). Many
important regulatory factors are sequestered in the ECM and require MMP activity to be
released and/or activated [56,57]. Therefore, the abnormal bone phenotypes observed in MMP-
deficient mice and humans could be derived, at least in part, from the lack of activity of these
sequestered factors. Even if MMP9 deficiency only partially phenocopies VEGF deprivation,
it is clear that VEGF provides a molecular linkage between the degradation of the ECM,
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vascular invasion and hypertrophic chondrocyte apoptosis. In addition, because VEGF
receptors are expressed on osteogenic precursors, osteoclasts and endothelial cells, it is possible
that ECM remodeling is under strict regulation involving MMPs and VEGF release and/or
activation. In addition to the regulation of growth factor bioavailability by MMPs, ECM
remodeling also induces variations in calcium and phosphate ion concentrations. Interestingly,
Adams and coworkers [58] demonstrated that, depending upon their extracellular
concentrations, these ions could also regulate chondrocyte and osteoblast apoptosis. Thus,
growth factors and ions might be involved in closely related molecular pathways that govern
the equilibrium between survival and apoptosis of skeletal cells.

Determining the exact molecular targets of the MMPs during endochondral ossification will
provide insights into this process and how it is regulated during normal bone development,
repair and homeostasis. In addition to allowing for the elucidation of molecular mechanisms,
these studies might also contribute to the understanding of the pathogenesis of diseases
characterized by impaired skeletal growth particularly CHONDRODYSPLASIA, including
RICKETS and OPSISMODYSPLASIA.
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Glossary
ChondroclastMononuclear cell implicated in the resorption of the transverse septa of

hypertrophic cartilage; the precise origin of these cells is unknown.

ChondrocyteUnique cellular component of cartilage, which occupies a lacuna surrounded by
a stiff flexible matrix formed from collagen fibers embedded in a cartilage
proteoglycan gel.

ChondrodysplasiaAbnormal cartilage development characteristic of many bone and cartilage
disorders.

ChondrogenesisCartilage development, especially chondrocyte differentiation.

Diaphysis Shaft of a long bone.

Endochondral OssificationOssification over a cartilage template responsible for long-bone growth at the
diaphyseal cartilage (center of long bone) and enlargement of epiphyses at the
epiphyseal cartilage (ends of long bone).

Epiphysis End (head) of a long bone.

Growth PlateCartilage zone between the diaphysis and the epiphysis, which allows for
longitudinal bone growth. This structure can be temporary and disappear in
adulthood, or can persist in some bones.

Intramembranous OssificationOssification in the absence of a cartilage template, whereby bone develops
directly from mesenchymal tissues.

OpsismodysplasiaPathology caused by chondrodysplasia and characterized by short hands and feet
and thin lamellar vertebral bodies. In this disorder, cartilages show widening of
the area containing hypertrophic chondrocytes.

Osteoblast Bone-forming cell, which secretes collagen type I and participates in the
deposition of mineralized bone.

Ossification FrontArea between hypertrophic chondrocytes and bone marrow, where bone
trabeculae are initiated.

Osteoclast Multinucleated cell derived from monocytic lineage by fusion of precursor cells.
They participate in the breakdown and resorption of bone and have been
implicated in the resorption of the longitudinal septa of hypertrophic cartilages.

Osteocyte Mature bone cell, embedded within the calcified bone matrix, that participates in
the maintenance of bone as a living tissue.

OsteogenesisThe development of bone, with particular attention to the differentiation of and
interactions/interplay between the cell types involved.

PerichondriumMembrane of fibrous connective tissue surrounding cartilage template.

Periosteum Dense fibrous membrane that covers the diaphysis and contains nerves and blood
vessels necessary for the nutrition of the bone. This membrane also serves for
attachment of muscles and tendons.
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Rickets Childhood disease caused by deficiency of vitamin D and sunlight and associated
with impaired metabolism of calcium and phosphorus. This disorder is
characterized by soft and weakened bones showing a widened area of
hypertrophic chondrocytes.

Trabecular BoneMineralized connective tissue fibers forming bone spicules organized in a spongy
latticework, particularly below hypertrophic cartilage.
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Figure 1.
The process of endochondral ossification. (a) During endochondral ossification, mesenchymal
cells differentiate into chondrocytes and lead to the formation of cartilage templates.
Vascularization occurs around these templates, and osteoblasts differentiate around the central
area in the bone collar. Chondrocytes in this central area differentiate into hypertrophic
chondrocytes and allow vascular invasion. After complete differentiation, they die and
extracellular matrix (ECM) remodeling is carried out by osteoclasts and chondroclasts recruited
together with the blood vessels. This remodeling is necessary for trabecular-bone synthesis by
osteoblasts precursors and for the formation of the bone-marrow cavity. (b) A section of a two-
week-old mouse metatarsal stained with Masson trichrome. Chondrocytes proliferate and
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differentiate into prehypertrophic and hypertrophic chondrocytes. Endochondral ossification
first takes place at the primary site at the center of the diaphysis, which allows formation of
the two growth plates. The growth plates are ultimately responsible for the elongation of the
long bones. Later, endochondral ossification occurs at a secondary site, in the epiphysis of the
long bones. Scale bar represents 200 μm.
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Figure 2.
Endochondral ossification, extracellular matrix (ECM) remodeling and angiogenic switch.
(a) The process of endochondral ossification is dependent upon neovascularization. During
this process, cartilage is replaced by bone. The differentiation of chondrocytes into
hypertrophic chondrocytes is accompanied by the expression of angiogenic growth factors,
notably VEGF, allowing vascular invasion of the cartilage. In the diaphysis, this invasion is
strictly limited to the front of ossification in the last row of hypertrophic chondrocytes in direct
contact with blood vessels. (b) The process of endochondral ossification also depends upon a
switch in the expression of ECM molecules. Proliferating chondrocytes express collagen type
II, whereas hypertrophic chondrocytes express collagen type X, matrix metalloprotease 13
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(MMP13) and high levels of angiogenic growth factors VEGF and CTGF. On the other side
of the ossification front, osteoclasts express MMP9, whereas osteoblasts express MMP13 and
collagen type I.
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Figure 3.
Multiple roles of matrix metalloproteases (MMPs) in endochondral ossification. MMPs are
directly involved in the remodeling of the extracellular matrix (ECM) through degradation of
proteins such as collagens or proteoglycans. In addition, they have been implicated in more
subtle functions such as apoptosis and the recruitment of cells, through the regulation of
bioavailability and/or activation of factors sequestered into the ECM. For example, VEGF
availability is regulated by this type of sequestration and release.
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Table 1
MMP and TIMP expression during endochondral ossificationa

Cell type MMP or TIMP expressedRefs
Proliferating chondrocytes MMP10 (Stromelysin 2) [19,20,40,41]

TIMP1-4
Hypertrophic chondrocytes MMP10 (Stromelysin 2) [19,20,24,25,40,41]

MMP13 (Collagenase 3)
TIMP1-4

Osteoclasts and resorptive cells MMP10 (Stromelysin 2) [7,11,19,31,32]
MMP9 (Gelatinase B)
MMP14 (MT1-MMP)

Osteoblasts and bone-lining cellsMMP3 (Stromelysin 1) [19,25–27]
MMP13 (Collagenase 3)

Osteocytes MMP3 (Stromelysin 1) [19]
Endothelial cells MMP10 (Stromelysin 2) [7,19]

MMP9 (Gelatinase B)
Monocytes MMP10 (Stromelysin 2) [7,21,31,32]

MMP9 (Gelatinase B)
a
Abbreviations: MMP, matrix metalloproteases; MT1-MMP, membrane-type 1 MMP; TIMP, tissue inhibitor of matrix metalloproteases.
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