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ABSTRACT

A study of MMPs during skeletal development and repair

by

Danielle J. Behonick

The extracellular matrix (ECM) is an essential player in functions including

cell survival, migration and differentiation.  It is a dynamic reflection of the state of

a tissue, both responding to and directing the behavior of local cells.  The

remodeling of this matrix is a common method of regulating local cell behaviors and

as such, molecules involved in this remodeling process are integral to proper

development as well as the prevention of disease states.  The matrix

metalloproteinases (MMPs) are a family of zinc-dependent cysteine proteinases

collectively able to cleave all known ECM proteins.  Many members of this family

act in concert to provide the degradative activity required during a variety of

physiological processes.

Skeletal development occurs by two distinct mechanisms:  intramembranous

and endochondral ossification. Intramembranous ossification results from direct

differentiation of mesenchymal precursors into osteoblasts, and is restricted to the

clavicle and the bones of the skull. The skeletal elements of the rib cage, spinal

column and limbs are formed by endochondral ossification, wherein cartilaginous

templates are remodeled into mature, mineralized skeletal elements.  The process of

fetal skeletal development is largely recapitulated during skeletal repair:  many cell

types, molecules and mechanisms are held in common by these processes.
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MMPs are critical in promoting proper skeletal development and repair in a

variety of settings.  The studies described in this dissertation have contributed to our

understanding of the roles of several MMPs during the processes of skeletal

development and repair.  In particular, this work demonstrates the importance of

MMP13 (collagenase-3) for chondrocyte resorption and bone remodeling during

endochondral bone development as well as repair by both endochondral and

intramembranous ossification.
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Chapter 1:

The relationship between the extracellular matrix and the cells of the developing

skeleton1

1Portions of this chapter are reprinted from Behonick, D.J., Werb, Z., (2003) A bit of give
and take:  the relationship between the ECM and the developing chondrocyte. Mech Dev
120: 1327-1336.
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1.1 The extracellular matrix and development

The extracellular matrix (ECM) is an essential player in functions such as cell

survival, migration, proliferation, and differentiation ((Lukashev and Werb 1998),

(Sternlicht and Werb 2001)). ECM regulation of cell behavior during development is a

vast and somewhat cumbersome topic and has been observed in a number of

developmental and repair processes including cardiac remodeling (Goldsmith and Borg

2002), vascular morphogenesis (Brooke et al. 2003), angiogenesis (Li et al. 2003),

skeletal development ((Aszodi et al. 2000), (Alford and Hankenson 2006), (Hankenson

2006)) and stem cell differentiation (Mauney et al. 2005), (Benayahu et al. 2007)). The

ECM provides cues to the cells it contacts by a variety of means. The ECM marks

locations and sets boundaries within developing tissue elements. Certain ECM

components signal directly to the cells they contact, or bind morphogens and/or growth

factors, sequestering them from cells, activating them, and/or concentrating them in local

microenvironments.  The importance of cell shape changes in the differentiation and

maturation processes of a number of cell types has also begun to emerge, and the ECM

appears to play a prominent role in this effect. The cells that interface with the ECM and

receive ECM cues are themselves able to regulate ECM signaling. This regulation may

occur by differential expression of ECM components and/or proteases, and post-

translational modification or organization of ECM components.

Skeletal development by the process of endochondral ossification requires the

regulation and coordination of multiple distinct cell types and numerous distinct ECM

microenvironments within this tissue (Fig. 1; (Erlebacher, 1995 #3)). It has been more

than 30 years since the influence of the ECM on the process of skeletal development was
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Figure 1. Chondrocyte development and endochondral ossification. Upon receiving the

appropriate cues, mesenchymal precursors in the developing embryo congregate to form

mesenchymal condensations, in which they express syndecan-3 as well as a number of

integrins on their respective cell surfaces. These condensations then take on the shape of

the skeletal element for which they will serve as a template, and the constituent

mesenchymal precursors begin to differentiate into osteoblasts and chondrocytes. As

bone development progresses, the maturing chondrocytes become organized according to

their developmental stage and establish the epiphyseal growth plate (close-up). Within

the growth plate, each distinct population of chondrocytes expresses a specific repertoire

of ECM components and signaling molecules. At the bottom of the growth plate, the

hypertrophic chondrocytes apoptose and their matrix calcifies; this region is invaded by

osteoblasts and other cells, and new bone is formed.
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first recognized, when it was shown that the implantation of demineralized bone matrix is

sufficient to reconstitute endochondral ossification ((Urist et al. 1965) (Reddi and

Anderson 1976)). More recent genetic studies attest to the dependence of normal

physiological bone development on the ECM ((Ramirez 1996), (Quondamatteo et al.

2002), (McKee et al. 2005), (Chang et al. 2007), (Forlino et al. 2007)) and, in particular,

on ECM remodeling through the activities of nearby cells ((Ortega et al. 2003), (Alford

and Hankenson 2006), (Inoue et al. 2006)).

1.2 The life of a chondrocyte

The chondrocyte is one of a number of well-defined cell types in developing

bone. Chondrocytes are the constituent cells of cartilage, and through their function in

endochondral ossification—the process by which most vertebrate bones are

formed—play a central role in determining the rate of bone growth (Hunziker 1994).

Endochondral ossification involves the replacement of an avascular cartilaginous

template with a highly vascularized, mineralized tissue, and initiates during

embryogenesis with the condensation of mesenchymal precursors at the future sites of

skeletal elements (Poole 1991). These mesenchymal condensations take on the shape of

the skeletal elements for which they will serve as templates, and the mesenchymal

precursors in these dense cell masses then differentiate along an osteogenic pathway

(ultimately producing osteoblasts, bone-depositing cells) or a chondrogenic pathway

(ultimately producing chondrocytes, cartilage cells). Chondrogenic precursors follow a

differentiation pathway mediated by a variety of signaling molecules including Indian

hedgehog (Ihh), bone morphogenetic proteins (BMPs) and parathyroid hormone (PTH)-
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related peptide (PTHrP; (Juppner, 2000 #346), (Katagiri and Takahashi 2002)). This

differentiation process gradually proceeds outward from the midline (the diaphysis) of

the bone anlage toward the opposite ends (the epiphyses), and the chondrocytes become

organized according to their differentiation state. This establishes the epiphyseal growth

plate. The differentiating chondrocytes within the growth plate are organized along a

continuum beginning at the region most proximal to the epiphysis, where the resting and

actively proliferating chondrocytes are located, and continuing through to the region most

proximal to the diaphysis, where hypertrophic and apoptosing chondrocytes are located

(Fig. 1). At each stage along this differentiation continuum, the chondrocytes express and

secrete a distinct repertoire of collagens, proteoglycans and other ECM molecules

(Karsenty and Wagner 2002). In addition, hypertrophic chondrocytes secrete matrix

vesicles containing enzymes that actively degrade and mineralize their surrounding

matrix ((Wuthier et al. 1985), (Kirsch et al. 2000)); these cells undergo apoptosis as this

area is invaded by blood vessels, osteogenic cells and mesenchymal precursors. The

residual calcified cartilage matrix is then used as a scaffold for the deposition of

mineralized bone matrix, resulting in the production of new trabecular bone ((Horton

1993), (Wagner and Karsenty 2001), (Ortega et al. 2003)).

1.3 Initiation of skeletal development—the impact of a changing ECM on the

chondrocyte

The composition and organization of the ECM can serve as a landmark for an

adherent cell: it can tell the cell “where” it is and “when” it is. As the developing

chondrocyte moves among microenvironments within the developing bone, each with
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different ECM landmarks, it modulates its differentiation state and behavior accordingly,

at each step tweaking its gene expression in response to what it sees and touches.

Formation of the mesenchymal condensation— the ECM as a landmark

As cells are able to receive cues and signals from the ECMs to which they adhere,

and because these ECMs may differ in composition among local microenvironments,

local ECMs are able to mark regions and create boundaries within tissues. To initiate the

process of endochondral ossification, dispersed mesenchymal precursor cells must

migrate to the location of a future skeletal element and form a dense cell mass, the pre-

chondrogenic condensation (Hall and Miyake 1992). It is in these condensations that the

precursors begin to produce and deposit ECM (Knudson and Toole 1985). The ECM

appears to play an important role at two distinct stages of condensation: initiation of the

condensation and boundary setting. The expression of the ECM molecule fibronectin is

upregulated at the onset of condensation formation and chondrogenesis ((Kulyk et al.

1989), (Gehris et al. 1996), (White et al. 2003)). Fibronectin mediates the formation of

mesenchymal condensations by binding the cell-surface receptor N-CAM, which is

transiently expressed on the condensing mesenchymal precursors ((Widelitz et al. 1993);

reviewed in (Hall and Miyake 2000)). Although a precise mechanism for the initiation of

condensation is unknown, it is likely that fibronectin marks locations where

condensations will form. In developing chick limbs, the ECM molecule tenascin-C, a

large glycoprotein known to associate with a variety of matrix components and interact

with cells via cell-surface syndecans and integrins ((Salmivirta et al. 1991), (Prieto et al.

1993), (Sriramarao et al. 1993)), is a marker of the outer boundaries of these
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mesenchymal condensations ((Koyama et al. 1995), (Koyama et al. 1996)). Tenascin-C is

found at high levels in the ECM at the outer rim of mesenchymal condensations in early

chick limb development ((Mackie et al. 1987), (Gould et al. 1992)), where adherent

mesenchymal precursors highly express the cognate receptor, syndecan-3 ((Salmivirta et

al. 1991), (Koyama et al. 1995), (Koyama et al. 1996)). Curiously, animals deficient for

tenascin-C show no apparent skeletal phenotype ((Saga et al. 1992), (Forsberg et al.

1996), (Mackie and Tucker 1999)), although no skeleton-specific study has been

performed. The possibility remains that other ECM components or intrinsic programming

of cells within the condensation may compensate in the absence of tenascin-C.

Nonetheless, it appears that components of local ECMs may provide a developmental

“zipcode” such that participating cells can safely find the way to their places of business.

The ability of ECM molecules to mark the locations and bounds of these

mesenchymal condensations is just one example of the evidence that the ECM (and in

some cases, associated molecules) is able to signal directly to cells in the developing

skeleton, thereby influencing their behavior. Decelluarlized, demineralized matrix from

bone, when implanted subcutaneously in rats, is sufficient to reconstitute the process of

endochondral ossification at these locations ((Urist et al. 1965), (Reddi and Anderson

1976)). Of particular interest, this demineralized implanted matrix allows for recruitment

of the appropriate mesenchymal precursor cells and their differentiation into functional

chondrocytes and osteoblasts, as well as recruitment of endothelial and hematopoietic

cells at the site of implantation. These results indicate that matrix components (and their

tightly associated factors, such as BMPs) are sufficient to not only mark the location of

new bone formation, but also to recruit the appropriate circulating cell types of varying
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origin.

Alterations in the ECM in a particular local microenvironment are often a

hallmark of disorder and disease. A large body of in vitro evidence suggests a

requirement for minimum cell number within condensations for the differentiation of

mesenchymal precursors along the chondrogenic and osteogenic pathways (reviewed in

(Hall and Miyake 1992). Indeed, growing mesenchymal precursors in low-density

micromasses, to mimic a low-density condensation, causes these cells to assume a

fibroblastic phenotype and abolishes chondrogenesis ((Hattori and Ide 1984), (Cottrill et

al. 1987), (Hurle et al. 1989)). Given that ECM components may be required to mark the

location of future skeletal elements and recruit a threshold amount of precursors to these

locations, one could then imagine a situation where the absence of the requisite ECM

components would lead to decreased recruitment of precursors to the condensations,

causing a subsequent deficiency in chondrocyte and osteoblast differentiation. According

to in vitro studies, the ability of mesenchymal precursors to initiate chondrogenic

differentiation is dependent upon cell configuration within the mesenchymal

condensation, which varies by the density of the condensation (Archer et al. 1985). In

addition, inhibitory factors that block chondrogenesis in the developing condensation act

by altering the expression of matrix components, thereby altering the ECM of the

condensation and preventing cartilage development (Solursh 1984). Thus, it is apparent

that the fidelity of the ECM to this point in the program of skeletal development is

necessary for the proper formation and function of pre-chondrogenic condensations – it is

required for precursor cells to reach the proper place at the proper time, and differentiate

accordingly.
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Life in the growth plate—influences exerted by the ECM

Following formation of the pre-chondrogenic condensations, the constituent

mesenchymal precursors initiate a program of either osteogenic or chondrogenic

differentiation. Those that differentiate along the chondrogenic lineage, when

appropriately stimulated, progress through the distinct maturational stages previously

mentioned. These maturing chondrocyte populations become organized into the

epiphyseal growth plates, where they are arranged by differentiation stage into distinct

zones with distinct ECMs and distinct collections of signaling molecules, including

growth factors and morphogens (Fig. 1; (Erlebacher, 1995 #3)). As we will see, the

developing chondrocytes rely heavily on the integrity of their surrounding ECM as they

progress through these developmental stages.

While components of a particular ECM microenvironment may be able to signal

directly to adherent cells, as appears to be the case during the formation of mesenchymal

condensations, certain ECM proteins are also able to bind, sequester and/or activate

endogenous signaling molecules such as growth factors and morphogens, and thereby

modulate the effects of these molecules on surrounding cells, adding another layer of

complexity to ECM signaling.

Many soluble signaling factors are able to influence the developing chondrocyte,

among them Ihh and members of the BMP family. Ihh is secreted by pre-hypertrophic

chondrocytes and signals through its cognate receptor Patched (Ptc) to stimulate

production of PTHrP in the resting/proliferating chondrocyte zone ((Vortkamp et al.

1996), (Lanske et al. 1996), (Chung et al. 1998), (St-Jacques et al. 1999), (Karp et al.
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2000)). PTHrP, in turn, promotes chondrocyte proliferation while retarding chondrocyte

differentiation (Kobayashi et al. 2002). Although direct evidence has not yet been

reported, ECM components in the cartilage microenvironment are thought to mediate the

exposure of developing chondrocytes to Ihh, thereby mediating its effects on these cells

and allowing for proper tissue organization and development.  It has been shown that Ihh

is an essential mediator of mechanotransduction in cartilage (Wu et al. 2001a), (Kanbe et

al. 2007)) and as the ECM distributes mechanical loads throughout cartilage (Lane Smith

et al. 2000) this pathway requires ECM involvement.  Appropriate expression of Ihh by

chondrocytes is dependent upon the integrity of the collagen 2 fibrils in their surrounding

ECM (Barbieri et al. 2003) and a number of mouse models null for particular ECM

proteins have shown structural aberrations in the ECM coincident with reduced Ihh

expression such that chondrocyte differentiation is improperly regulated (Watanabe and

Yamada 1999), (Miao et al. 2004)).

The BMPs were initially discovered due to their ability to induce ectopic

endochondral bone formation (Urist et al. 1965), and certain members of this family are

able to induce the expression of chondrocyte-specific genes in chondroblast cell lines

((Chen et al. 1991), (Duprez et al. 1996)). BMP-2, -4 and -7 have distinct stage-specific

expression patterns in the developing mouse, although the precise molecular and cellular

mechanisms by which these molecules regulate endochondral ossification are unknown

(reviewed in (Hogan 1996), (Enomoto-Iwamoto et al. 1998)). Recently, a potential

interaction has been suggested between fibrillin-2, a structural component of cartilage

extracellular microfibrils, and BMP-7 in the process of limb patterning (Arteaga-Solis et

al. 2001). Mice heterozygous for null alleles of the genes encoding each of these proteins
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show the combined phenotype of the individual nullizygous animals, suggesting a link

between the presence of fibrillin-2 and the ability of BMP-7 to signal within the

developing limb. Fibrillin-2 is expressed differentially throughout the developing limb,

and by binding BMP-7, may help to establish a subsequent gradient of this molecule

throughout the tissue. Alternatively, interaction with fibrillin-2 may be required for BMP-

7 activity, such that differential amounts of fibrillin-2 in the developing limb would cause

differential amounts of active BMP-7 within the tissue, allowing for the various cell types

to receive different cues based on their location within the tissue.

The importance of this function of the ECM in skeletal development becomes

especially clear when disease conditions are considered. A number of disorders are

connected with loss of function mutations specifically in genes encoding the fibrillins,

including Marfan syndrome (fibrillin-1), characterized by skeletal and limb symptoms

including arachnodactyly and spine curvature, and congenital contractural arachnodactyly

(CCA, fibrillin-2), characterized by skeletal and limb symptoms including scoliosis,

multiple joint contractures, and limited extension of fingers and toes ((Ramirez 1996),

(Quondamatteo et al. 2002)). In addition, a recent study has linked autosomal dominant

Weill–Marchesani syndrome, a skeletal dysplasia which causes symptoms including short

stature and brachydactyly, with a deletion of the latent transforming growth factor-b

binding protein (LTBP) motif of fibrillin-1 (Faivre et al. 2003). Although the specific

mechanism of each condition is unclear, it is possible that the causative mutations render

the bone ECMs in affected individuals unable to properly establish and/or regulate the

necessary gradients of important signaling molecules.

In addition, new evidence suggests that post-translational modification of the
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cartilage ECM is required for chondrocyte maturation. The protein cross-linking enzyme

transglutaminase-2 (TG2) is required for chondrocyte hypertrophy, suggesting that

developing chondrocytes respond to ECM complexes with higher-order organization

(Johnson et al. 2003) .

Chondrocyte organization—the further impact of a developing ECM on the developing

chondrocyte

Studies performed in null animals provide the majority of the evidence for the

impact of the developing ECM on the differentiating chondrocyte. Of particular interest

are mice deficient in production of type II collagen, the ECM component

characteristically expressed and secreted by resting and proliferating chondrocytes. In

humans, a number of mutations in the gene encoding the a1 chain of type II collagen

(COL2A1) result in hypochondroplasia, a condition characterized by a lack of

chondrocytes in the developing bone ((Vissing et al. 1989), (Horton et al. 1992), (Bogaert

et al. 1992)), in conjunction with growth plate disorganization and a reduced ECM

density (Freisinger et al. 1994). COL2A1-null mice display severe chondrocyte

disorganization and a lack of epiphyseal growth plates and mineralized bone matrix in

their developing long bones, despite normal development processes in their craniofacial

and axial skeletons (Li et al. 1995). More recent studies on these animals show that

vertebral chondrocytes in these animals retain the ability not only to express cartilage-

specific matrix components, but also to fully mature to hypertrophy (Aszodi et al. 1998).

These results suggest that type II collagen is required for organization of differentiating

chondrocytes within the developing endochondral bones, and that this organization, while
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required for proper development of these bones, is not required for the differentiation and

function of the developing chondrocytes.

A similar situation exists for perlecan (also called HSPG2), a major heparan

sulfate proteoglycan of the cartilage (SundarRaj et al. 1995), which is able to interact

with other ECM molecules and bind local growth factors ((Aviezer et al. 1994),

(Arikawa-Hirasawa et al. 1999)). Perlecan is a component of virtually all basement

membranes ((Iozzo et al. 1994), (Handler et al. 1997)) and is thought to guard the

integrity of the ECM—particularly that of the developing cartilage—through its

interactions with other ECM components (Costell et al. 1999). As in the case of type II

collagen, mice deficient for perlecan show severe disorganization of the cartilage in the

developing bone and a defect in endochondral ossification, but their chondrocytes retain

the ability to differentiate normally ((Arikawa-Hirasawa et al. 1999), (Costell et al.

1999)). Perlecan deficiency has been implicated in the human condition

Schwartz–Jampel syndrome, a disorder also characterized by chondrodysplasia (Nicole et

al. 2000). These results suggest that perlecan, like type II collagen, is required for

organization of the cartilage in the developing endochondral bone, but that this

organization is not required for chondrocyte differentiation. Overall, this collection of

literature points to a vital organizational role for the ECM in order to promote normal

endochondral bone development.

These examples attest to a potentially dramatic impact of the ECM on the

developing chondrocyte. However, this communication is not by any means

unidirectional. As we will see, the chondrocyte also exerts significant influence on the

development of the ECM.
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1.4 Chondrogenic development—the impact of a changing chondrocyte on the ECM

Just as the ECM may exert both direct and indirect influences on adherent cells

and consequently modulate their behavior, so can these cells exert influences back on the

ECM. This may be accomplished in a variety of fashions, including differential

expression of particular ECM components and/or proteases by cells in a local

microenvironment (Fig. 2). As a result, the ECM in a particular microenvironment paints

a vivid picture of the cell types present, as well as their developmental status.

Differential expression of ECM components

Mesenchymal precursors that differentiate along the chondrogenic pathway

initiate a specific genetic program in which they express a number of characteristic ECM

components including type II collagen, type IX collagen, and type XI collagen ((Hall

1988), (Wagner and Karsenty 2001)). These cells progress through maturation to

hypertrophy, when they express yet another cadre of ECM components including type X

collagen (Wagner and Karsenty 2001). When the cartilaginous epiphyseal growth plates

have been established, the chondrocytes are organized within this zone according to their

differentiation stage, and the zone in which each distinct chondrocyte population is

located is bounded by its distinct ECM (Fig. 1).

Signals received by cells in a particular ECM microenvironment may be

modulated by the differential production of particular ECM components. Targeted
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Figure 2. Give and take between the ECM and mesenchymal cells of the developing

bone. The mesenchymal cells of the developing bone, in particular the developing

chondrocyte and osteoblast, experience a bidirectional ‘give and take’ relationship with

their respective ECMs. The ECM is able to influence the development of these cell types

by marking locations and boundaries, signaling directly to the cells, binding soluble

signaling molecules, and/or mediating cell shape changes. The cells, in turn, are able to

influence the development of their respective ECMs by differentially expressing ECM

components and proteases that cleave ECM components and/or post-translationally

modifying/organizing ECM components.
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deletion studies of a variety of ECM components in cartilage and bone as well as other

tissues attest to the essential roles of individual components in developmental processes

(Hynes 1996). The progression from mesenchymal precursors through cartilage to bone

in the processes of bone development and bone repair requires a number of different

ECMs, made possible by the differential expression of several ECM components by local

cells, in particular the fibrillar collagens (reviewed in (Sandberg et al. 1993)). According

to experiments involving in vivo reconstitution of endochondral ossification, a shift in

collagen expression may be observed throughout the process of chondrocyte

development, from mesenchymal precursors that primarily express type III collagen,

through chondrocytes that primarily express type II and then type X collagen (Reddi et al.

1977).  More recent studies using this model have shown that the expression patterns of

other ECM components including fibronectin, aggrecan and other proteoglycans, and the

integrins that allow chondrocytes to bind these molecules, are modulated during the

process of endochondral ossification ((Yu et al. 1991), (Alini et al. 1992), (Mwale et al.

2002)). Mutations in type I and type II collagens that cause even minor structural

alterations impact the ability of these molecules to participate in matrix assembly and

result in bone and cartilage disorders (Byers 1990). Thus, the differential expression of

matrix components by  chondrocytes, in particular specific collagens, is a vital fixture in

their differentiation program, and is required for proper cartilage and subsequent bone

development.

Differential expression of proteases

Just as ECM signaling can be modulated by the differential expression of ECM
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components, so can it be regulated by the differential expression of proteases that cleave

ECM components. Such cleavage may expose cryptic epitopes, allowing for activation of

the cleaved ECM substrates, or conversely, deactivate the ECM substrates by this

cleavage process. Cleavage of ECM components may be mediated by a number of

proteases, including members of the matrix metalloproteinase (MMP; (Sternlicht, 2001

#1)), ADAM-TS ((Carpizo and Iruela-Arispe 2000), (Caterson et al. 2000), (Tang 2001))

cathepsin (McGrath 1999) and serine protease families (Qiu et al. 2007), which may be

differentially expressed and are selective in their substrates (Oksjoki et al. 2001).

Localized remodeling of the ECM by proteases is required during developmental

processes including angiogenesis ((Ingber and Folkman 1989), reviewed in (Rhodes and

Simons 2007)) and skeletal development ((Vu et al. 1998), (Holmbeck et al. 1999),

(Stickens et al. 2004), (Inada et al. 2004), (Ortega et al. 2005), (Egeblad et al. 2007)).

The MMPs comprise a specialized family of zinc-dependent extracellular

proteinases. MMPs are able to cleave a variety of substrates, including ECM proteins,

extracellular non-matrix proteins, and cell-surface proteins. Collectively, the MMPs are

able to cleave virtually all ECM components, and by virtue of their wide variety of

substrates, play a role in a number of developmental processes (Sternlicht and Werb

2001). In particular, MMP9 (gelatinase-B), MMP13 (collagenase-3) and MMP14 (MT1-

MMP) are expressed by cells in the developing bone, and are important mediators of

endochondral ossification ((Vu et al. 1998), (Pendas et al. 1997), (Holmbeck et al. 1999),

(Enomoto et al. 2000), (Colnot et al. 2003), (Stickens et al. 2004), (Inada et al. 2004),

(Ortega et al. 2005)). From the perspective of the developing chondrocyte, these

proteases are essential for local ECM remodeling and subsequent normal chondrocyte
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maturation. Indeed, the absence of MMP9, MMP13 or both results in an enlargement of

the hypertrophic zone of the epiphyseal growth plate and a subsequent delay in the

ossification process ((Vu et al. 1998), (Ortega et al. 2003), (Stickens et al. 2004), (Inada

et al. 2004)). Further characterization of these phenotypes in the authors’ laboratory have

shown that the ECM in the single or double null mice is altered and as such,

chondrocytes within the local microenvironments of null bones may be exposed to

molecules and epitopes not generally seen by cells within the local microenvironments of

wild-type bones ((Vu et al. 1998), (Ortega et al. 2003), (Stickens et al. 2004), (Inada et al.

2004)). Such results suggest that the ability of the cells in this microenvironment,

particularly the chondrocytes, to express proteases such as MMPs, is required for proper

ECM remodeling and the support of normal skeletal development. Similarly, the closely

related ADAM-TS family of metalloproteases, which includes the enzymes that cleave

cartilage aggrecan and procollagen peptidases ((Caterson et al. 2000), (Tang 2001)), also

appear to play a role in remodeling the proteoglycan portion of the skeleton.

Following the terminal differentiation of the chondrocyte to the hypertrophic

state, this cell secretes large amounts of a specialized matrix high in type X collagen, as

well as enzymes that mineralize and partially degrade this matrix, and then dies a quiet,

apoptotic death. The microenvironment is then invaded by a variety of cells that the

chondrocyte never sees. These cell types establish the front of ossification, the junction

between the hypertrophic zone of the cartilaginous growth plate and the newly formed

trabecular bone, and in their own ways, are influenced by and exert influence on the

development of the ECM.
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1.5 The ECM and the osteoblast

A mesenchymal cousin to the chondrocyte, the osteoblast also has a “give and

take” relationship with the ECM in the developing skeleton. The primary responsibility

of the osteoblast is the deposition of matrix that will mineralize to give newly formed

bone; however, the ECM is able to exert its own influence in turn, and shape the fate of

the osteoblast. Osteoblasts are also responsible of transmitting signals that regulate the

differentiation and function of osteoclasts.  ECM components almost certainly influence

that function of osteoblasts as well.

The effect of the ECM on the osteoblast

The osteoblast is an especially appropriate example of a cell that receives direct

signals from the ECM. The primary function of the osteoblast is the deposition of a type I

collagen matrix at the front of ossification in the developing endochondral long bone.

Lack of an organized type I collagen ECM blocks the expression of osteoblast-specific

genes required for development of the mature osteoblast phenotype (Franceschi and Iyer

1992), and more recent studies have demonstrated that the ability of osteoblasts to

properly produce and secrete a highly organized collagen I matrix is required for

differentiation of osteogenic precursors into mature, fully-functional osteoblasts

(reviewed in (Franceschi 1999)). The mechanism for this cellular responsiveness to the

ECM requires binding of osteoblasts to the type I collagen matrix they secrete via b1

integrins ((Xiao et al. 1998), (Zimmerman et al. 2000)) and transduction of this signal

intracellularly by the MAP kinase (MAPK) pathway ((Takeuchi et al. 1997) (Xiao et al.

2002)). Phosphorylation of the osteoblast-specific transcription factor core binding factor
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1 (Cbfa1, now called Runx2) by the MAPK pathway is thought to result in upregulation

of osteoblast-specific genes at the promoter level ((Xiao et al. 1998), reviewed in

(Franceschi and Xiao 2003)). In addition, Ziros et al. (2002) has shown that osteoblasts

respond to mechanical signals including mechanical loading and stretching by

upregulating a variety of osteoblast specific genes through the activation of Runx2. These

mechanical signals are transduced extracellularly by the ECM, and are most likely

transduced intracellularly via the MAPK pathway.

As is true for the developing chondrocyte, communication between the

developing bone ECM and the developing osteoblast is hardly unidirectional. The

developing osteoblast exerts influence on the ECM of the developing bone by way of its

unique function in bone development.

The effect of the osteoblast on the ECM

As we have seen, cells in the bone microenvironment are able to remodel the

ECMs they see and touch by a variety of means — these include differential expression

of ECM components and proteases akin to those discussed for chondrocytes (Fujisaki et

al. 2006), (Zaragoza et al. 2006)) as well as post-translational modification of the ECM

by cells in a local microenvironment. A vital modification step in the process of skeletal

development is the mineralization of the bone matrix by osteoblasts. Osteoblastic cells

provide for this modification by depositing a number of macromolecules, including

osteonectin (also called SPARC), a phosphorylated glycoprotein ((Holland et al. 1987),

reviewed in (Alford and Hankenson 2006)), and bone sialoprotein (BSP), a glycosylated

matrix protein ((Zur Nieden et al. 2003), reviewed in (Alford and Hankenson 2006)).
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Based on in vitro experiments, osteonectin and BSP play a large role in bone matrix

mineralization. While osteonectin binds hydroxyapatite and calcium ions, the main

mineral components of bone (Termine and Robey 1996), BSP is a known nucleator of

mineralization (Bianco et al. 1991). Although a BSP-null mouse has yet to be made,

animals deficient for osteonectin display a decrease in bone mass and bone ECM,

particularly type I collagen, in conjunction with reduced numbers of functional

osteoblasts and osteoclasts (Delany et al. 2000). By providing for this ECM modification

(mineralization), then the osteoblast is able to modulate the composition of its

surrounding matrix and as a result, may impact the responses of other local cell types to

this matrix.

Future directions

The requirement for appropriate ECM microenvironments exists in a wide range

of developing tissues. It is likely that many of the burgeoning cell types within these

developing tissues experience a “give and take” with their respective ECMs similar to

that which exists between the developing chondrocyte (and osteoblast) and its developing

ECM. It is evident that as the tissue develops, so develops the ECM, providing a vivid

reflection of the events occurring at a particular time and place. In this age of

recombinant DNA technology and fully sequenced genomes, many tools exist to aid in

the further investigation of this field. It is likely that the use of transgenic animals, for

example the variety of MMP-null animals, will bring great insight into the precise

mechanisms by which the ECM regulates cell behavior in a variety of tissues.
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Chapter 2:

Altered endochondral bone development in matrix metalloproteinase 13-deficient mice1

1Reprinted from Stickens, D., Behonick, D.J., Ortega, N., Heyer, B., Hartenstein, B., Yu, Y.,
Fosang, A.J., Schorpp-Kistner, M., Angel, P., Werb, Z., (2004) Altered endochondral bone
development in matrix metalloproteinase 13-deficient mice. Development 131: 5883-5895.
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2.1. Introduction

Skeletal development occurs by two distinct mechanisms:  intramembranous and

endochondral ossification. Intramembranous ossification results from direct

differentiation of mesenchymal precursors into osteoblasts, and is restricted to the

clavicle and the bones of the skull. The axial and appendicular skeletons are formed by

endochondral ossification, a process that is initiated during embryogenesis when

mesenchymal cells condense and differentiate into chondrocytes. Chondrocytes located in

the center of the cartilaginous template proliferate and go through several stages of

differentiation and maturation. Each step of this process is accompanied by changes in

structure and composition of ECM molecules produced by and surrounding the

chondrocytes. Cellular hypertrophy marks the final step in chondrocyte differentiation, in

which the cartilage ECM becomes calcified and partially degraded. Ossification begins

when hypertrophic chondrocytes undergo programmed cell death and the calcified

cartilage is invaded by blood vessels, osteoblasts (bone-depositing cells), osteoclasts

(bone-resorbing cells) and mesenchymal precursors. The residual calcified cartilage

matrix is then used as a scaffold for the deposition of mineralized bone by osteoblasts,

resulting in the production of new trabecular bone. This process gradually proceeds

outwards and establishes the two growth plates that separate the distal cartilaginous

epiphyses from the medial bony diaphysis (for review see (Karsenty and Wagner 2002)).

Endochondral ossification is therefore unique in that it involves the remodeling and

replacement of a template tissue (cartilage) with a distinct permanent tissue (bone). This

process requires chondrocyte differentiation and apoptosis and remodeling of the

cartilage matrix, followed by vascular invasion and formation of trabecular bone.
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Although these individual steps of endochondral ossification are well characterized, it

remains unclear how these are coordinated and which step is rate limiting.

Recent studies have shown that chondrocyte apoptosis per se does not lead to

endochondral ossification (Colnot et al. 2001). Angiogenesis has been implicated as a

crucial step (Vu et al. 1998; Maes et al. 2002; Zelzer et al. 2004); however, the

accumulation of hypertrophic chondrocytes and their associated matrix in models where

angiogenic stimuli have been ablated indicate that ECM degradation also fails to occur

(Gerber et al. 1999). These observations lead to the hypothesis that degradation and

remodeling of the cartilage matrix is essential for vascular invasion.

Remodeling of ECM components requires proteolytic breakdown, a process in

which a variety of proteases have been implicated. Of particular interest are the members

of the matrix metalloproteinase (MMP) family, owing to their ability to cleave aggrecan

and collagens, the two most abundant ECM components of skeletal tissue. Collagen type

II (Col2) is the primary fibrillar ECM component secreted by resting and proliferating

chondrocytes in the growth plate, while collagen type I (Col1) is the primary ECM

component secreted by osteoblasts in the trabecular bone. Col2 is crucial in establishing

correct temporal and spatial organizational relationships with other matrix components

such as the proteoglycans. Aggrecan is the major proteoglycan of the developing growth

plate (Doege 1999). Degradation of proteoglycans and Col2 occurs in the very last stages

of chondrocyte differentiation, just prior to vascular invasion (Lee et al. 1999).

Several MMPs are collagenolytic, cleaving fibrillar collagens between amino

acids 775 and 776 within their triple helical regions (Fields et al. 1987; Wu et al. 1990).

The resulting 1/4 and 3/4 length cleavage fragments then denature and are degraded
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further by gelatinases, including MMP9 and MMP2 (Werb 1982). Collagenolytic MMPs

expressed during endochondral ossification include MMP13, MMP8 (collagenase-2) and

MMP14 (MT1-MMP). A number of MMPs are able to cleave aggrecan, resulting in the

exposure of cryptic epitopes within the protein. Other proteinases, including ADAMTS1,

ADAMTS4 and ADAMTS5 (Abbaszade et al. 1999; Tortorella et al. 1999; Kuno et al.

2000), also cleave aggrecan, albeit at different sites than those recognized by MMPs.

Studies with transgenic mice lacking collagenolytic MMP14 (Holmbeck et al.

1999) or equipped with collagenase-resistant Col1 (Liu et al. 1995; Zhao et al. 1999)

suggest that collagen cleavage and remodeling regulates bone homeostasis. However, the

roles of chondrocytes and osteoblasts versus other cells in ECM remodeling have not

been elucidated. Of the collagenolytic MMPs present in skeletal tissue, MMP13 is of

particular interest because a mutation in human MMP13 causes the Missouri variant of

spondyloepimetaphyseal dysplasia (SEMD), a syndrome with abnormalities in

development and growth of endochondral skeletal elements (Kennedy and A. 2003).

MMP13 is expressed by both terminal hypertrophic chondrocytes and osteoblasts, and its

substrates include both Col1 and Col2. Furthermore, MMP13 can synergize with MMP9

in degradation of collagen (Engsig et al. 2000). In this study, we generated mice deficient

for MMP13 by homologous recombination in all tissues, as well as mice lacking MMP13

in a tissue-specific manner. We also generated mice deficient for both MMP13 and

MMP9. Thus, we have been able to define the specific contributions of MMP13 alone

and in combination with MMP9 to the rate-limiting processes during endochondral

ossification.
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2.2. Materials and methods

Mice and constructs

For the construction of the floxed Mmp13 targeting vector, a genomic

PstI/Sau3A-fragment spanning a total of 7.2 kb of Mmp13 sequences including the first

six exons was used (Schorpp et al. 1995). The construct contained a loxP site within a

DraIII restriction site located in intron 2 of the Mmp13 gene. Additionally, the neomycin

resistance minigene, flanked by two loxP sites, was introduced into an Eco47RIII

restriction site within intron 5. The resulting targeting vector construct was linearized by

cutting at the AatII restriction site located within the vector backbone 3‘ of the sequence

homologous to Mmp13. Linearized DNA (25 µg) was electroporated into D3 embryonic

stem cells. Homologous recombination events were identified by Southern analysis using

different external probes. Eight correctly targeted ES cells were isolated and two

independent clones ( and #44) were injected into C57/Bl6 blastocysts to generate

chimeric mice. After the initial characterization mice generated from clone 42 were used

for all subsequent studies.

To generate Mmp13–/– mice, floxed Mmp13 mice were crossed to β-actin-Cre

mice, ensuring ubiquitous disruption of the Mmp13 gene. The recombination of the

floxed Mmp13 alleles was analyzed by Southern blotting and northern blotting. Col2-Cre

and Col1-Cre transgenic mice where the Cre recombinase is expressed under the rat

Col2a1 or the Col1a1 promoter, respectively, were generated as described elsewhere

(Schipani et al. 2001; Dacquin et al. 2002). All mice were housed in a specific pathogen

free (SPF) environment and under light, temperature- and humidity-controlled conditions.

Food and water were available ad libitum. The procedures for performing animal
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experiments were approved by the Institutional Animal Care and Use Committee,

University of California, San Francisco.

Calvarial culture

Frontal and parietal calvariae from newborn to 5-day-old mice were cultured and

the conditioned media collected and assayed for the presence of MMP13 as previously

described (Peeters-Joris et al. 1998).

Staining of whole skeletons

Whole skeletal preparations of 2-week-old mice were prepared and stained with

Alizarin Red and Alcian Blue as previously described (McLeod 1980).

BrdU labeling/histology

A 10 mg/ml stock of bromodeoxyuridine (BrdU; Sigma, St Louis, MO) was

injected intraperitoneally into 1-week-old mice at a dose of 100 µg BrdU per gram of

mouse. Mice were sacrificed 1 hour after injection and bones were harvested. BrdU

staining was carried out on paraffin sections using a kit according to manufacturer’s

directions (Zymed, South San Francisco, CA).

In situ hybridization

Paraffin sections were placed on acid-etched, TESPA-treated slides and prepared

for in situ hybridization as described (Albrecht 1997). Plasmids were linearized with the

appropriate restriction enzymes to transcribe either sense or antisense 35S-labeled
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riboprobes [colIIA1, and colXA1 probes are described elsewhere (Albrecht 1997); Mmp2,

Mmp13, Mmp14, VEGF probes are described elsewhere (Colnot and Helms 2001); Mmp8

is described elsewhere (Sasano et al. 2002)]. Slides were washed at a final stringency of

65°C in 23 SSC, dipped in emulsion, and exposed for 1-2 weeks. Slides were

counterstained with Hoechst 33342.

Histological analyses and immunohistochemistry

Tissues were fixed in 4% paraformaldehyde in phosphate-buffered saline,

decalcified in EDTA, paraffin embedded, sectioned at 5 µm and stained with von Kossa’s

stain, Safranin-O/Fast Green or Picro-sirius Red. Briefly, for Safranin-O/Fast Green

staining, deparaffinized and rehydrated sections were stained in Weigert’s Iron

Hematoxylin (Sigma, St Louis, MO), 0.02% aqueous Fast Green (Sigma) followed by a

rinse in 1% acetic acid and 0.1% aqueous Safranin-O (Sigma). For Picro-sirius Red

staining, deparaffinized and rehydrated sections were stained in a 0.1% solution of Direct

Red 80 (Aldrich, Milwaukee, WI) in saturated picric acid (Sigma) followed by washes in

0.5% acetic acid. Additional 5 µm paraffin sections were reacted for TRAP activity using

a leukocyte acid phosphatase kit and counterstained with Methyl Green (Sigma).

For immunohistochemistry, tissues were fixed, embedded and sectioned as

described above. For PECAM immunostaining, rat anti-mouse PECAM monoclonal

antibody (Pharmingen, San Diego, CA) was used at a dilution of 1:50. For cleaved

aggrecan immunostaining, deparaffinized, rehydrated sections were deglycosylated in

chondroitinase ABC (Seikagaku Corporation, Tokyo, Japan) and rabbit anti-DIPEN

polyclonal antibody (Singer et al. 1995) was used at a concentration of 0.6 µg/ml. For
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cleaved collagen staining, rabbit anti-Col 3/4 polyclonal antibody (Hdm Diagnostics and

Imaging, Toronto, Canada) was used at a dilution of 1:800.

Micro-computed tomography

Tibiae were dissected from 1-year-old mice and analyzed using a micro-CT

system (µCT40, Scanco Medical, Bassersdorf, Switzerland). The trabeculae of tibiae

were scanned using a Cone-Beam type scan into 240 slices with a voxel of 7x7x7 µm.

Three-dimensional trabecular structural parameters were measured directly, as previously

described (Jiang et al. 2003).

2.3 Results

Mice lacking MMP13 are viable

To study the role of MMP13 in development, we inactivated Mmp13 using

Cre/Lox recombination (Sauer 1998). We first generated mice with a floxed Mmp13

locus by incorporating loxP sites into the intronic regions flanking exons 3, 4 and 5,

which encode the active site of the enzyme (Fig. 1). To delete the floxed exons, mice

homozygous for the floxed Mmp13 allele (MMP13fl/fl) were crossed with mice carrying

the Cre recombinase driven by the β-actin promoter. Intercrossing of mice heterozygous

for both the floxed Mmp13 allele and β-actin-Cre gave rise to homozygous Mmp13 null

(Mmp13–/–) offspring with expected Mendelian distribution. Southern blot analyses

confirmed that Cre-mediated deletion of the floxed exons was complete (Fig. 1B).

Whereas pro-MMP13 (~57 kDa) was detected in the conditioned media from calvariae
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Figure 1. Targeting of Mmp13. (A) Strategy for targeting of Mmp13. The structure of the

endogenous mouse locus (a), the transgene targeting cassette (b), the targeted floxed

allele resulting from homologous recombination (c) and the null allele resulting from

Cre-mediated recombination (d) are depicted. Exons are depicted as open boxes; the

floxed exons corresponding to the catalytic domain are shown in red. Red arrowheads

indicate loxP insertion sites. Blue bar indicates probe used for Southern hybridization.

(B) Southern blot analyses. Identification of Mmp13fl/fl and Mmp13-/- mice by digest of

genomic DNA with AflII and PstI, respectively. Fragments were separated according to

size and hybridized to the probe indicated in A. (C) Detection of secreted pro-MMP13 in

conditioned medium from mouse calvarial cultures. Conditioned medium was collected,

concentrated and proteins were size fractionated. Western blot using goat polyclonal anti-

pro-MMP13 shows that pro-MMP13 (57 kDa) can be detected in culture media from

calvaria from wild-type (+/+) and heterozygous (+/–) animals, but not from Mmp13-/-

(–/–) animals. (D) Detection of Mmp13 expression by in situ hybridization on tibia from

E15.0 wild-type mouse. Mmp13 signal is indicated in red. Primary front of ossification is

indicated by broken yellow line. Hoechst counterstain is blue. Mmp13 expression is

observed in the hypertrophic chondrocyte population (HC) and the primary ossification

center (PO), but not in the proliferating chondrocyte (PC) population. (E) Detection of

Mmp13 expression by in situ hybridization on the phalange from 1-week-old wild-type

mouse. In contrast to expression pattern observed in D, Mmp13 expression is restricted to

the most terminal row of hypertrophic chondrocytes (arrowhead). TB, trabecular bone.

Scale bars = 100 µm.



33



34

from wild-type (WT) and heterozygous mice, no MMP13 protein was detected in the

conditioned media from calvariae cultured from Mmp13–/– mice (Fig. 1C), confirming

that we had successfully generated MMP13-deficient mice.

Mmp13–/– mice showed no gross phenotypic abnormalities, were fertile and had a

normal lifespan. Backcrossing of these mice onto a pure FVB/N background caused no

overt difference in phenotype.

To assess which cells of the skeletal elements express Mmp13 , in situ

hybridization was performed on bones at various stages of the endochondral ossification

process. At early stages (embryonic day 15 [E15.0]), Mmp13 was expressed in

hypertrophic chondrocytes and newly recruited bone cells in the primary ossification

center (Fig. 1D). Following the establishment of the growth plates, expression of Mmp13

became restricted to only the very last rows of hypertrophic chondrocytes and the

osteoblasts of the trabecular bone (Fig. 1E).

MMP13 deficiency causes altered growth plate architecture and increased trabecular

bone during endochondral ossification

Staining of skeletons from Mmp13–/– animals with Alizarin Red and Alcian Blue

showed that all elements appeared normal and were equivalent in length compared with

WT littermates (Fig. 2A). For microscopic analyses, we focused on the tibiae and

metatarsals, which differ with respect to the kinetics of growth plate closure. In contrast

to metatarsals, which close their growth plates at about 4 weeks of age, a small part of

residual growth plate cartilage remains in fully developed tibiae, separating the epiphysis

from the diaphysis. At E15.0, metatarsals and tibiae show the first signs of the formation
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Figure 2. Histological examination of the Mmp13–/– growth plate defect. (A) Alizarin

Red/Alcian Blue staining of whole skeletons from 2-week-old wild-type and Mmp13–/–

mice showing no overt difference in overall skeletal structure between genotypes. (B,C)

Von Kossa stained tibia from E15.0 wild-type and Mmp13–/– mice shows the presence of

mineralized tissue in the diaphyses of both genotypes. No overt difference is evident in

proliferating chondrocyte (PC) zones, hypertrophic chondrocyte (HC) zones or primary

ossification centers (PO) between genotypes. (D,E) Safranin-O stained metatarsals from

10-day-old wild-type and Mmp13–/– mice; (F,G) Safranin-O stained tibia from 10-day-old

wild-type and Mmp13–/– mice. Mmp13–/– mice have an expansion of the hypertrophic

chondrocyte (HC) zone of the growth plates of (compare lengths indicated by black bars).

(H,I) Safranin-O stained tibia from 12-week-old wild-type and Mmp13–/– mice. The

expansion of the hypertrophic cartilage is ameliorated but Safranin-O staining remains

more intense in the mutant growth plate (TB, trabecular bone). Scale bars = 100 µm in B-

G; 200 µm in H,I.
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of a primary ossification center (Fig. 1D). At this stage, Mmp13 mRNA is highly

expressed in the late hypertrophic chondrocytes, where it co-localizes with collagen type

X (Wu et al. 2001b). Mmp13 is also expressed in the newly recruited osteoblasts that

migrate along the residual mineralized cartilage matrix (Gack et al. 1995; Johansson et al.

1997). Long bones of E15.0 Mmp13–/– mice showed no obvious differences when

compared with those from WT littermates (Fig. 2B,C). Thus, it did not appear that the

initial stages of endochondral ossification were affected in the absence of MMP13.

At E17.0, the first visible and consistently observed differences between WT and

Mmp13–/– skeletal elements became apparent in the tibiae. Although initial vascular

invasion and establishment of the primary ossification center was normal (Fig. 2B,C), the

growth plates in Mmp13–/– mice had a lengthened hypertrophic chondrocyte zone (data

not shown). An expanded hypertrophic zone also became apparent in the metatarsals, but

not before animals had reached 1 week of age (Fig. 2D,E). We found the severity of this

phenotype to be highly bone specific, with a more marked expansion of the hypertrophic

zone in the metatarsals than in the tibiae (compare Fig. 2F with 2G). The severity of the

Mmp13–/– growth plate phenotype increased until about 5 weeks of age. After 5 weeks,

the growth rate slowed down and, concomitantly, the hypertrophic chondrocyte

population gradually returned to its normal size. By 12 weeks of age the growth plate

phenotype was ameliorated (Fig. 2H,I). Interestingly, the staining of the

cartilage by Safranin-O reproducibly remained more intense in the mutant growth plates

(Fig. 2I), suggesting that MMP13 contributes to proteoglycan turnover.

A second notable phenotype in the long bones of Mmp13–/– mice was an increase

in trabecular bone. Although tibiae from 1-week-old Mmp13–/– mice showed no apparent
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change in trabecular bone compared with wild-type, the shape of the bone spicules was

irregular (Fig. 3A,B). At 3 weeks, tibiae from Mmp13–/– mice had a visible increase in

trabecular bone (Fig. 3C,D). A similar increase was also visible in the metatarsals after 1

week of age (data not shown). The severity of the trabecular bone phenotype progressed

with age. In contrast to the expansion of the hypertrophic cartilage, however, the increase

in trabecular bone persisted for months in tibiae as well as femurs (Fig. 3E-H). To

confirm these histological observations, we performed micro-computed tomography

(micro-CT) on tibiae from WT and Mmp13–/– mice. We found a dramatic and significant

increase [Mmp13–/–, 0.295 ± 0.026 (n = 4); wild-type, 0.069 ± 0.022 (n = 3), as total bone

volume per tissue volume (mean ± S.E.M., P = 0.0015, two-tailed t-test)] in trabecular

bone volume in the M m p 1 3–/– mice compared with WT littermates (Fig. 3I,J).

Interestingly, the cortical bone volume was not significantly different. By one year of

age, the trabecular volume in Mmp13–/– was comparable with wild-type (data not shown).

These data suggest that a role for Mmp13 is confined to the most active stages of

trabecular bone remodeling.

Chondrocyte differentiation is normal but growth plate exit is delayed in Mmp13–/– mice

The observed increase in the hypertrophic chondrocyte zone of Mmp13–/– growth

plates could be the result of increased cell proliferation, altered differentiation or a

reduced rate of programmed cell death of hypertrophic chondrocytes in the growth plate.

To assess chondrocyte proliferation, we labeled mice with bromodeoxyuridine (BrdU)

(Vu et al. 1998). Tibiae harvested from one-week-old BrdU-labeled Mmp13-/- and WT

mice showed a similar number of labeled cells in the proliferating zone of the growth
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Figure 3. Histological examination of the Mmp13–/– trabecular bone defect. (A,B) Picro-

sirius Red stained tibia from 1-week-old mice show no apparent increase in trabecular

bone (TB) in Mmp13–/– mice compared with wild-type, but the bone spicules in Mmp13–/–

mice are irregular in shape (indicated by arrow). At 3 weeks of age, Mmp13–/– mice show

increased trabecular bone (C,D). Unlike the increase of hypertrophic cartilage (HC),

which resolves at 5 weeks of age, the increase in trabecular bone in Mmp13–/– mice

persists for months (E,F). Similar increases in trabecular bone can also be observed in

femurs (G,H). Histological observations were confirmed by micro-CT analyses on tibia

of 16-week-old wild-type and Mmp13–/– mice (I,J). SO, secondary site of ossification.

Scale bars = 200 µm in A,B; 300 µm in C,D; 400 µm in E-H; 1 mm in I,J.
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plate (Fig. 4A). Thus, the expansion of the zone of hypertrophic cartilage is not the result

of increased chondrocyte proliferation. We then examined chondrocyte differentiation

using several stage-specific differentiation markers. Col2 (encoded by Col2A1 and

Col2A2) is expressed by resting and proliferating chondrocytes. In situ hybridization

using a probe to murine Col2A1 showed no difference in the Col2 expression pattern in

growth plates of Mmp13-/- mice when compared with WT littermates (Fig. 4B). Using a

Col10A1 probe, we found that collagen type X, which is expressed by hypertrophic

chondrocytes, showed an expanded expression domain corresponding to the increased

hypertrophic zone. Vascular endothelial growth factor (Vegf) is a marker for the most

terminal rows of late hypertrophic chondrocytes (Gerber et al. 1999). In the growth plate

of Mmp13–/– mice, the expression domain of Vegf increased considerably. Osteopontin

(Op), which is expressed in the very last row of terminally differentiated hypertrophic

chondrocytes and in osteoblasts, expanded in expression in the hypertrophic chondrocyte

zone of the growth plate of Mmp13-/- mice (Fig. 4). Taken together, these results suggest

that in the endochondral bones of Mmp13-/- mice, chondrocytes proliferate and

differentiate normally, but accumulate in the most terminally differentiated hypertrophic

state as their exit from the growth plate is delayed.

Mice with conditional deletion of Mmp13 have specific hypertrophic cartilage and

trabecular bone phenotypes

The increased trabecular bone density observed in the Mmp13-/- mice could be the

consequence of improper cartilage matrix degradation caused by MMP13 deficiency in

late hypertrophic chondrocytes. Alternatively, a defect in trabecular bone formation could
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Figure 4. Examination of differentiation markers in Mmp13–/– endochondral cartilage.

(A) BrdU incorporation in 1-week-old tibia of wild-type and Mmp13–/– mice. Animals

were injected with 1 µg BrdU/g mouse 1 hour prior to sacrifice. A similar number of

BrdU positive cells (brown staining) can be observed in the proliferating chondrocyte

(PC) zone, and in cells within the trabecular bone (TB) for wild-type and Mmp13–/–

bones, indicating that proliferation is not impaired in Mmp13–/– mice. (B ) In situ

hybridization on 1-week-old metatarsals with probes to chondrocyte differentiation

markers show normal expression domain of Col2, but expanded expression of Col10 and

Vegf, indicating an increased late hypertrophic chondrocyte population in the Mmp13–/–

growth plate. In wild-type mice, expression of osteopontin (Op) is restricted to only one

row of hypertrophic chondrocytes in the growth plate of wild-type mice. The growth

plate of Mmp13–/– mice contains several rows of chondrocytes expressing Op (broken

line demarcates front of ossification). Safranin-O staining shows general morphology

(HC, hypertrophic cartilage). Scale bars = 100 µm.
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be the result of the MMP13 deficiency in osteoblasts. To test which of these mechanisms

is responsible for the trabecular bone defects, we conditionally inactivated Mmp13 in

chondrocytes or osteoblasts. For this purpose, we crossed floxed Mmp13 mice

(Mmp13fl/fl) to mice carrying the Cre recombinase transgene under control of the Col2A1

promoter (Col2-Cre) or by the Col1a1 promoter (Col1-Cre). Mmp13+/fl;Col2-Cre+/– or

Mmp13+/fl;Col1-Cre+/– mice were then crossed to Mmp13fl/fl mice.

As expected, Mmp13fl/fl;Col2-Cre+/– mice displayed a similar increase in

hypertrophic chondrocytes as observed in Mmp13–/– mice (Fig. 5A,B). In contrast to

Mmp13–/– mice, Mmp13fl/fl;Col2-Cre+/– mice did not show a noticeable increase in

trabecular bone volume (Fig. 5C,D). However, we noted that the spicules of trabecular

bone in Mmp13fl/fl;Col2-Cre+/– were irregular in shape and length when compared with

WT mice. This is similar to the irregular organization of trabecular bone seen initially in

the Mmp13–/– mice (Fig. 3), and suggests that ablation of MMP13 from chondrocytes has

only a mild modeling affect on trabecular bone. The absence of an overt change in

trabecular bone in Mmp13fl/fl;Col2-Cre+/– mice indicates that the increased trabecular

bone observed in Mmp13–/– mice is the result of absence of Mmp13 expression in

osteoblasts. In keeping with these observations, we predicted that conditional inactivation

of MMP13 in osteoblasts would retain proper cartilage matrix remodeling, and thus

would lack the increase in hypertrophic cartilage and the altered bone spicule structure.

Indeed, our analysis of the Mmp13+/fl;Col1-Cre+/–, which are deficient in MMP13 in bone

only, revealed a normal zone of hypertrophic cartilage but an increase in trabecular bone

volume (Fig. 6).
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Figure 5. Phenotype of Mmp13fl/fl;Col2-Cre+/– endochondral bones. (A,B) Safranin-O

stained metatarsals from 2-week-old wild-type and Mmp13fl/fl;Col2-Cre+/– mice show an

increased hypertrophic chondrocyte (HC) zone in Mmp13fl/fl;Col2-Cre+/– mice similar to

that observed in Mmp13–/– mice (compare with Fig. 1D,E). (C,D) Picro-sirius red-stained

femurs from 10-week-old wild-type and Mmp13fl/fl;Col2-Cre+/–. Mmp13fl/fl;Col2-Cre+/–

mice lack the increased trabecular bone (TB) phenotype observed in the Mmp13–/– mice,

but have an altered structure of the trabeculae (arrow). SO, secondary site of ossification.

Scale bars = 100 µm in A,B; 300 µm in C,D.
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Figure 6. Phenotype of Mmp13fl/fl;Col1-Cre+/– endochondral bones. (A,B) Safranin-O

stained metatarsals from 3-week-old wild-type and Mmp13fl/fl;Col2-Cre+/– mice show no

increase in the hypertrophic chondrocyte (HC) zone of Mmp13fl/fl;Col2-Cre+/– mice

compared with wild-type. (C,D) Picro-sirius Red stained femurs from 12-week-old wild-

type and Mmp13fl/fl;Col2-Cre+/–. Mmp13fl/fl;Col2-Cre+/– mice have increased trabecular

bone (TB) similar to that observed in the Mmp13–/– mice (SO, secondary site of

ossification). Scale bars = 100 µm in A,B; 300 µm in C,D.
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Mmp13–/– mice have normal angiogenesis

Initial vascular invasion and establishment of the primary ossification center was

normal in Mmp13–/– mice. In addition, there was no apparent overall difference in cell

proliferation in the osteoblastic zone of WT and Mmp13–/– trabecular bones (Fig. 4A).

Mineralization was also normal, as was bone marrow cavity formation (Fig. 7A-D). The

osteoclast population, determined by tartrate-resistant acid phosphatase (TRAP) activity,

a marker of differentiated osteoclasts, was also unchanged (Fig. 7A, B).

Impaired vascularization is often observed in conjunction with endochondral

growth plate and trabecular bone phenotypes. However, the higher expression of VEGF

in the mutant growth plates (Fig. 4B), coupled with the lack of a delay in initial

vascularization (Fig. 2B,C), suggests that angiogenesis factors are unlikely to be limiting

in the Mmp13–/– mice. When we immunostained 1-week-old tibiae with an antibody to

platelet endothelial cell adhesion molecule (PECAM; CD31), a marker of endothelial

cells, we observed no overt differences in number, localization or morphology of blood

vessels in the trabecular bone of Mmp13–/– mice when compared with WT (Fig. 7E,F).

These data suggest that angiogenesis is not impaired in the mutant mice and therefore is

unlikely to be the rate-limiting step for the observed endochondral phenotypes.

Mmp9–/–;Mmp13–/– mice display a dramatic alteration in growth plate architecture and

skeletal development

MMP13 is able to perform the initial fibrillar collagen cleavage and MMP9 can

then degrade the denatured collagen cleavage fragments. To test the possible synergy

between MMP9 and MMP13, we crossed Mmp13–/– and Mmp9–/– mice (Vu et al. 1998)
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Figure 7. Examination of key cell types in Mmp13–/– endochondral bones. (A,B) TRAP

(red) stained 1-week-old wild-type and Mmp13–/– tibial epiphyses shows no difference in

the osteoclast population (red staining) in the trabecular bone (TB) and endostea (E) of

wild-type and Mmp13–/– mice. (C,D) Formation of the bone marrow cavity and

mineralization were analyzed by Van Kossa stain on newborn wild-type and Mmp13–/–

metatarsals. Mineralized tissue (brown staining) is present in endosteum (E) surrounding

the bone marrow cavity, and in the surrounding trabecular bone (TB) in both wild-type

and Mmp13–/– bones. (E,F) PECAM-immunostained 1-week-old tibia showing vessels

(brown staining) in the trabecular bone (TB). There is no overt difference in localization

or morphology of blood vessels in Mmp13–/– mice compared with wild-type. Scale bars =

200 µm in A,B; 100 µm in C-F.
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to obtain animals that were deficient for both proteinases (Mmp9–/–;Mmp13–/–).

Mmp9–/–;Mmp13–/– mice were viable, but were visibly runted. The long bones of

postnatal Mmp9–/–;Mmp13–/– mice exhibited a dramatic phenotype in the growth plate,

namely an expanded hypertrophic chondrocyte zone, that was more severe than the

growth plate phenotype of either the Mmp9–/– or the Mmp13–/– mice. The normal

columnar architecture was lost in the overpopulated Mmp9–/–;Mmp13–/– hypertrophic

zone, while the front of ossification took on a conformation similar to, but more severe

than, that observed in the Mmp9–/– mice (Fig. 8A). mRNA in situ analyses using an Op-

specific probe showed an increase in the number of terminally differentiated hypertrophic

cells in the MMP9/MMP13 knockout mice. This shows that exit from the growth plate is

delayed, but also that the cells are viable and not necrotic (data not shown). In addition to

the phenotype observed at the primary site of ossification, development of the secondary

site of ossification was delayed in Mmp9–/–;Mmp13–/– bones. This delay was first visible

at 2 weeks of age and persisted throughout the rapid growth phase (Fig. 8A, insets).

Examination of 5-month-old Mmp9–/–;Mmp13–/– mice revealed that the growth plates in

metatarsals did eventually close and developed secondary sites of ossification, although

the structure of the residual endosteum and bone marrow cavity was slightly altered from

WT (Fig. 7B) and the mice had dramatically shortened skeletal elements (Fig. 8C).

Unlike the Mmp13–/– mice, which have increased trabecular bone volume, the

Mmp9–/– mice have decreased trabecular bone volume. However, the amount of

trabecular bone made in the Mmp9–/–;Mmp13–/– animals was clearly reduced when

compared with WT, Mmp9–/– or Mmp13–/– mice, and the development of the bone

marrow cavity was delayed (Fig. 8A). Taken together, these data indicate a strong
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Figure 8. Examination of Mmp9–/–, Mmp13–/– and Mmp9–/–;Mmp13–/– endochondral

bones. (A) Safranin-O staining of 2-week-old tibiae of wild-type, Mmp9–/–, Mmp13–/– and

Mmp9–/–;Mmp13–/– mice. M m p 9–/– and M m p 1 3–/– tibiae have increased zones of

hypertrophic cartilage, but a dramatically expanded hypertrophic chondrocyte zone can

be observed in Mmp9–/–;Mmp13–/– tibia (compare lengths indicated by black bars).

Magnifications of secondary ossification sites (insets) of Safranin-O stained 2-week-old

tibia of wild-type, Mmp9–/–, Mmp13–/– and Mmp9–/–;Mmp13–/– mice demonstrate delay in

initiation of ossification at the secondary site in Mmp9–/–;Mmp13–/–. Collagenous bone

tissue and colonizing blood cells in wild-type, Mmp9–/– and Mmp13–/– secondary sites are

indicated by arrows and arrowheads, respectively. (B) Safranin-O staining of 5-week-old

and 5-month-old metatarsals from Mmp9–/–;Mmp13–/– mice showing that while 5-week-

old Mmp9–/–;Mmp13–/– metatarsals still display the expanded hypertrophic chondrocyte

zone characteristic of this genotype, 5-month-old Mmp9–/–;Mmp13–/– metatarsals display

a closed growth plate, indicating recovery. (C) Whole skeletal preparations of hind limbs

from 12-month-old wild-type and Mmp9–/–;Mmp13–/– mice shows a shortening of all

elements of the Mmp9–/–;Mmp13–/– hind limb when compared with wild-type. Scale bars

= 300 µm in A; 200 µm in B.
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synergy between MMP13 and MMP9 in both primary and secondary ossification centers

during endochondral bone development, as well as cooperation in trabecular bone

formation. This suggests that specific cleavage of ECM substrates by MMP9 and

MMP13 may be crucial for proper endochondral ossification.

MMP9 and MMP13 contribute to ECM remodeling in endochondral bone formation

Our data have shown that chondrocyte proliferation, differentiation, chondrocyte

apoptosis, angiogenesis and bone deposition are not rate limiting during endochondral

bone formation in the Mmp13–/– mice. However, accumulation of cartilage matrix caused

by expansion of the hypertrophic zone and increased trabecular bone mass are robust

features of the phenotype. MMP9 and MMP13 are able to cleave aggrecan and collagen,

the most abundant molecules in the developing bones, at least in vitro (Fosang et al.

1996; Mitchell et al. 1996; Billinghurst et al. 1997; Vu et al. 1998; Mercuri et al. 2000).

This points to ECM remodeling as a crucial event. Accordingly, we asked whether

cleavage of these two potential targets of MMP9 and/or MMP13 in the developing

growth plate and trabecular bone is altered during endochondral ossification in mice

deficient for MMP13 or MMP9, or both. We first used an antibody directed toward

DIPEN, a cryptic epitope in aggrecan that is exposed specifically upon MMP cleavage

(Singer et al. 1995) to assess the state of aggrecan degradation. This MMP-specific

aggrecan cleavage epitope was present along the front of ossification in WT, Mmp9–/–

and Mmp13–/– tibiae, but not in Mmp9–/–; Mmp13–/– tibiae (Fig. 9A). In all cases, this

neoepitope was confined to the last transverse septa of the growth plate (LTS). These

results indicate that MMP13 and MMP9 together are responsible for MMP-dependent
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Figure 9. Altered ECM remodeling in Mmp9–/–, Mmp13–/– and Mmp9–/–;Mmp13–/– long

bones. (A) Immunostaining of 2-week-old tibia of wild-type, Mmp9–/–, Mmp13–/– and

Mmp9–/–;Mmp13–/– mice with an antibody to the DIPEN neoepitope of MMP-cleaved

aggrecan. Cleaved aggrecan (brown staining) is present along the primary front of

ossification in wild-type, Mmp9–/– and Mmp13–/– bones, no positive staining is apparent

in Mmp9–/–;Mmp13–/– bones. (B) Immunostaining of 2-week-old tibia of wild-type,

Mmp9–/–, Mmp13–/– and Mmp9–/–;Mmp13–/– mice with an antibody to the 3/4 cleavage

fragment of Col1 and Col2. The primary front of ossification (indicated by a broken line)

shows the presence of cleaved collagen (pink staining) in transverse septa surrounding

the most terminal hypertrophic chondrocytes (arrows) in wild-type and Mmp9–/– bones,

along the trabeculae of the developing trabecular bone (arrowheads) in wild-type and

Mmp13–/– bones, and at random throughout the hypertrophic chondrocyte zone (arrows)

and trabecular bone (arrowheads) in Mmp9–/–;Mmp13–/– bones. Scale bars = 200 µm in A;

100 µm in B.
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aggrecan cleavage.

We then used an antibody that detects a neoepitope at the cleavage site on the 3/4

fragment of Col1 and Col2 (Billinghurst et al. 1997) to assess the state of collagen

remodeling. High sequence similarity between the 3/4 fragments of Col1 and Col2 allows

the antibody to recognize the cleavage products of both collagens. In WT tibiae, cleaved

collagens were present within the LTS, and were also detected along the spicules of

trabecular bone (Fig. 9B). In the Mmp13–/– tibiae, cleaved collagens were absent from

LTS, but were present only along the spicules of trabecular bone. By contrast, in Mmp9–/–

tibiae, cleaved collagen epitopes were present only in the LTS and were absent from the

trabeculae, pointing to the role of MMP13 in cartilage collagen cleavage. This suggests

that MMP13 is the dominant collagenase in cartilage, but that other MMPs, most

probably MMP14, contribute to collagen turnover in bone. In addition, the more diffuse

zone of cleaved collagen accumulation observed in Mmp9–/– tibiae when compared with

WT suggests that MMP9 is involved in clearing these collagen fragments after cleavage

by MMP13. Surprisingly, there was less cleaved collagen present along the spicules of

trabecular bone in the Mmp9–/– tibiae. This may reflect the marked delay in osteoblast

recruitment and trabecular bone formation in Mmp9–/– mice (Colnot et al. 2003). In

Mmp9–/–;Mmp13–/– tibiae, cleaved collagens were absent from the LTS, but we did

observe the neoepitope around a few chondrocytes throughout the hypertrophic zone

matrix. The long persistence of the hypertrophic chondrocytes and their matrix in the

Mmp9–/–;Mmp13–/– mice presents an opportunity for additional proteinases that may be

present only at very low levels and slowly remodel cartilage collagen in a stochastic

manner. Similarly, cleaved collagen epitopes were detected at random in the small
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amount of bone that finally formed in the tibiae of Mmp9–/–; Mmp13–/– mice, indicating

that other collagenolytic proteinases can slowly compensate. The persistence of the

fragments in the double nulls may be due to the lack of clearance of the cleaved

fragments by MMP9. These results suggest that MMP9 and MMP13 cooperate in

collagen cleavage in different regions of the developing long bones.  It should be noted

that no upregulation of other MMPs expressed in the developing bones was observed

(Fig. 10).

2.4. Discussion

During endochondral ossification, chondrocyte differentiation and bone formation

are tightly coupled in a process that involves chondrocyte apoptosis, cartilage matrix

remodeling, vascular invasion and trabecular bone formation (Karsenty and Wagner

2002; Ortega et al. 2004)). How this process is controlled, and which of these steps is rate

limiting has remained unclear. Although hypertrophic chondrocyte death may precede

ECM degradation, previous studies show that mice with a null mutation in the gene for

anti-apoptotic protein galectin-3 accumulate empty lacuna at the junction between

avascular cartilage and vascular bone, without an acceleration of endochondral

ossification (Colnot et al. 2001). Thus, chondrocyte apoptosis can be uncoupled from

ECM remodeling and vascularization. Our data exploiting Mmp13–/–, Mmp9–/– and

Mmp9–/–;Mmp13–/– mice point to remodeling of the cartilage matrix as the rate-limiting

step in endochondral ossification.

Cartilage degradation depends on degradation of its most abundant ECM

component, fibrillar collagen (Alini et al. 1992; Mwale et al. 2000), which can be
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Figure 10. Expression analyses of other MMPs in Mmp13–/– long bones. In situ

hybridization for Mmp14, Mmp8 and Mmp2 mRNA in 1-week-old metatarsals of WT and

Mmp13–/– mice, showing no alteration in expression of Mmp14, Mmp8 and Mmp2 in

Mmp13–/– endochondral long bones. Immunostaining for MMP9 in 1-week-old

metatarsals of WT and Mmp13–/– mice showing an expanded zone of MMP9 protein

localization in the matrix surrounding the most terminal hypertrophic chondrocytes in

Mmp13–/– mice. This is caused by the persistence of the protein with the slowed

degradation of the ECM. In situ hybridization analyses for Mmp9 did not reveal a

difference in expression levels in mutants compared with WT (data not shown). For

MMP9 immunohistochemistry, tissues were fixed briefly in 4% paraformaldehyde,

decalcified in EDTA, frozen in OCT, sectioned at 5 µm using a cryostat and briefly post-

fixed in 4% paraformaldehyde. Slides were deglycosylated in Chondroitinase ABC and

rabbit anti-MMP9 antibody was used as described previously (Vu et al. 1998). Scale bars

= 100 µm.
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cleaved by collagenolytic MMPs (Werb 1997; Sternlicht and Werb 2001). In this study

we have demonstrated, for the first time in vivo, a specific role for MMP13 in the

processes of endochondral ossification. Our data, together with the observations made in

Mmp14 (MT1-Mmp)–/– mice (Holmbeck et al. 1999), indicate that MMP13 is the major

collagenase for Col2 cleavage. In the face of continued VEGF expression in the expanded

hypertrophic cartilage zone of Mmp13–/– mice, it is apparent that degradation of Col2

may be required for vascular invasion, even in the presence of abundant angiogenic

stimuli. An interesting recent study demonstrates that migration of endothelial cells and

vessel formation can be prevented or substantially diminished when a mutant type I

collagen that is resistant to cleavage by MMPs is used as the matrix for the explants

(Zijlstra et al. 2004). In our study, the ablation of Mmp13 did not affect blood vessel

morphology at the bone-cartilage junction. However, to maintain the normal appearance

of the blood vessels without an accumulation of endothelial cells in the Mmp13–/–

growth plate, it follows that the vascular development would have to be diminished in

proportion to the increased persistence of the hypertrophic cartilage. A logical extension

of this hypothesis is that increasing levels of MMP13 should accelerate vascularization,

which it does (Zijlstra et al. 2004). Taken together, these observations place MMP13

upstream of angiogenesis and suggest that degradation of the cartilage ECM creates

a permissive environment for blood vessels to invade.

What are the critical events on the cartilage side?

As MMP13 is the dominant collagenase in cartilage, it is not surprising that its

absence caused a delay in endochondral ossification. At the cartilage-bone interface, only
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a thin layer of cartilage matrix separates the hypertrophic chondrocytes from invading

capillaries. This layer is known as the last transverse septa (LTS) (Lee et al. 1999). The

LTS is an active site of matrix remodeling, marked by degradation of fibrillar collagen.

Our studies have shown that MMP13 is the major collagenase involved in degradation of

Col2 at this site. The region of Col2 cleavage is restricted to the LTS, while MMP13 is

expressed in a slightly larger area of the hypertrophic chondrocyte zone. As MMP13 is

secreted in a latent form, it is possible that its activation occurs only at the LTS, proximal

to the expression domain of its major activator MMP14 (Knauper et al. 1996b; Jimenez et

al. 2001).

The other major component of the cartilage matrix is aggrecan. Recent studies

have shown that aggrecan protects cartilage collagen from degradation by proteinases,

including MMPs (Pratta et al. 2003), and that there is an inverse relationship between

collagenolytic activity and glycosaminoglycan content in hypertrophic cartilage (Byers et

al. 1997; Mwale et al. 2000). This suggests that for collagenases to cleave fibrillar

collagens effectively, aggrecan would first have to be degraded in this environment. This

is interesting to consider, as our studies show that MMP13 and MMP9 synergize to

cleave aggrecan and Col2 in the most terminal hypertrophic zone of the growth plate.

Thus, it is possible that MMP9 and/or MMP13 are first responsible for clearing aggrecan

molecules in this microenvironment, and that this degradation is then followed by

cleavage of Col2 by MMP13.

What are the critical events on the bone side?

In addition to the expansion of the hypertrophic zone, long bones of Mmp13–/–
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mice have increased trabecular bone. In contrast to the expansion of the hypertrophic

cartilage observed in these animals, the increase in trabecular bone persists for months.

Conditional inactivation of Mmp13 in chondrocytes shows that the increased trabecular

bone mass observed in Mmp13–/– mice occurs independently of the reduced cartilage

ECM degradation caused by loss of this proteinase in late hypertrophic chondrocytes.

The absence of MMP13 does not abolish collagen degradation in the trabeculae, but it is

unlikely that this is due to a compensatory mechanism of upregulation of other MMPs

that cleave collagen, as no change in expression levels of other MMPs present in bone

and cartilage was observed (Fig. 10). We favor a scenario in which other MMPs that

generally play minor roles in this area, most probably MMP14, compensate sufficiently

to allow endochondral ossification to proceed. Interestingly, cortical bone is unaffected

by the lack of MMP13, suggesting other MMPs contribute to its remodeling.

Formation of trabecular bone involves modeling as well as remodeling processes,

and it appears that MMP13 is involved in both. Initially, Mmp13–/– mice do not display

increased trabecular bone volume, but the spicules are irregular in shape. An increase in

trabecular bone becomes apparent when mice reach 3 weeks of age, peaks at about 6

months of age and then gradually normalizes. By contrast, conditional inactivation of

MMP13 in cartilage leads to irregularities in trabecular bone spicules similar to those

seen in Mmp13–/– mice early in development. It is not surprising that a defect in cartilage

matrix remodeling would affect trabecular bone formation, as trabecular bone is laid

down upon the remnants of calcified cartilage. Upon vascularization of the hypertrophic

cartilage, osteoprogenitor cells reach the interior of this zone and differentiate on the

plates of mineralized cartilage between the columns of hypertrophic chondrocytes (Maes



65

et al. 2002). Therefore, it is possible that osteoblast differentiation and function depends

on the correct remodeling of cartilage, and that the altered residual cartilage matrix in

Mmp13–/– endochondral bones causes impaired osteoblast differentiation and subsequent

improper bone deposition (Maes et al. 2002). In keeping with these observations,

conditional inactivation of MMP13 in osteoblasts maintained proper hypertrophic

cartilage remodeling, but showed increased trabecular bone. Thus, the action of MMP13

in cartilage contributes to modeling of trabecular bone, while the action of MMP13 in

osteoblasts contributes to remodeling of trabecular bone.

It is important to note that the Mmp13–/– bone phenotype is not the same as that

produced by altering the susceptibility of the collagen substrate. Mice with targeted

mutations in Col1a1 that render Col1 collagenase-resistant show increased bone

deposition (Zhao et al. 2000). However, the resistant collagen phenotype is late and

occurs mainly in the cortical bone, unlike the early trabecular bone phenotype of the

Mmp13–/– mice. Second, mice with collagenase-resistant Col1 have increased apoptosis

of osteocytes (Zhao et al. 2000), lending further support to the evidence that collagen

cleavage products may be anti-apoptotic (Montgomery et al. 1994). We did not observe

increased apoptosis in the Mmp13–/– mice, as other MMPs expressed in bone and

cartilage (Sasano et al. 2002) still cleave collagens at low rates in Mmp13–/– mice, and

this may be sufficient to prolong cell survival and prevent accumulation of cortical bone

with age in these mice.

Synergy between MMP13 and MMP9

Our data show that MMP9 and MMP13 synergize during endochondral
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ossification. These MMPs may first act to degrade aggrecan in the hypertrophic zone of

the growth plate, making Col2 accessible to cleavage by MMP13. MMP9 may then act

downstream to clear denatured collagen cleavage products generated by MMP13.

Although MMPs have not been considered to be the major aggrecanases (Arner 2002;

Malfait et al. 2002), our data suggest that they do contribute to the physiological and

developmental turnover of aggrecan in this region. Our studies in mice that lack both

MMP9 and MMP13 support the hypothesis that MMP9 and MMP13 act synergistically to

degrade the LTS. And although cathepsins also produce degradation fragments identical

to those created by MMP-mediated cleavage of aggrecan (Mort et al. 1998), our data

from the Mmp9–/–;Mmp13–/– mice show that these MMPs are major proteinases involved

in degradation of aggrecan in the growth plate.

Double null mice have a dramatic accumulation of hypertrophic cartilage

accompanied by loss of normal growth plate architecture. The bone phenotype of

Mmp9–/– mice was dominant in the Mmp9–/–;Mmp13–/– mice; these animals displayed less

trabecular bone and delayed bone marrow cavity formation. MMP9 has important roles in

osteoclast and osteoblast recruitment and function (Colnot et al. 2003), as well

endothelial progenitor mobilization (Hattori et al. 2003; Heissig et al. 2003).

Nevertheless, the resolution of the phenotypes that occurs after several months indicates

other processes are able to compensate in the absence of MMP9 and MMP13. However,

this compensation is stochastic and incomplete, as the bones that do form are shorter and

misshapen when compared with wild-type.
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How does ECM turnover relate to angiogenesis?

Chondrocyte differentiation and bone formation are tightly coupled in a process

that involves chondrocyte apoptosis, cartilage matrix remodeling and vascular invasion.

A number of previous studies have focused on angiogenesis as the critical step in the

process. However, chondrocyte apoptosis can be uncoupled from vascularization, as

inactivation of galectin-3 leads to precocious hypertrophic chondrocyte death without an

alteration in angiogenesis (Colnot et al. 2001). Removal of angiogenic stimuli by ablating

VEGF from hypertrophic chondrocytes (Maes et al. 2002; Zelzer et al. 2004) or by

blocking VEGF receptors (Gerber et al. 1999) results in expansion of the hypertrophic

cartilage zone. Likewise, angiogenesis may be uncoupled from ECM remodeling because

the process of inhibiting VEGF function also inhibits VEGF-dependent recruitment of the

MMP9-expressing osteoclasts needed to promote ECM remodeling (Gerber et al. 1999).

However, in both the Mmp13–/– and Mmp9–/– mice, osteoclast recruitment still occurs,

but, as the ECM degradation is decreased, in parallel the vasculature recruitment keeps

pace with the slower rate of endochondral ossification. These observations suggest that

degradation of the cartilage ECM creates a permissive environment for blood vessels to

invade. Cleaving of ECM molecules could merely create a passage-way for invading

blood vessels that otherwise would not be able to penetrate the dense cartilage matrix.

Alternatively, cleaving of matrix molecules could make angiogenic factors accessible.

Remodeling of the cartilage matrix is likely the rate-limiting step as it depends on

degradation of its most abundant component, fibrillar collagen.
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Insights from human skeletal disorders

The importance of matrix components in maintaining structural integrity and

function of cartilage, as well as the role of the cartilage matrix in the differentiation

process of its cellular components is well known. Genetic defects in humans and targeted

mutagenesis in mice have demonstrated that aberrant assembly of cartilage matrix can

lead to severe impairment of endochondral ossification (for review see (Aszodi et al.

2000)). SEMD is a heterogeneous group of human skeletal disorders characterized by

defective growth and modeling of the long bones, which in most cases is caused by

mutations in cartilage matrix proteins such as Col2 (Tiller et al. 1995; Borochowitz et al.

2004). The Missouri variant of SEMD (Gertner et al. 1997) is caused by to a point

mutation in MMP13 (Kennedy and A. 2003). As is the case in our Mmp13–/– mice, the

human phenotype is developmental and is ameliorated with age. This is evidence that

proper endochondral ossification requires not only assembly of cartilage collagens but

also their degradation.
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Chapter 3:

Matrix metalloproteinase 13 is required for skeletal healing by both endochondral and

intramembranous ossification
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3.1. Introduction

The process of skeletal repair resembles the process of fetal skeletal development:

during healing much of the initial developmental program is conserved, from the various

cell types involved to the genetic mechanisms regulating cell differentiation ((Ferguson et

al. 1999; Uusitalo et al. 2000), (Vortkamp et al. 1998)). As in development, healing by

endochondral ossification begins with the production of cartilage at the injury site.  The

chondrocytes of this tissue deposit an extracellular matrix (ECM) comprised of type II

collagen (Col2), then differentiate to hypertrophy and deposit a matrix largely comprised

of type X collagen (Col10).  This matrix is then partially mineralized, resorbed and

replaced by a predominantly type I collagen (Col1) matrix through the action of invading

osteoblasts and osteoclasts.  Osteoblasts and osteoclasts – cells whose development and

function are intimately linked – continue to remodel this tissue into mature bone.  For

defects that heal via intramembranous ossification, repair again recapitulates skeletal

development in that mesenchymal precursors recruited to the site of injury differentiate

only along an osteoblastic lineage and produce both compact and spongy bone in the

absence of cartilage production ((Thompson et al. 2002), (Colnot et al. 2003)).

Skeletal elements are rich in ECM and the remodeling of this ECM is central to

both development and repair ((Uusitalo et al. 2000) (Colnot et al. 2003)).  Many of the

same ECM proteases are used in both processes and may determine their rate and

effectiveness (Henle et al. 2005).  The matrix metalloproteinases (MMPs), a family of

zinc-dependent cysteine proteinases, have been studied extensively in bone development

((Vu et al. 1998), (Holmbeck et al. 1999), (Stickens et al. 2004), (Inada et al. 2004),

(Ortega et al. 2005), (Egeblad et al. 2007)).  Studies attesting to the importance of
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MMP13 during bone development have demonstrated its role in promoting both the

resorption of hypertrophic cartilage from the growth plate and remodeling of newly

deposited trabecular bone during endochondral bone development ((Stickens et al. 2004),

(Inada et al. 2004)).  This information, in addition to other work pointing to the

requirement for proteases necessary in bone development for bone repair ((Yamagiwa et

al. 1999), (Uusitalo et al. 2000), (Colnot et al. 2003), (Lehmann et al. 2005)), led us to

ask whether MMP13 also plays a crucial role during repair.

3.2. Materials and Methods

Unstabilized and stabilized fractures

Unstabilized and stabilized fractures were produced as previously described

(Colnot et al. 2003).  Mmp13–/– mice (males, 3-6 months old; 30-35 grams (g)) and their

wild-type (WT) littermates were anesthetized with an intraperitoneal injection of 50

mg/ml Ketamine/0.5 mg/ml Medetomidine (0.03 ml/mouse). Closed, standardized

unstabilized fractures were produced following protocols approved by the Institutional

Animal Care and Use Committee at UCSF  as described previously (Colnot et al. 2003).

For stabilized fractures, an external fixator device was placed as previously described

((Thompson et al. 2002)).  Mice were sacrificed by cervical dislocation following an

intraperitoneal injection of 2% Avertin (0.5 ml/mouse).  Unstabilized fractures were

collected at 5 (WT n = 6, Mmp13-/- n = 8), 7 (WT n = 6, Mmp13-/- n = 6), 10 (WT n = 8,

Mmp13-/- n = 6), 14 (WT n = 8, Mmp13-/- n = 6), 21 (WT n = 6, Mmp13-/- n = 6), 28 (WT

n = 8, Mmp13-/- n = 6 ), and 56 (WT n = 5, Mmp13-/- n = 4 ) days post-fracture. Stabilized

fractures were collected at 10 (WT n = 3, Mmp13-/- n = 14) and 28 (WT n = 9, Mmp13-/- n
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= 12) days post-fracture.

Bone marrow transplantation

10-week-old male Mmp13-/- mice were lethally irradiated with two 6 Gy doses of

g-irradiation 3-4 hours apart. Wild-type, Mmp13-/- and β-actin GFP bone marrow cells

were obtained by flushing the cavity of freshly dissected syngenic adult femurs, tibias

and humeri with RPMI1640 medium.  Red blood cells were lysed and the remaining

flushed cells were dispersed by pipetting, washed, and resuspended in PBS at 5x107

nucleated cells/ml.  1x107 cells in 200 ml were administered by tail vein injection to

irradiated Mmp13-/- mice.  Transplanted mice were allowed to recover for 6 weeks with

neomycin at 2 mg/ml added to their water during the first week post-

irradiation/transplant. Unstabilized fractures were then produced in transplanted mice as

described above. Closed non-stabilized tibial fracture tissues were collected at 14

(WT→Mmp13-/- n = 6, Mmp13-/-→Mmp13-/- n = 5, GFP-/-→Mmp13-/- n = 2) and 28

(WT→Mmp13-/- n = 7, Mmp13-/-→Mmp13-/- n = 4, GFP-/-→Mmp13-/- n = 2) days post-

fracture and processed for histological analyses.

Cortical defects

Cortical defects were produced as previously described ((Lu et al. 2004), (Colnot

et al. 2005)).  Each mouse (males, 3-6 months old) received a 1.0 mm drill defect through

one cortex of the anterior-proximal tibia. Samples were collected at 21 (WT n = 5,

Mmp13-/- n = 6) and 28 (WT n = 6 WT, Mmp13-/- n = 6) days post-surgery and processed

for paraffin embedding.  Longitudinal sections parallel to the plane of the defect were
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collected and processed for histological analyses.

Histology and immunohistochemistry

Under RNase-free conditions, callus tissues were fixed overnight at 4°C in 4%

paraformaldehyde, decalcified at 4°C in 19% EDTA (pH 7.4) for 10-14 days, then

dehydrated in a graded ethanol series and embedded in paraffin. The entire callus was

sectioned (10 mm thick), and adjacent sections were analyzed using a variety of

histological and cellular analyses. Safranin-O/Fast Green (SO) staining was performed to

detect cartilage formation as described (Thompson et al. 2002).  Trichrome (TC) staining

was performed to analyze bone formation in the fracture callus. Tartrate resistant acid

phosphatase (TRAP) staining was performed using a leukocyte acid phosphatase kit

(Sigma, St. Louis, MO) as previously described (Colnot et al.). Immunohistochemistry

for platelet endothelial cell adhesion molecule (PECAM) was done as previously

described ((Vu et al. 1998), (Colnot et al. 2003)).  Immunohistochemistry for the DIPEN

epitope was performed as described previously (Stickens et al. 2004).

Immunohistochemistry for green fluorescent protein (GFP) was performed on decalcified

frozen sections collected from Mmp13-/- mice transplanted with bone marrow from β-

actin-GFP mice.  8 mm sections were cut on a cryostat (Leica Microsystems GmbH,

Wetzler, Germany).  Slides were equilibrated at room temperature, treated with

0.3%H2O2 in methanol, digested with ficine (Zymed, South San Francisco, CA), and

blocked with 5% milk in PBS and 5% normal goat serum in PBS.  Antibody staining was

done using rabbit anti-GFP antibody (Abcam, Cambridge, MA) followed by goat anti-
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rabbit secondary antibody conjugated to horseradish peroxidase.  Slides were developed

with diaminobenzidine and counterstained with 0.1% fast green.

In situ hybridization

In situ hybridization was performed using mouse cDNAs for Mmp13, Col1

(Col1a1 – Mouse Genome Informatics), Mmp9, Col10 (Col10a1 – Mouse Genome

Informatics), Vegf (Vegfa – Mouse Genome Informatics), Oc (Tcirg1 – Mouse Genome

Informatics) and Col2 (Col2a1 – Mouse Genome Informatics) as previously described

(Colnot and Helms 2001). Sections were de-waxed, fixed in 4% PFA, treated with 20.0

mg/ml proteinase K, fixed with 4% PFA, incubated in 0.1% sodium borohydride/PBS

and acetylated in a solution of 0.1 M triethanolamine-HCl. Sections were then hybridized

with 35S-labeled denatured probes overnight at 45°C. Sections were then washed in

5xSSC containing 20 mM β-mercaptoethanol at 45°C, then in 50% formamide containing

2xSSC at 45°C, followed by a wash in 2xSSC, and lastly in 0.1xSSC at room

temperature. Sections were then dehydrated in a graded ethanol series. Emulsion coating

was performed as described (Albrecht 1997).  Image analyses were performed as

described previously (Ferguson et al. 1999).

Histomorphometric measurements

Histomorphometry on fracture samples was performed as previously described

((Colnot et al. 2003), (Lu et al. 2005)).  To determine the amount of cartilage within each

callus, sections were stained with SO/FG every 100 mm and images of each section were
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photographed using a Leica DM 5000 B light microscope interfaced to a digital camera.

To determine the amount of bone within each callus, sections were stained with TC every

100 mm and images of each section were photographed. Images were imported into

Adobe PhotoShop, and the software was used to quantify the area of the callus, cartilage

and bone (stained with the Aniline Blue component of the TC stain). The areas of the

callus and the bone were both determined empirically in a double-blinded manner, and

checked by an independent investigator.  To determine the proportion of compact versus

spongy bone in each callus, the Aniline Blue-stained area of bone from each image was

divided into bone that was spongy in appearance versus bone that was compact in

appearance (Steele 1988) and the software was used to determine the areas of each of

these regions.

For cortical defect samples, sections were stained with TC every 100 mm and

images of each section were photographed at 5x magnification. For each sample, the 2

images determined most central within the defect were selected for measurement.

Images were imported into Adobe PhotoShop and a standard box (2” x 2”) was used to

select the area from the center of the defect from each picture, including the damaged

cortical region and underlying bone marrow space only.  The software was used to

quantify the area of compact bone and spongy bone (stained with the Aniline Blue

component of the TC stain) within each standard box for each sample. The areas of the

defect and repair were determined empirically in a double-blinded manner and checked

by an independent investigator. These data were used to calculate the ratios of compact

repair/defect volume and spongy repair/defect volume for each sample.
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Statistical analyses

For unstabilized fracture studies, Wilcoxon rank sum tests were used at each time

point to examine whether differences between WT and Mmp13-/- samples in cartilage,

callus, and bone volumes were statistically significant (  < 0.05). Bonferroni adjustments

were performed.  For bone marrow transplant and cortical defect studies,

histomorphometry data was analyzed using GraphPad Prism 4 by one-way analysis of

variance (ANOVA) followed by Bonferroni corrected t-test for data sets where ANOVA

p < 0.05.

3.3. Results

Mmp13 is expressed in the unstabilized fracture callus

We first established which cells express Mmp13 during unstabilized fracture

healing by endochondral ossification. We performed in situ hybridization analyses on

histological sections through unstabilized fracture calluses from wild-type mice using

probes for Mmp13 and a number of cell type-specific marker genes (Fig. 1).  At 3 days

post-fracture, we observed Mmp13 expression in regions of activated periosteum also

expressing Col1 (data not shown).  Likewise, at 6 days post-fracture, Mmp13 was

confined to Col1-positive and Oc-negative portions of the periosteum, suggesting Mmp13

is expressed during the early stages of healing by immature osteoblasts (Fig. 1A-D and

data not shown). The Mmp13 expression pattern differed from the Mmp9 expression

pattern, indicating that Mmp13 was not upregulated in newly recruited osteoclasts (Fig.

1A-D).  At 10 days post-fracture, Mmp13 expression overlapped with Col10- and Vegf-

expressing cells, indicating that Mmp13  is expressed by hypertrophic and late
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hypertrophic chondrocytes (Fig. 1E-H).  At 14 days post-fracture, Mmp13 expression co-

localized with Col1- and Oc-expressing cells, suggesting that by this timepoint Mmp13 is

expressed in both immature and mature osteoblasts within the callus (Fig. 1I-L). Mmp13

expression was detected in osteoblasts throughout the remodeling phase of healing (Fig.

1A-D and data not shown).  These results show that the expression pattern of Mmp13 in

both cartilage and bone tissues during fracture healing parallels that during development

via endochondral ossification ((Engsig et al. 2000), (Colnot and Helms 2001), (Stickens

et al. 2004)) and suggest that MMP13 may play a role in both cartilaginous and bony

tissues during fracture healing.

Mmp13-/- mice display an accumulation of cartilage during unstabilized fracture healing

but cartilage differentiation to hypertrophy is normal

Cartilage begins to develop in the unstabilized fracture callus by days 3 to 7 post-

fracture (soft callus phase), peaks at day 10, is being remodeled/removed by day 14 (hard

callus phase) and is fully resorbed by day 28 (remodeling phase; (Colnot et al. 2003).  To

study the effect of MMP13 deficiency on this process, we created closed, unstabilized

fractures in wild-type and Mmp13-/- adult mice and examined the timing of cartilage (Fig.

2A) and bone formation (Fig. 4A) throughout the healing process.  Safranin O/Fast Green

(SO/FG) stained serial sections revealed that a larger amount of cartilage was present at

day 7 in Mmp13-/- calluses. Cartilage accumulation peaked by day 10 post-fracture, but it

persisted at day 14 in Mmp13-/- calluses; this suggests that, while the initial accumulation

of cartilage may be slightly accelerated in the absence of MMP13, subsequently, the

formation of cartilage is normal in Mmp13-/- calluses, but its remodeling and removal are
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Figure 1. Mmp13 expression during unstabilized fracture healing.  (Left column)

Safranin-O/Fast Green (SO/FG) stained sagittal sections through the wild-type callus at 6

and 10 days post-fracture and Trichrome (TC) stained sagittal section through the wild-

type callus at 14 days post-fracture. Cartilage (red) develops during the soft callus phase

of healing (A), is resorbed during the hard callus phase (E) and is replaced by bone (blue,

I).  (Middle/Right column) In situ hybridization analyses of Mmp13 expression and

osteoblast/chondrocyte differentiation markers.  (B-D) At 6 days post-fracture, Mmp13 is

expressed in the callus in the same cells that express Col1 but not Mmp9  (early

osteoblasts).  (F-H) At day 10, Mmp13 mRNA is detected in the same cells that express

Col10 but not VEGF (hypertrophic chondrocytes).  (J-L) At day 14, Mmp13 is expressed

in the same cells that simultaneously express Col1 and Oc (mature osteoblasts). All scale

bars = 1 mm.
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delayed.

Histomorphometric analyses showed that, while there was no significant

difference in total callus volume between wild-type and Mmp13-/- samples at any time

point examined (Fig. 2B), there was a significantly greater volume of cartilage and a

significantly greater volume of cartilage as a proportion of total callus volume in Mmp13-

/- calluses at 7 (p < 0.01; WT n = 6, Mmp13-/- n = 6), 14 (p < 0.05; WT n = 8, Mmp13-/- n

= 6) and 21 (p < 0.05; WT n = 8, Mmp13-/- n = 6) days post-fracture. Examination of the

percentage of samples that exhibited cartilage at 21 and 28 days post-fracture confirmed

the delay in cartilage removal in Mmp13-/- calluses.  At day 21, all Mmp13-/- calluses

contained cartilage, while only one third of wild-type calluses were comprised of

cartilage at this timepoint.  At day 28 (WT n = 6, Mmp13-/- n = 6), cartilage was still

present in one third of Mmp13-/- calluses but was never observed in wild-type samples.

To characterize the differences observed during the early stages of healing, we

analyzed Col2 expression in fracture calluses at day 5 by in situ hybridization. We did not

detect an acceleration in the initial differentiation of chondrocytes in Mmp13-/- calluses as

compared to wild-type (data not shown), suggesting that the difference in cartilage

volume observed by day 7 was transient.  We next examined the timing of chondrocyte

hypertrophy in the Mmp13-/- calluses by investigating Col10 expression (Fig. 3A). The

proportion of Col10-expressing chondrocytes was comparable between wild-type and

Mmp13-/- calluses at day 10 post-fracture and increased by day 14, suggesting that

chondrocyte hypertrophy was not delayed in the absence of MMP13. These studies

demonstrate that the absence of MMP13 did not affect the overall amount of cartilage

produced in the callus or its differentiation to hypertrophy, but did affect the removal of
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Figure 2. Mmp13-/- mice display an accumulation of cartilage during unstabilized

fracture healing. (A) SO/FG staining of wild-type and Mmp13-/- fracture callus at 7, 10,

14, and 21 days post-fracture shows that cartilage persists in the Mmp13-/- callus through

21 days post-fracture. Scale bar = 1 mm. (B) Histomorphometric measurements of total

callus volume (TV), total cartilage volume (CV) and total cartilage volume as a

proportion of total callus volume (CV/TV) in wild-type and Mmp13-/- mice  at day 7 (WT

n = 6, Mmp13-/- n = 6), 10 (WT n = 8, Mmp13-/- n = 6), 14  (WT n = 8, Mmp13-/- n = 6),

21 (WT n = 6, Mmp13-/- n = 6) and 28 (WT n = 6, Mmp13-/- n = 6). There is a statistically

significant increase in total cartilage volume in Mmp13-/- calluses compared with wild-

type at day 7 (**p < 0.01), 14 (*p < 0.05) and 21 (*p < 0.05).  There is a statistically

significant increase in total cartilage volume as a proportion of total callus volume in

Mmp13-/- calluses compared with wild-type at day 7 (**p < 0.01), 14 (*p < 0.05) and 21

(*p < 0.05).  Wilcoxon test, bars represent means ± S.D.
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hypertrophic cartilage.

To understand the basis for this delayed hypertrophic cartilage removal, we

examined angiogenesis and extracellular matrix (ECM) remodeling, two key components

of endochondral ossification (Fig. 3B; (Colnot et al. 2003), (Stickens et al. 2004), (Ortega

et al. 2005), (Egeblad et al. 2007)).  Platelet endothelial cell adhesion molecule (PECAM)

immunostaining (left column) demonstrated that the observed delay in cartilage

remodeling/removal was not due to delayed vascular invasion into the Mmp13-/- callus.

Staining for tartrate acid phosphatase (TRAP)-positive cells (middle column)

demonstrated the delay was also not due to delayed osteoclast recruitment into the

Mmp13-/- callus.  We next stained for an epitope of aggrecan, the major proteoglycan the

cartilage ECM (Doege 1999) which is degraded during the very last stages of

chondrocyte differentiation/removal (Lee et al. 1999). Cleavage of aggrecan by MMPs,

as assessed by DIPEN epitope immunostaining ((Singer et al. 1995); right column),

decreased in the Mmp13-/- callus indicating that processing of the cartilage ECM in the

Mmp13-/- callus was delayed.

Mmp13-/- mice have increased bone density during unstabilized fracture healing

Since hypertrophic cartilage remodeling is necessary for the replacement of

cartilage by bone during healing (Colnot et al. 2003), we asked whether delayed removal

of hypertrophic cartilage affects ossification of the fracture callus in Mmp13-/- mice.

Histomorphometric analyses revealed a significantly smaller bone volume in Mmp13-/-

samples at day 7 post-fracture (Fig. 4B; p < 0.05), suggesting that the increase in cartilage

formation at this early time point may have compromised the initial stages of bone
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Figure 3. (A ) Overlay of Safranin-O/Fast Green stained sections with in situ

hybridization for Col10 (yellow) shows a delay in hypertrophic chondrocyte removal in

the Mmp13-/- callus at day 14. Scale bar = 1 mm. (B) Cellular analyses of wild-type and

Mmp13-/- calluses at day 14 show that vascular invasion (left column, PECAM

immunohistochemistry) and osteoclast invasion (middle column, TRAP staining) are

unperturbed in the Mmp13-/- callus while aggrecan cleavage by MMPs (right column,

DIPEN epitope immunohistochemistry) may be reduced in the Mmp13-/- callus. Scale bar

= 1 mm.



85



86

formation.  At later stages of repair, when new bone is being actively remodeled in wild-

type calluses, Mmp13-/- calluses had significantly greater callus bone volume and a

significantly greater bone volume as a proportion of total callus volume both at days 28

and 56 post-fracture (p < 0.01 for both parameters; d56 WT n = 5, Mmp13-/- n = 4).

By histological examination (Fig. 4A) we observed that spongy bone appeared to

accumulate in Mmp13-/- calluses while the reconstitution of the bone marrow cavity was

more advanced in wild-type calluses (day 28, middle column; day 56, right column).

Histomorphometric analyses performed on the volumes of new bone in wild-type and

Mmp13-/- calluses at 21 and 28 days post-fracture confirmed differences in the spongy

and compact bone in Mmp13-/- calluses.  At 28 days post-fracture, there was a

significantly greater volume of spongy bone in Mmp13-/- calluses as compared to wild-

type (Fig. 4C).  By contrast, there was no significant difference observed in compact

bone volume, regardless of timepoint or genotype.  Taken together, these results suggest

that the increased bone volume observed in the Mmp13-/- unstabilized fracture callus is a

result of an increase in the spongy bone of the callus.

WT bone marrow-derived cells do not rescue the Mmp13-/- unstabilized fracture healing

phenotype

Osteoclasts are the major bone resorbing cells. Since other cells in the monocyte

/macrophage lineage can express MMP13 (Fallowfield et al. 2007), we wanted to

determine whether the observed defects in cartilage and bone during unstabilized fracture

healing was due to a lack of Mmp13 expressed by osteoblasts and hypertrophic

chondrocytes or a lack of this protease normally supplied by cells of hematopoietic
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Figure 4. Mmp13-/- mice display increased bone volume during unstabilized fracture

healing. (A) Masson’s Trichrome staining of wild-type and Mmp13-/- unstabilized fracture

calluses at 21, 28 and 56 days post-fracture shows an increase in newly formed bone in

the Mmp13-/- callus during later healing timepoints. Scale bar = 1 mm. (B)

Histomorphometric measurements of total bone volume (BV) and total bone volume as a

proportion of total callus volume (BV/TV) in wild-type and Mmp13-/- mice  at day 7 (WT

n = 6, Mmp13-/- n = 6), 10 (WT n = 8, Mmp13-/- n = 6), 14  (WT n = 8, Mmp13-/- n = 6),

21 (WT n = 6, Mmp13-/- n = 6), 28  (WT n = 6, Mmp13-/- n = 6) and 56 (WT n = 5,

Mmp13-/- n = 4) confirm this observation. There is a statistically significant decrease in

total bone volume in Mmp13-/- calluses compared with wild-type at day 7 (*p < 0.05) but

a statistically significant increase in total bone volume in Mmp13-/- calluses compared

with WT at day 28 (**p < 0.01).  There is a statistically significant increase in total bone

volume as a proportion of total callus volume in Mmp13-/- calluses compared with wild-

type at day 28 (*p < 0.05) that is still present at day 56 (*p < 0.05).  Wilcoxon test, bars

represent means ± S.D. (C) Histomorphometric measurements of total compact bone

volume and total spongy bone volume in unstabilized fracture calluses at day 21 and

28.There is a statistically significant difference in total spongy bone volume in the callus

in Mmp13-/- calluses compared with wild-type at day 28 (**p < 0.01). Bonferroni

corrected t-test, bars represent means ± SD.
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origin.  To distinguish the effects of the Mmp13 mutation  on osteoblasts and

chondrocytes from its effects on osteoclasts, we asked whether transplantation of wild-

type bone marrow could rescue the Mmp13-/- phenotype.  Mmp13-/- mice were lethally

irradiated and transplanted with bone marrow from syngeneic wild-type or Mmp13-/-

mice. After an engraftment period, we created closed unstabilized fractures in the tibiae

of the transplant recipients. In this model, mesenchymal cells including chondrocytes and

osteoblasts are contributed by the Mmp13-/- host, while cells derived from the

hematopoietic compartment including osteoclasts are contributed by the donor (Colnot et

al. 2006).  To confirm this, we performed bone marrow transplantation on Mmp13-/- mice

using bone marrow from mice on the same FVB/N background that were expressing

green fluorescent protein (GFP) under the control of the β-actin promoter.  Sections of

unstabilized fracture calluses from these GFPMmp13-/- mice, collected 14 and 28 days

post-fracture, were immunostained for GFP (Fig. 5A).  These analyses confirmed that

while the bone marrow of GFPMmp13-/- mice was GFP-positive and thus, donor

derived (Fig. 5A, left panel), both the chondrocytes in the day 14 callus (middle panel)

and the osteoblasts embedded in the day 28 callus (right panel) were GFP-negative, and

thus, host derived.  We then examined the effects of bone marrow transplantation on the

Mmp13-/- unstabilized fracture phenotype in the cartilage at day 14 post-fracture and in

the bone at day 28 post-fracture.  By histology, the calluses of Mmp13-/- mice transplanted

with wild-type bone marrow (WTMmp13-/-mice) were indistinguishable from the

calluses of Mmp13-/-mice transplanted with Mmp13-/-bone marrow (Mmp13-/-Mmp13-/-

mice) at 14 and 28 days post-fracture (Fig. 5B).  Histomorphometric analyses confirmed

that there was no statistically significant difference in the proportion of cartilage in the
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callus at 14 days post-fracture (WT→Mmp13-/- n = 6, Mmp13-/→Mmp13-/- n = 5), or in

the proportion of bone in the callus at 28 days post-fracture between WTMmp13-/- and

Mmp13-/-Mmp13-/- mice (WT→Mmp13-/- n = 7, Mmp13-/→Mmp13-/- n = 4); Fig. 5C).

These results show that MMP13-competent hematopoietically derived cells – ostensibly,

osteoclasts – are insufficient to rescue the phenotype observed in the cartilage and bone

compartments of the Mmp13-/- unstabilized fracture callus. This points to an intrinsic

defect in chondrocytes and/or osteoblasts as the source of the Mmp13-/- healing

phenotype.

Mmp13 is required for healing by intramembranous ossification

To differentiate the consequences of the Mmp13-/-mutation on cartilage and bone

during repair, we examined healing via intramembranous ossification in fractures that

were stabilized with a rigid external fixator ((Thompson et al. 2002), (Colnot et al. 2003))

and in a cortical defect model ((Lu et al. 2004), (Colnot et al. 2005)).  WT and Mmp13-/-

mice that received stabilized fractures were examined at 10 and 28 days post-fracture

(Fig. 6A).  Unlike the Mmp9-/- mice, which display aberrant cartilage formation at 10

days post-fracture (Fig. 6A bottom left panel and (Colnot et al. 2003)), Mmp13-/-

stabilized fracture calluses (middle left panel) did not display cartilage and were

comparable to wild-type (top left panel; WT n = 3, Mmp13-/- n = 14).  At 28 days post-

fracture, histological analyses indicated that Mmp13-/- stabilized fracture calluses (middle

right panel), were larger and had an contained more bone as compared to wild-type (WT

n = 9, Mmp13-/- n = 12).  Since differences in callus sizes and bone content may result

from variability in the alignment of bone ends at the fracture site, we turned to another
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model of intramembranous bone healing for quantification. During healing of cortical

defects in long bones, no cartilage is formed ((Lu et al. 2004), (Colnot et al. 2005)).

Healing produces new compact bone to repair the damaged cortical bone as well as

spongy bone in the marrow space underlying the cortical defect which is eventually

remodeled and removed ((Roberts 1988), (Colnot et al. 2005)).  Cortical defects were

produced in wild-type and Mmp13-/- mice and assessed at 21 or 28 days by histology and

histomorphometry.  SO/FG staining confirmed that no cartilage formed during the repair

process regardless of genotype or timepoint examined (data not shown).  TC staining

pointed to an increased amount of spongy bone formation in Mmp13-/- mice as compared

to wild-type at 21 and 28 days post-injury (Fig. 6B).  Histomorphometric analyses of

these samples confirmed that while there was no measurable difference in the volume of

compact bone produced, there was a significant increase in the volume of spongy bone

produced during repair in Mmp13-/- mice as compared to wild-type at 21 (p < 0.05; WT n

= 5, Mmp13-/- n = 6) and 28 (p < 0.05; WT n = 6, Mmp13-/- n = 6) days post-surgery.

These results indicate that the defects observed during late stages of cortical defect

healing are similar to the bone remodeling defects observed in unstabilized fractures.

Therefore the Mmp13-/--mutation affected cartilage and bone remodeling independently

during fracture repair.
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Figure 5. Transplant of WT bone marrow does not rescue the Mmp13-/- unstabilized

fracture healing phenotype.  (A) Histological examination of tissues from Mmp13-/- mice

transplanted with bone marrow from β-actin-GFP mice (GFPMmp13-/- mice) by

immunostaining for GFP.  (Left panel) Bone marrow cells are positive for GFP (black

staining) showing they are donor-derived. (Middle panel) Chondrocytes in the

unstabilized fracture callus at day 14 do not stain for GFP, showing they are host-derived.

(Right panel) Osteocytes embedded in the bone of the unstabilized fracture callus at day

28 do not stain for GFP, showing they are host-derived.  Scale bar = 50 µm. (B, Left

column) SO/FG staining of unstabilized fracture calluses from Mmp13-/- mice

transplanted with WT bone marrow (WT  Mmp13-/-) and Mmp13-/- mice transplanted

with Mmp13-/- bone marrow (Mmp13-/-   Mmp13-/-) at 14 days post-fracture show no

difference in cartilage volume by histology (WT→Mmp13-/- n = 6, Mmp13-/-→Mmp13-/- n

= 5). (Right column) Masson’s Trichrome staining of unstabilized fracture calluses from

Mmp13-/- mice transplanted with WT bone marrow (WT  Mmp13-/-) and Mmp13-/- mice

transplanted with Mmp13-/- bone marrow (Mmp13-/-  Mmp13-/-) at 28 days post-fracture

shows no difference in bone volume by histology (WT→Mmp13-/- n = 7, Mmp13-/-

→Mmp13-/- n = 4). Scale bar = 1 mm. (C) Histomorphometric analyses of total cartilage

volume as a proportion of total callus volume (CV/TV; day 14) and total bone volume as

a proportion of total callus volume (BV/TV; day 28) demonstrate no significant

difference between WT Mmp13-/- and Mmp13-/-   Mmp13-/- animals, suggesting that

bone marrow transplant does not rescue the Mmp13-/ unstabilized fracture healing

phenotype. Bonferroni corrected t-test, bars represent means ± SD.
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3.4. Discussion

MMP13 is required for cartilage resorption

Previous studies have revealed a mechanistic link between fetal skeletal

development and adult skeletal repair ((Uusitalo et al. 2000), (Colnot et al. 2003)). Much

of adult skeletal repair recapitulates early skeletal development, including the cells,

molecules and pathways involved ((Ferguson et al. 1999), (Uusitalo et al. 2000),

(Vortkamp et al. 1998)). The critical involvement of MMP13 during skeletal

development was previously established (Stickens et al. 2004); our study has provided

further evidence for the importance of MMP13 activity during skeletal repair which is

both complementary to and unique from its role during development. We demonstrate

here that the absence of MMP13 does not affect the overall amount of cartilage produced

in the callus during unstabilized fracture healing, but rather affects the removal of

hypertrophic cartilage from the callus.  This is reminiscent of skeletal development in the

absence of MMP13, where an accumulation of hypertrophic cartilage results from its

delayed removal from the endochondral growth plate (Stickens et al. 2004). As such, it is

then not surprising that the expression pattern observed for Mmp13 during unstabilized

fracture healing – with respect to the time and cell types in which it is expressed –

correlates with the expression pattern of Mmp13 during development via endochondral

ossification ((Engsig et al. 2000), (Colnot and Helms 2001), (Stickens et al. 2004)).

Our results revealed no disruption in the invasion of mature osteoclasts or blood

vessels, two events essential for proper and timely resorption of endochondral cartilage

((Gerber and Ferrara 2000), (Vu et al. 1998), (Engsig et al. 2000), (Colnot et al. 2003),

(Weizmann et al. 2005)) during healing. These results stand in contrast to other studies
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Figure 6. MMP13 is required for normal healing by intramembranous ossification (A,

Left column) Safranin-O/Fast Green stain of stabilized fracture calluses at day 10 post-

fracture show that unlike Mmp9-/- mice, no cartilage is formed during stabilized fracture

healing in Mmp13-/-mice (n = 9).  (Right column) At day 28, stabilized fracture calluses

in Mmp13-/- mice (n = 12) appear to have increased bone volume as compared to WT (n =

14) by histology. Scale bar = 1 mm. (B) Masson’s Trichrome staining of cortical defect

samples at 21 and 28 days post-surgery suggests that there is an increase in bone

formation during healing in Mmp13-/-mice. Labels designate cortical (C) and spongy (S)

regions of defect. box demarcates area of defect measured by histomorphometry. Scale

bar = 500 µm.  Histomorphometric analyses of WT (d21 n = 5, d28 n = 6) and Mmp13-/-

(d21 n = 6, d28 n = 6) cortical defect samples confirm that there is an increase in spongy

bone volume (SV/DV) but not compact volume (CoV/DV) in the defect area measured at

day 21  and 28 (*p < 0.05) in Mmp13-/- as compared to WT.  Bonferroni corrected t-test,

bars represent means ± SD.
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which have reported delays in the recruitment of vasculature and cartilage matrix-

resorbing cells to the site of injury in the absence of MMP13 (Kosaki et al. 2007).

However, it should be noted that these authors purported to examine MMP13 during

stabilized fracture repair; however in their model all fractures (including those performed

on wild-type controls) healed by endochondral ossification.  This suggests that their

studies were done in an improperly executed stabilized fracture model, such that despite

the use of external fixators this repair process did not proceed through intramembranous

ossification, as is the established standard for this model ((Thompson et al. 2002),

(Colnot et al. 2003)).

Consistent with our observations, providing a source of wild-type osteoclasts by

bone marrow transplant did not rescue the Mmp13-/- repair phenotype;  this is distinct

from the Mmp9-/- phenotype where the delay in cartilage resorption during fetal bone

development was rescued by transplant of wild-type bone marrow (Vu et al.).  These

results suggest a role for MMP13 upstream of vascular invasion and osteoclast

recruitment in the process of hypertrophic cartilage remodeling.  The observed decrease

in aggrecan cleavage in the absence of MMP13 activity suggests impaired degradation of

the cartilage ECM in Mmp13-/- mice, which slowly resolves over time. Thus, MMP13

produced by hypertrophic chondrocytes appears to be directly involved in the initiation of

hypertrophic cartilage degradation, independent from MMP9 and the recruitment of

matrix resorbing cells and blood vessels.



98

MMP13 is required in bone remodeling

Skeletal elements formed by both endochondral and intramembranous ossification

have spongy and compact compartments (Steele 1988).  Spongy bone is comprised of

trabeculae and is lower in density and strength than compact bone, which often forms the

hard, dense outer layer of skeletal elements.  The perturbations we observed in Mmp13-/-

bones in a variety of repair scenarios were restricted to the areas of spongy bone, much

like those observed in Mmp13-/- bones during development:  increases in bone density

were observed in the trabeculae of long bones, but the cortices and endostea of these

elements – areas of compact bone – were unaffected (Stickens et al. 2004).

Unlike development, where MMP13 activity is required for the formation of

endochondral but not intramembranous bone, our observations suggest that its proteolytic

activity is required during repair regardless of the type of ossification involved.

Examinations of stabilized fracture and cortical defect healing – two repair processes that

happen exclusively by intramembranous ossification ((Thompson et al. 2002), (Colnot et

al. 2003), (Berglundh et al. 2003), (Lu et al. 2004), (Colnot et al. 2005)) – reveal a role

for MMP13 in the timely resorption of the transient compartments of spongy bone

formed during these healing processes.

These results, in addition to data suggesting that MMP13-deficient mesenchymal

precursor cells are impaired in their ability to differentiate into fully-mature osteoblasts

(D. Behonick, unpublished observations), support the idea that the bone defect observed

during adult skeletal repair in the absence of MMP13 is caused by a defect intrinsic to

osteoblasts or the matrix they produce.  Again, this stands in contrast to the Mmp9-/-
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phenotype, wherein the phenotypes observed during both development and repair result

from a delay in the recruitment of osteoclasts and endothelial cells which can be rescued

by exogenous VEGF ((Vu et al. 1998), (Engsig et al. 2000), (Colnot et al. 2003)).

The cartilage-bone interaction in  the Mmp13-/- fracture callus

In accordance with the observations reported for skeletal development in the

absence of MMP13 by Stickens et al. (2004), we have observed that during skeletal repair

in the absence of MMP13 the cartilage phenotype manifests independently of the bone

phenotype.  It is likely that the cartilage phenotype is due to a defect intrinsic to

chondrocytes or the cartilage matrix, while the bone phenotype is due to a defect intrinsic

to bone cells or the bone matrix.  In this system, the observed delay in cartilage resorption

does not delay the deposition of bone, as the volume of bone in the callus is equivalent in

wild-type and Mmp13-/- at day 14.  While bone and cartilage have been shown to provide

regulatory feedback to each other (Goldring and Goldring 1990), these results indicate

that proper remodeling of the ECM depends on unique signals or properties intrinsic to

the bone and cartilage.

Data on stabilized fracture repair in the absence of MMP9 suggests that there may

be a role for a regulatory interaction between bone and cartilage during repair, as Mmp9-/-

mice heal these injuries via an aberrant endochondral process (Colnot et al. 2003). During

the early stages of non-stabilized fracture healing in the absence of MMP13, we did

observed a delay in initial bone deposition correlated with an increase in cartilage

formation. This might indicate a transient inhibition of osteogenesis due to increased

chondrogenesis. This early imbalance was not observed during stabilized fracture healing
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in either wild-type or Mmp13-/- mice, which healed via intramembranous ossification.

This stands in contrast with Mmp9-/- mice that heal stabilized fractures via an aberrant

endochondral process (Colnot et al. 2003)

A role for MMP13 in  osteoclasts?

The independent manifestation of the cartilage and bone phenotypes may be due

to the fact that osteoclasts are not affected in the absence of MMP13. Although Mmp13 is

expressed by osteoblasts and hypertrophic chondrocytes in both the developing (Stickens

et al. 2004) and regenerating (Fig. 1) bone, it remains unclear whether this protease is

also expressed by osteoclasts (Andersen et al. 2004).  Several studies point to MMPs,

possibly even MMP13, as potentially important mediators of osteoclast recruitment

during development and repair ((Blavier and Delaisse 1995), (Sato et al. 1998), (Karsdal

et al. 2001), (Selvamurugan et al. 2006)) and a number of factors that promote bone

resorption/remodeling including parathyroid hormone (Scott et al. 1992), interleukins 1

and 6 (Kusano et al. 1998) and basic fibroblast growth factor (Varghese et al. 2000)

upregulate Mmp13 expression.  Prior work has suggested that MMP13 does participate in

the resorption of the organic bone matrix, but that this is through the action of

mesenchymal stem cell-derived cells, not osteoclasts (Parikka et al. 2005).  Others assert

that while osteoclasts may utilize MMP13 during their bone resorbing activities, the

source of this protease is actually another nearby cell type (Andersen et al. 2004).

Our own studies utilizing staining for tartrate-resistant acid phosphatase (TRAP)

activity coupled with in situ hybridization for Mmp13 showed an absence of double-

labeled cells in the unstabilized fracture callus (data not shown).  In addition our bone
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marrow transplantation studies indicate that wild-type osteoclasts were not able to

support normal ECM remodeling in the Mmp13-/- environment, suggesting that they did

not provide a source of MMP13. This results points again to an intrinsic defect of the

ECM. It is possible that MMP13 activity is required prior to the onset of osteoclastic

activity to somehow prepare the bone matrix for resorption.  As such, wild-type (and

therefore MMP13-competent) osteoclasts would be unable to perform their normal

function due to a deficiency in this preparatory step in the Mmp13-/- bone.
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Chapter 4:

The structural and mechanical consequences of MMP13 deficiency during development

and unstabilized fracture repair
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4.1 Introduction

The skeleton is unique in that it is the only vertebrate organ system that provides

structural support to the body and structural integrity of skeletal elements is required for

proper vertebrate function.  As bones are in essence large pieces of mineralized ECM,  it

is this ECM that confers many mechanical and structural properties of the skeleton.  And

because MMPs are able to alter the matrices of skeletal elements, it follows that

perturbing MMP activity during skeletal development and repair could alter the structural

and mechanical properties of the affected elements.

MMP13 is required for proper fetal skeletal development;  while the impact of its

absence manifests most prominently during the period of rapid growth following birth in

the mouse, the exact timeline of these changes has not been determined.  Because

MMP13 impacts the density of spongy bone in endochondral elements, we were curious

as to its impact on load-bearing strength.  We predicted that because Mmp13-/- mice show

increased trabecular bone density, bones from these animals would have a greater load-

bearing capacity than those from wild-type mice.

Bone is noteworthy in that it is the only known tissue that does not heal through

the formation of scar tissue;  rather, the regenerated tissue is equal to the original bone

with respect to its biochemical and biomechanical properties ((Einhorn 1998), (Henle et

al. 2005)).  While MMP13 is also required for skeletal repair by both endochondral and

intramembranous ossification and impacts the density of spongy bone during these

processes, its impact on load-bearing strength of the healed element has not been

determined.  Because Mmp13-/- mice that have received unstabilized fractures show

increased spongy bone density in their calluses beginning 28 days post-fracture and
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continuing past 56 days post-fracture, we predicted that these calluses would have greater

load-bearing capacity than those from wild-type mice.

4.2 Materials and Methods

Unstabilized fractures

Unstabilized fractures were produced as previously described (Colnot et al. 2003).

3-month-old male Mmp13–/– mice (30-35 grams (g)) and their wild-type (WT) littermates

were anesthetized with an intraperitoneal injection of 50 mg/ml Ketamine/0.5 mg/ml

Medetomidine (0.03 ml/mouse). Closed, standardized unstabilized fractures were

produced following protocols approved by the Institutional Animal Care and Use

Committee at UCSF  as described previously (Colnot et al. 2003).  Mice were sacrificed

by cervical dislocation following an intraperitoneal injection of 2% Avertin (0.5

ml/mouse).  Unstabilized fractures were collected at 21 (WT n = 5, Mmp13-/- n = 4) and

28 (WT n = 5, Mmp13-/- n = 4) days post-fracture for micro-computed tomography

analyses and 14 (WT n = 7, Mmp13-/- n = 5), 21 (WT n = 5, Mmp13-/- n = 9 ) and 28 days

(WT n = 10, Mmp13-/- n = 3) post-fracture for mechanical testing.

Micro-computed tomography

Tibiae were dissected from 1-month-old (WT n = 2, Mmp13-/- n = 5), 6-month-old

(WT n = 5, Mmp13-/- n = 3) and 16-month-old (WT n = 1, Mmp13-/- n = 2) male mice and

3-month-old male mice who received closed, unstabilized fractures and were allowed to

heal for 21 or 28 days.  These tissues were analyzed using a micro-computed tomography

(micro-CT) system (µCT40, Scanco Medical, Bassersdorf, Switzerland). The trabeculae
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of tibiae were scanned using a Cone-Beam type scan into 240 slices with a voxel of

7x7x7 µm. Three-dimensional trabecular structural parameters were measured directly, as

previously described (Jiang et al. 2003).

Mechanical testing

We developed a pure moment testing apparatus based on the design by Crawford

et al. (Crawford et al. 1995), for biomechanical testing of large human cadaveric spinal

sections (Fig. 1). Each potted mouse tibia specimen was placed horizontally into a

uniaxial test frame to prevent gravitational loading of the specimen by the bone cement

(PMMA) endcaps. The distal end of the specimen was rigidly held to the test frame while

the proximal end was attached to a single-cable pulley system. Movement of the test

frame actuator caused tension in the cable, which was positioned around a loading ring so

as to generate a pure moment, or couple, loading condition. A uniaxial load cell

(Sensotec Model 129, 25 lb capacity, Honeywell International, Inc., Columbus, OH) was

used to monitor cable tension, and the moment applied to the specimen was calculated as

the product of the cable tension and the diameter of the loading ring. Moment and

crosshead displacement were monitored, and the ultimate moment over the entire

destructive test cycle was recorded as the failure strength of the specimen.

Strength testing was performed using this apparatus on intact tibiae from 12-

week-old mice (WT n=10, Mmp13-/- n=10) and tibiae from mice that had received

unstabilized fractures collected at 14 (WT n= 7, Mmp13-/- n=5), 21 (WT n= 5, Mmp13-/-

n=9 ) and 28 days (WT n= 10, Mmp13-/- n=3) post-fracture.  Following collection,
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Figure 1. Specimen loaded for biomechanical testing using pure moment apparatus.
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samples were wrapped in PBS-soaked gauze and stored at –20oC until potting.  Potting

was performed at room temperature;  the proximal and distal end of each tibia were

potted in a cryovial cap (Corning Incorporated Life Sciences, Lowell, MA) in

polymethylmethacrylate (PMMA) bone cement.  Potted samples were stored overnight at

4oC until testing (Buckley et al. 2007).  Prior to testing, samples were equilibrated at

room temperature for at least 30 minutes.  Any intact fibulae were removed and mineral-

free PBS was applied to the calluses after mounting into the testing apparatus but before

testing began. Tests were performed at room temperature.  Data was collected using

LabView4 (National Instruments Corporation, Austin, TX).

Statistical analyses

For micro-CT analyses, data were analyzed using GraphPad Prism 4 by one-way

analysis of variance (ANOVA) followed by Bonferroni corrected t-tests in data sets

where ANOVA p < 0.05.  For mechanical testing of intact tibiae and unstabilized fracture

calluses, force data were analyzed by ANOVA.

4.3 Results

The Mmp13-/- trabecular bone phenotype is most severe during early growth

Our initial characterization demonstrated that the increased trabecular bone in

Mmp13-/- mice manifests in the tibiae of mutants by 3 weeks of age and persists during

the rapid phase of bone growth, but that this phenotype is ameliorated by 1 year of age.

To establish a more detailed timeline of changes in the trabecular bone of Mmp13-/-

animals,  we performed micro-computed tomography (micro-CT) analyses on tibiae from
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wild-type and Mmp13-/- mice at 1 month (WT n = 2,  Mmp13-/- n = 5), 6 months (WT n =

5, Mmp13-/- n = 3) and 16 months (WT n = 1, Mmp13-/- n = 2) of age.  By several

parameters, there were statistically significant differences between wild-type and Mmp13-

/- mice at one month of age;  most of these differences were no longer apparent by 6

months of age (Fig. 2).  At one month of age, there were statistically significant increases

in bone volume/total volume (BV/TV, p < 0.05), connectivity density (Conn.D, p < 0.01)

and trabecular number (Tb.N, p < 0.001) between Mmp13-/- mice as compared to wild-

type.  Conversely, there was a statistically significant decrease in trabecular spacing

(Tb.Sp) at 1 month (p < 0.05) and 6 months (p < 0.01) of age in Mmp13-/- mice as

compared to WT.  Taken together, these results support the previous observation that

there is a significant difference in the trabecular density and architecture in the tibiae of

Mmp13-/- mice during the period of rapid bone growth, that this difference has largely

been ameliorated by 6 months of age and after 1 year of age, the trabeculae of Mmp13-/-

tibiae are no longer distinguishable from wild-type.

The increase in trabecular density in Mmp13-/- mice does not result in increased bone

strength

The increase in trabecular density observed by several parameters in the bones of

Mmp13-/- mice younger than 1 year of age led us to ask whether this translated into

increased strength in these bones, as measured by load-bearing capacity.  We subjected

intact tibiae from 12-week-old wild-type (n =10) and Mmp13-/- (n = 10) mice to uniaxial

pure moment testing.  Bones were loaded until failure (breakage);  maximum load (Table

1) and relative site of failure were recorded.  In all but one sample, failure occurred in the
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Figure 2.  Micro-CT analyses indicate the timeline of phenotypic changes in the

developing trabecular bone of Mmp13-/- mice.  (A) Measurements of bone volume/total

volume (BV/TV), connectivity density (Conn.D), trabecular number (Tb.N) and

trabecular spacing (Tb.Sp) in WT and Mmp13-/- mice at 1 month (WT n = 2, Mmp13-/- n

= 5), 6 months (WT n = 5, Mmp13-/- n = 3) and 16 months (WT n = 1, Mmp13-/- n = 2) of

age.  There are statistically significant increases in BV/TV (*p < 0.05), Conn.D (**p <

0.01), and Tb.N (***p < 0.001) and a statistically significant decrease in Tb.Sp (*p <

0.05) in Mmp13-/- mice at 1 month of age.  The statistically significant decrease in Tb.Sp

in Mmp13-/- mice persists at 6 months of age (**p < 0.01).   Bonferroni multiple

comparisons test, bars represent means ± SD. (B) Three-dimensional reconstructions of

scanned trabecular bones from wild-type and Mmp13-/- mice at 1 month (top row), 6

months (middle row) and 16 months of age (bottom row).  Scale bar = 1 mm.
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Table 1.  Summary of mechanical testing results on intact tibiae and unstabilized fracture
calluses

Maximum load WT (N) Maximum load
Mmp13-/- (N)
Healing time
(days)___________________________________________________________________
__
Intact 24.496 ± 9.480 21.563 ± 8.634

14 27.263 ± 13.696 24.408 ± 18.334

21 18.834 ± 11.120 29.408 ± 18.162

28 25.585 ± 13.766 20.498 ± 10.733
Results are given as mean and SD of sample group (intact WT n=10, Mmp13-/- n=10; 14 WT n=7, Mmp13-/- n=5;  21 WT n=2, Mmp13-/- n=7;  28 WT
n=6, Mmp13-/- n=2)
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trabecular bone, most often in the distal trabecular bone (nearest the ankle joint).  There

was no significant difference in load-bearing capacity between wild-type (24.496 ± 9.480

N) and Mmp13-/- (21.563 ± 8.634 N) bones, demonstrating that increased trabecular

density in the absence of MMP13 does not result in greater tensile strength.

Micro-CT analyses confirm increased bone density in Mmp13-/- unstabilized fracture

calluses

The histomorphometry data presented in Chapter 3 showed that during the hard

callus phase of unstabilized fracture healing (21-28 days post-fracture), calluses from

Mmp13-/- had increased bone volume and increased bone volume as a proportion of total

callus volume as compared to wild-type.  To confirm this by the standard method of the

field, we also performed micro-CT analyses on unstabilized fracture calluses from wild-

type and Mmp13-/- mice at 21 (WT n = 5, Mmp13-/- n = 4) and 28 (WT n = 5, Mmp13-/- n

= 4) days post-fracture (Fig. 3).

While no difference in overall callus volume was detected by micro-CT

regardless of healing timepoint or genotype, measurement of apparent bone mineral

density of these samples revealed a significant increase in bone mineral density in

Mmp13-/- calluses as compared to wild-type at 21 (p < 0.01) and 28 (p < 0.05) days post-

fracture.  These results differ slightly from those obtained from our histomorphometry

analyses, where a significant increase in bone volume as a proportion of total callus

volume was observed at  28 days post-fracture (p < 0.01)  but  not  a t  day 21.  I t  i s

possible that this difference may be attributed to threshold differences for recognition of

bone tissue amongst these analyses.  Histomorphometry measures the quantity of Aniline
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Figure 3.  Micro-CT analyses conform increased bone volume in Mmp13-/- unstabilized

fracture callus.  While micro-CT measurements show no significant difference in total

callus volume regardless of healing timepoint or genotype, bone mineral density

measurements show a significant increase in the Mmp13-/- callus compared to wild-type

at 21 (**p < 0.01) and 28 (*p < 0.05) days post-fracture.
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Blue-stained bone tissue in a tissue section and uses this to approximate bone volume

throughout the callus.  As this technique does not specifically quantify mineralized tissue

as micro-CT does, it is not entirely surprising that the results from these analyses are not

exactly the same.  However, our micro-CT studies of these calluses still confirm that

MMP13 is required for proper bone remodeling in the unstabilized fracture callus.

The increase in bone density in Mmp13-/- unstabilized fracture calluses does not result in

increased callus strength

The greater bone density observed in Mmp13-/- unstabilized fracture calluses by

histomorphometry (Chapter 3) and confirmed by micro-CT analyses led us to ask

whether this translated into increased callus strength in the absence of MMP13.  We

tested tibiae from wild-type and Mmp13-/- mice that had received unstabilized fractures

and were allowed to heal for 14 (WT n = 7, Mmp13-/- n = 5), 21 (WT n = 5, Mmp13-/- n =

9) and 28 (WT n = 10, Mmp13-/- n = 3) days.  These tibiae were then subjected to uniaxial

pure moment testing. Bones were loaded until failure (breakage);  maximum load and

relative site of failure were recorded.  Samples were divided into 2 categories based on

test outcome:  those that broke across the fracture callus and those that broke outside the

fracture callus.  There was a distinct trend in these categories in that all samples collected

at 14 days post-fracture broke within the callus, while samples collected at 21 and 28

days post-fracture were found in both groups (Table 1).  By examining the data obtained

for each of these categories individually, we observed that there was no significant

difference in load-bearing capacity for samples that broke across the callus, regardless of

timepoint or genotype (d14 WT 27.263 ± 13.696 N; d14 Mmp13-/- 24.408 ± 18.334 N;



117

d21 WT 18.834 ± 11.120 N; d21 Mmp13-/- 29.408 ± 18.162 N; d28 WT 25.585 ± 13.766

N; d28 Mmp13-/- 20.498 ± 10.733 N).  Likewise, there was no significant difference in

load-bearing capacity for samples that broke outside of the callus, regardless of timepoint

or genotype (d21 WT 25.442 ± 10.383 N; d21 Mmp13-/- 52.285 ± 11.839 N; d28 WT

31.125 ± 6.147 N; d28 Mmp13-/- 14.928 N).

4.4 Discussion

The histological analyses described in Chapter 2, as well as the results of our

preliminary micro-CT studies, point to increased trabecular bone density in Mmp13-/-

endochondral bones  during the period of rapid bone growth immediately following birth

in the mouse.  However, as this phenotype is transient and ameliorates sometime after 1

year of age in Mmp13-/- mice, we looked to gain a more precise picture of the timeline of

changes in the trabecular bone during this period.  Indeed, we determined that this is a

transient effect, reaching its peak around 4 months of age and beginning to

plateau/ameliorate around 6 months of age, with no signs of a defect by 16 months of

age.  This timeline may now help us to narrow our focus in the attempt to determine the

mechanism of MMP13 action during early skeletal development.

 This observed increase in trabecular density in the absence of MMP13 led us to

wonder what impact this might have on the affected skeletal elements in terms of their

strength. Our novel testing protocol represents an advancement over traditional strategies

for small bone biomechanical testing. Specifically, pure moment testing generates a

uniform loading state throughout the sample regardless of specimen geometry. In

contrast, uniaxial tension and 3-point bending are highly sensitive to specimen geometry,
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e.g., varus-valgus angle or abrupt changes in surface geometry, and as a result whole

bone strength determined by these methods is not reflective of material property changes

in the fracture callus. Like pure moment loading, 4-point bending is also geometry-

insensitive; however, 4-point bending is often difficult to perform on short length

specimens with relatively large curvatures, and it induces some stress concentrations near

the loading pins.

We anticipated an increased load-bearing capacity for Mmp13-/- bones but were

surprised to discover that there was no apparent benefit in terms of load-bearing capacity

in Mmp13-/- bones.  This result suggests that load-bearing capacity is based on more than

bone density:  while we demonstrated in Chapter 2 that Mmp13-/- bones have increased

trabecular density, we also showed that mutant bones display an altered trabecular

structure that is apparently less organized than that of wild-type bones (Chapter 2, Fig. 3).

It is possible that this altered trabecular structure nullifies any increase in load-bearing

capacity conferred by the increase in trabecular density such that Mmp13-/- have a load-

bearing capacity equivalent to that of wild-type bones.

Given the developmental data presented in Chapter 2 as well as the

histomorphometric analyses of Mmp13-/- unstabilized fracture calluses described in

Chapter 3, it is not surprising that micro-CT analyses corroborate the observation that

Mmp13-/- unstabilized fracture calluses have increased bone mineral density at 21 and 28

days post-fracture as compared to wild-type.  However, this confirmation has led us to

question the mechanical impact of this change on the callus.  Bone is a noteworthy tissue

in that it does not form scar tissue during healing.  Instead, the regenerated tissue is

equivalent to the original tissue with regard to its biochemical and biomechanical
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properties ((Einhorn 1998), (Henle et al. 2005)).  In performing mechanical testing

experiments on unstabilized fracture calluses from Mmp13-/- animals we looked to

address two opposing scenarios:  whether alteration of the callus matrix in the absence of

an ECM remodeling enzyme would result in a callus that was biomechanically inferior to

a wild-type callus, and conversely, whether the increased bone density observed in

Mmp13-/- calluses would actually provide a biomechanical advantage, producing calluses

that were stronger than the wild-type calluses.  We found that neither of these scenarios is

true:  calluses formed in the absence of MMP13 show no difference in load-bearing

ability as compared to age-matched wild-type controls.  The mechanism for this

similarity has yet to be explored, although it is possible that both scenarios offered above

are true.  The matrix formed in Mmp13-/- callus may be in some ways biomechanically

inferior to the matrix formed in the wild-type callus;  however, the increased callus bone

density of the Mmp13-/- callus may compensate for that, resulting in a callus that overall

has load-bearing capacity equivalent to that of a wild-type callus.

Overall, these studies lead us to conclude that while there is no lasting

disadvantage apparent in Mmp13-/- bones, there is also no lasting advantage conferred by

this mutation.
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Chapter 5:

Conclusions and Perspectives
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Given the importance of the ECM in regulating a variety of biological processes

and the fact that skeletal elements are, in essence, large pieces of ECM, it is not

surprising that ECM remodeling enzymes such as the MMPs have proven critical to the

progress and control of skeletal development and repair. The work contained in this thesis

sought to identify MMPs important for skeletal development and repair and then to

identify cell types and processes affected by the activity of important MMPs as well as

the substrates required and the mechanisms by which these proteases act.

Our initial study produced a detailed description of the affects of MMP13

deficiency during skeletal development.  We determined that MMP13 was required

during the rapid phase of bone growth immediately following birth and was necessary for

timely exit of late hypertrophic chondrocytes from the growth plate and proper

processing of their matrix.  It was also required for proper bone remodeling in the newly

formed trabecular bone.  Our findings suggested that the requirement for MMP13 activity

in the cartilage occurred independently of the requirement for MMP13 activity in the

bone.  They also pointed to a requirement for MMP13 activity in bone development by

endochondral but not intramembranous ossification.  Although the observed phenotypes

were transient, neither was compensated by an upregulation of other locally-produced

MMPs.  We also showed for the first time that MMP13 works in concert with MMP9 to

cleave the major components of the cartilage and bone ECMs including type II collagen,

aggrecan and type I collagen and that the loss of these activities cannot be compensated,

leading to lasting bone and cartilage defects.

The mechanistic similarities between skeletal development and repair made us

curious about the potential requirement for MMP13 activity during bone repair.  We
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again demonstrated that this activity was necessary for the timely resorption of

hypertrophic chondrocytes from as well as proper bone remodeling in the unstabilized

fracture callus.  In all repair models examined, loss of MMP13 activity impacted the

remodeling of spongy bone but not compact bone.  Similar to development, loss of

MMP13 during repair was not compensated by an upregulation of other MMPs.

The structural differences in the bones of Mmp13-/- mice then led us to question

whether these changes translated into mechanical differences in Mmp13-/- bones.  We

established a method for pure moment load testing of intact bones as well as unstabilized

fracture calluses and established that despite bone density increases observed in the

absence of MMP13, these changes do not translate into changes in load-bearing capacity

of the intact bones or fracture calluses.  It is possible that this equivalence is due to the

combined effect of a defective matrix and an increase in spongy bone density in the

absence of MMP13

The question of what substrates of MMP13 are important for its function in the

skeleton remains unanswered, although theories abound.  It may be required for the

release of a growth factor or morphogen embedded in the ECM or silence a local survival

signal provided by an ECM component by cleaving that component.  Both of these

functions have been shown to be important for MMP9, a family member that has been

shown to work in concert with MMP13 in the skeleton.  It is established that MMP9 is

required for the release of ECM-embedded VEGF from the growth plate and in Appendix

A we show that it is necessary for cleavage of galectin-3, an ECM component that

provides survival signals to late hypertrophic chondrocytes.
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In Appendix B we present the finding that the activity of MMP2, a close relative

of MMP9, plays a role in degrading type I collagen such that the combination of

inactivating mutations in MMP2 and reduced ability to cleave type I collagen is not

tolerated.  It is likely that collagen, especially type I collagen, will play an important role

in MMP13’s function in the skeleton as well, although this has yet to be demonstrated.

Possible future studies around the role of MMP13 in the skeleton abound.  Among

the most compelling are the determination of as yet unidentified substrates of this

protease as well as elucidating the mechanisms of action of those substrates already

identified, namely collagens type I and II and aggrecan. The identification of new

substrates is a challenging area;  techniques including yeast two-hybrid assays may be

affective tools in this effort.  This technique has been used previously to effectively

identify MMP substrates (McQuibban et al. 2000), (Amano et al. 2005), (Shiomi et al.

2005), G. Dijkgraaf, unpublished results), and given the fact that the substrate-binding

domain of MMP13 has already been identified and characterized ((Knauper et al. 1996a),

(Lemaitre et al. 1997) (Botos et al. 1999)), this would likely prove a relatively

straightforward experiment.  To further elucidate the mechanism of action of known

substrates, one might first perform ex-vivo studies comparable to those of Ortega et al.

(2005), wherein the effect of intact vs. MMP-cleaved versions of the same substrate on

cultured primary skeletal tissues may be examined.  Overall, these studies have aimed to

clarify the role of MMP13 and a variety of heavily intertwined members of the MMP

family in the development and maintenance of the skeleton.
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Appendix A:

Galectin-3 is a downstream regulator of matrix metalloproteinase 9 function during

endochondral bone formation1

1Reprinted from Ortega, N., Behonick, D.J., Colnot, C., Cooper, D.N., Werb, Z., (2005)
Galectin-3 is a downstream regulator of matrix metalloproteinase-9 function during
endochondral bone formation. Mol Biol Cell 16: 3028-3039.
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A.1 Introduction

Normal skeletal development depends on the tightly regulated differentiation of

chondrocytes and strict coordination between synthesis and degradation of the

extracellular matrix (ECM). Most bones in the vertebrate skeleton form by the process of

endochondral ossification, in which a cartilage template is replaced by bone (for review

see (Karsenty and Wagner 2002; Kronenberg 2003)). This process occurs separately at

two different sites in long bones, with the primary site arising in the center of the shaft

(diaphysis) and the secondary sites in the ends of the bones (epiphyses). Diaphyseal

differentiation of chondrocytes leads to the formation of two symmetrical structures, the

growth plates, composed of columns of differentiating chondrocytes, which progress

gradually from the proliferating to the hypertrophic state. These growth plates maintain

their size and overall structure throughout long bone growth and are pushed apart while

mineralized bone is formed between them, causing overall bone elongation. This

developmental process depends on the integration of cartilage matrix remodeling,

vascular invasion of hypertrophic cartilage and trabecular bone formation. Differentiation

of chondrocytes is accompanied by changes in expression of ECM macromolecules in the

growth plate. Chondrocytes express collagen type II (Col2) during proliferation and

maturation, but primarily express collagen type X (Col10) when they differentiate to the

hypertrophic stage. The specialized matrix surrounding the hypertrophic chondrocytes

(HC) becomes calcified; hypertrophic chondrocytes then undergo programmed cell death

and the resulting empty lacunae are invaded by capillaries. Concomitantly, the cartilage

matrix is partially degraded and osteoblasts colonize this template and synthesize

trabecular bone (Karsenty and Wagner 2002; Kronenberg 2003).
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Multiple signaling molecules regulate proliferation and maturation of

chondrocytes. These include Indian hedgehog (Ihh), parathyroid hormone (PTH),and

parathyroid hormone–related protein (PTHrP) and their receptors fibroblast growth factor

(FGF) FGF18 and its receptor FGFR3, vascular endothelial growth factor (VEGF) and

connective tissue growth factor (CTGF), bone morphogenetic proteins (BMPs), and Wnt

proteins (reviewed in (Karsenty and Wagner 2002; Kronenberg 2003)). In addition, the

transcription factors Sox9 and Runx2/Cbfa1 play major roles in this process. In contrast,

much less is known concerning the late differentiation of hypertrophic chondrocytes and

their terminal differentiation or programmed cell death. The protease inhibitor cystatin 10

(Koshizuka et al. 2003) and the transcription factor c-maf (MacLean et al. 2003) have

been shown to play a role in the last steps of chondrocyte differentiation. Particularly

compelling evidence has been obtained from transgenic mice deficient for matrix

metalloproteinases (MMPs). In Mmp9-/- mice, hypertrophic chondrocytes express Col10

and differentiate relatively normally as matrix mineralization occurs, but their

disappearance is delayed and the hypertrophic area expands dramatically during the rapid

growth phase of postnatal skeletal development in these animals (Vu et al. 1998).

Deficiency in MMP9 decreases the rate of hypertrophic chondrocyte programmed cell

death, trabecular bone formation, and initial vascular recruitment (Vu et al. 1998).

MMP13 (also called collagenase-3) also regulates the late differentiation of hypertrophic

chondrocytes (Wu et al. 2002; Stickens et al. 2004).

Galectin-3 is expressed in skeletal tissues, including notochord, developing

cartilage and bone (Fowlis et al. 1995) and osteoblasts (Aubin et al. 1996). It is an

excellent substrate of MMP9 in vitro (Ochieng et al. 1994). Galectin-3, which was first
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identified as macrophage marker 2 protein (Ho and Springer 1982), belongs to the protein

family of β-galactoside–specific lectins. It lacks a signal sequence and, as such, is present

intracellularly, but is also secreted by a nonclassical pathway (Sato et al. 1993).

Depending on cell type it can be localized in ECM, on the cell surface, in the cytoplasm

or nucleus (Barondes et al. 1994). Multiple studies have underlined the extracellular

functions of galectin-3 and assigned it as a new matricellular protein (for review, see

(Ochieng et al. 2004)). Galectin-3 has been implicated in a variety of cellular functions,

notably, differentiation, RNA splicing and cell adhesion, depending on its subcellular

localization. These functions depend on interaction of galectin-3 with various ligands,

including glycosylated ECM molecules such as laminin or fibronectin and hensin

advanced glycation end products (AGE), integrins, and intracellular proteins such as Bcl-

2 (Yang et al. 1996). Expression of galectin-3 is under the control of the transcription

factor Runx2/Cbfa1 (Stock et al. 2003), a key regulator of osteoblast differentiation and

chondrocyte maturation. Interestingly, Galectin-3-/- mice exhibit a growth plate

phenotype with precocious hypertrophic chondrocyte apoptosis uncoupled from the other

features of endochondral ossification, namely ECM degradation, vascular invasion and

trabecular bone formation (Colnot et al. 2001).

In this study we took advantage of Mmp9-/- mice to evaluate the mechanisms

regulating terminal differentiation of hypertrophic chondrocytes, during the critical phase

of rapid bone growth in young mice. We have identified galectin-3 as a physiologically

relevant endogenous substrate of MMP9 and a downstream regulator required during

endochondral ossification.
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A.2 Materials and Methods

Animal Studies

The generation of Mmp9-/- mice has been described previously (Vu et al. 1998).

All the animals used in this study were maintained under protocols approved by the

University of California San Francisco Animal Care and Facilities Committee.

Histological Analysis and Immunohistochemistry

For histological analysis, metatarsals were dissected from 2-week-old mutant

animals and littermate controls; embryonic humeri were dissected from mutant animals

and littermate controls at embryonic day (E)15.0 and E16.0. Tissues were fixed in 4%

paraformaldehyde at 4°C overnight. The tissues were then washed in phosphate-buffered

saline (PBS) and decalcified in 0.5 M EDTA (pH 7.4) for 7 days (2-week-old

metatarsals) or 1 day (E16.0 humeri) at 4°C before processing and embedding in paraffin.

For semithin sections, samples were fixed, decalcified, dehydrated, and embedded in

Embed 812 (Electron Microscopy Sciences, Fort Washington, PA). Semithin sections (1

mm) were stained with Toluidine blue (Sigma, St. Louis, MO).

Paraffin sections (5 mm) were stained with Safranin-O and Fast Green or Alcian

blue and Nuclear fast red (Sigma). For TRAP staining, sections were deparaffinized and

rehydrated and stained using a leukocyte acid phosphatase kit and Fast Red Violet as a

substrate (Sigma) at 37°C for 1 hour. The sections were then washed in distilled water

and counterstained with Methyl Green (Sigma). Mononucleated and multinucleated

TRAP-positive cells were counted on a minimum of six serial sections chosen among the

most median part of six different metatarsals for wild-type and Mmp9-/- animals at 40x
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magnification and expressed as total number of TRAP-positive cells along the chondro-

osseous junction.

For galectin-3 immunostaining, sections were deparaffinized and washed in PBS;

endogenous peroxidase activity was quenched in 0.3% H2O2 in methanol for 30 minutes

and washed in PBS, and then sections were heated in citrate buffer before the initial

blocking step done in PBS plus 3% bovine serum albumin (BSA) for 30 minutes.

Sections were washed in PBS and blocked in PBS plus 5% goat serum for 1 hour. The

sections were then incubated with a rat monoclonal anti-mouse galectin-3 antibody

described previously (Colnot et al. 1999) and diluted in PBS containing 1 mg/ml BSA at

4°C overnight. After primary antibody incubation, the slides were washed in PBS,

blocked again in PBS plus 5% goat serum for 30 minutes, and then incubated with a

biotinylated goat anti-rat antibody (Jackson ImmunoResearch Laboratories, West Grove,

PA) diluted 1:200 in PBS for 1 hour, washed, and then incubated with Vector Elite ABC

reagent (Vector Laboratory, Burlingame, CA) for 1 hour, washed, developed with DAB

substrate, and counterstained with Methyl Green (Sigma). Galectin-3–positive cells were

counted on a minimum of six serial sections chosen among the most median part of six

different metatarsals for wild-type (WT) and Mmp9-/- animals at 40x magnification and

expressed as total number of galectin-3–positive cells along chondro-osseous junction or

percentage of galectin-3–positive hypertrophic chondrocytes.

For PECAM immunostaining, sections were deparaffinized and washed in PBS;

endogenous peroxidase activity was quenched in 0.3% H2O2 in methanol for 30 minutes

and washed in PBS, and then sections were treated with ficine (Zymed Laboratories,

South San Francisco, CA) for 15 min at ambient temperature. Blocking treatment was
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done as described, and the sections were then incubated with a rat monoclonal anti-mouse

CD31(PECAM) antibody (clone MEC 13.3, PharMingen, San Diego, CA) at dilution

1:100 in PBS plus 1 mg/ml BSA at 4°C overnight. Secondary antibody incubation and

revelation were done as described above.

In Situ Hybridization

Plasmids were linearized with the appropriate restriction enzymes to transcribe

either sense or antisense 35S-labeled riboprobes (Col2 and Col10 (Albrecht 1997); Mmp9,

Mmp13, Mt1-Mmp, and Op (Colnot and Helms 2001); and Gal3 (Colnot et al. 2001))

were described previously. Slides were deparaffinized, treated with proteinase K (20

g/ml) for 5 minutes at ambient temperature, and hybridized with 35S-labeled antisense

riboprobes in hybridization buffer (50% deionized formamide, 300 mM NaCl, 20 mM

Tris-HCl, pH 8.0, 5 mM EDTA, 0.5 mg/ml yeast tRNA, 10% dextran sulfate, and 1

Denhardt’s) in a humidified chamber at 55°C for embryonic tissues and at 45°C for

postnatal tissues, overnight. After hybridization, slides were treated with RNase A,

washed to a final stringency of 50% formamide, 2xSSC at 60 or 50°C, dipped in

emulsion, exposed for 1–2 weeks, developed, and counterstained with DAPI (Ferguson et

al. 1999; Colnot et al. 2003).

Protein Extraction and Western Blotting

Hypertrophic cartilage area of growth plates were dissected from Mmp9-/- animals

and littermate controls from 2-week-old mice and frozen immediately in liquid nitrogen.

Tissues were reduced to powder under nitrogen using a very small pestle and mortar and
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then tissues were homogenized using an Ultra Turrax homogenizer. Total proteins were

extracted in RIPA buffer (20 mM Tris, pH 7.2, 10 mM EDTA, 0.3 M NaCl, 0.1% Triton

X-100, 0.05% Tween-20) with protease inhibitors (5  g/ml aprotinin, benzamidine, 5 g/ml

leupeptin, 5  g/ml pepstatin; Sigma) overnight at 4°C. After centrifugation extracts were

quantified by bicinchoninic acid (BCA) assay (Pierce, Rockford, IL). For protein profile

analysis, 5  g of total protein (corresponding approximately to the equivalent of proteins

extracted from 2 growth plates) was loaded per lane on 4–10% gradient gel run in 4-

morpholinopropanesulphonic acid (MOPS) running buffer (Novex Invitrogen, Carlsbad,

CA) under reducing conditions; the gels were fixed and stained with a Fast Silver kit

(Geno Technology, St. Louis, MO).

For Western blotting analysis 40  g total protein was loaded per lane on 10% Bis-

Tris gel run in MOPS running buffer under reducing (for galectin-3, CTGF,

transglutaminase or collagen type II) or nonreducing (for VEGF) conditions. After

transfer to PVDF membrane (Bio-Rad, Hercules, CA), blotting was performed with a

goat polyclonal anti-mouse VEGF antibody that preferentially recognizes VEGF dimers

(R&D Systems, Minneapolis, MN), a mouse monoclonal anti– galectin-3 antibody clone

A3/A12 (Research Diagnostics, Flanders, NJ), a rabbit polyclonal anti-transglutaminase

II antibody or a mouse monoclonal anti– collagen type II antibody (NeoMarkers,

Fremont, CA), and a rabbit polyclonal anti-CTGF antibody (Torrey Pines Biolabs, San

Diego, CA) diluted according to the manufacturer’s recommendations. After incubation

with horseradish peroxidase–conjugated secondary antibody, goat polyclonal anti-rabbit,

sheep polyclonal anti-mouse (Amersham Biosciences, Buckinghamshire, England), rabbit

polyclonal anti-goat (Sigma) diluted 1/10,000, blots were developed with ECL
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(Amersham Biosciences, Buckinghamshire, England). Equal loading was verified on a

gel by Coomassie blue staining.

Embryonic Metatarsal Cultures

Metatarsals from hind limbs of E16.5 mice were dissected and cultured as

described previously (Blavier and Delaisse 1995). In brief, the three middle metatarsals

from each hind limb of E16.5 mice were carefully dissected and cultured for 4 days on

Millicell culture plate inserts in 700  l BGJb medium (Life Technologies Invitrogen,

Carlsbad, CA) supplemented with 10% fetal calf serum. Recombinant human galectin-3

was purified as previously described (Massa et al. 1993) by bacterial expression and

lactose affinity chromatography followed by dialysis against PBS with 1 mM EDTA.

Cleaved galectin-3 was obtained after digestion with active MMP9 as described

previously (Ochieng et al. 1994) and digestion was verified by running samples on 12%

SDS polyacrylamide gels and silver-stained. Cleaved or uncleaved proteins were added to

a final concentration of 0.1 M. Medium was changed daily. After 4 days of culture,

metatarsals were fixed and processed for paraffin sections. Safranin-O and TRAP

staining were done as described above. Paraffin sections stained with Safranin-O were

photographed under microscope at a magnification of 10x and size of the growth plate

was measured on a minimum of three serial sections chosen among the most median part

of several different metatarsals for wild-type and mutant animals as indicated.

Statistical Analysis

The quantitative data were compared between the means of two groups using
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unpaired Student’s t tests. Results are expressed as mean plus or minus S.E.M. and

significant differences are indicated as P values. GraphPad calculator was used to

perform the tests.

Image Acquisition

Photomicrographs were acquired with a microscope Leica DMR (Deerfield, IL)

equipped with HC Plan Fluotar 5/0.15; 10/0.30; 20/0.50 or Plan Apo 40/0.75; 100/1.40

coupled to a Leica DC500 digital camera using Leica firecam 1.2.0 software. Images

were assembled using Adobe Photoshop software version 6.0.1 (San Jose, CA). In situ

hybridization images were taken under dark-field and image analysis was performed as

previously described (Ferguson et al. 1999).

A.3 Results

Absence of MMP9 causes an expanded zone of late differentiated hypertrophic

chondrocytes

The program of differentiation from proliferating and maturing chondrocytes to

hypertrophic chondrocytes is characterized by expression of Col10 mRNA (Chan and

Jacenko 1998). As hypertrophic chondrocytes further differentiate into late hypertrophic

chondrocytes, they express Mmp13 and Osteopontin (Op; Inada et al., 1999; D’Angelo et

al., 2000), and their surrounding matrix undergoes mineralization. To investigate the

molecular defects leading to the expansion of the hypertrophic chondrocyte zone in

Mmp9-/- mice, we characterized the differentiation state of the hypertrophic chondrocytes

in the expanded hypertrophic cartilage zone by analyzing the expression of hypertrophic
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chondrocyte markers by in situ hybridization on sections from metatarsals of 2-week-old

mice. The zone of Col10 expression dramatically expanded in Mmp9 null compared with

wild-type mice, whereas Col2 expression was unchanged (Fig. 1A), indicating that

differentiated hypertrophic chondrocytes accumulate in the growth plates of Mmp9-/-

mice. Moreover, the expanded zones of expression of Mmp13 and Op showed that late

hypertrophic chondrocytes persist. In Mmp9-/- mice several rows of hypertrophic

chondrocytes just above the chondro-osseous junction expressed Mmp13 and Op (Fig.

1B, c–f); in wild-type mice these late markers were detected in very few cells in the last

rows because of a rapid exit of these chondrocytes from the growth plate (Fig. 1B, a and

b). These observations indicate that, although chondrocytes can undergo late hypertrophy

in Mmp9-/- mice, late hypertrophic chondrocytes accumulate, due to a defect in their

programmed cell death and their rate of exit from the growth plate.

To obtain a more detailed view of the organization of the cells at the chondro-

osseous junction, we stained semithin tissue sections from growth plates embedded in

plastic with Toluidine blue. In wild-type mice the chondro-osseous junction was

characterized by a row of empty lacunae, whereas in Mmp9-/- mice very few lacunae were

empty and the hypertrophic chondrocytes appeared very enlarged and fully expanded in

the lacunae (Fig. 2A, B). Moreover, mononuclear cells and capillaries were distant from

the last intact transverse septa in wild-type, but were stacked directly under the last row

of hypertrophic chondrocytes in Mmp9-/- mice (Fig. 2B, asterisk). Alcian blue staining

indicated a decrease in proteoglycan content at the chondro-osseous junction concomitant

with a decrease in trabecular bone in Mmp9-/- mice (Fig. 2C, D). Capillaries exhibited

relatively normal morphology and platelet endothelial cell adhesion
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Figure 1. Accumulation of late terminally differentiated hypertrophic chondrocytes in

Mmp9-/- mice. Serial sections of growth plates from 2-week-old Mmp9-/-and wild-type

mice. (A) Safranin-O/Fast Green (SO/FG) staining (a and b) and in situ hybridization

with antisense probes for collagen type II (Col2; c and d) and collagen type X (Col10; e

and f) show an increase in the hypertrophic chondrocyte zone (HC) but not the

proliferating chondrocyte zone (PC) in Mmp9-/- mice compared with wild-type. (B) In

situ hybridization with antisense probes for late hypertrophic markers, Mmp13 (a and c)

and Osteopontin (Op; b and d) show the accumulation of late hypertrophic chondrocytes

in MMP-9 null mice. (e and f) Higher magnification of Mmp13 and Op expression pattern

in MMP9-/- mice. Note that the accumulation of hypertrophic chondrocytes expressing

these markers (arrows) in several rows at the chondro-osseous junction. pc, proliferating

chondrocytes; hc, hypertrophic chondrocytes; tb, trabecular bone. Scale bars = 250 µm.
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Figure 2. Altered organization of the chondro-osseous junction in Mmp9-/- mice.

Histological analysis of the chondro-osseous junction. (a and b) Representative pictures

of semithin sections stained with Toluidine blue showing the abnormal survival of the

last row of hypertrophic chondrocyte (arrows) in Mmp9-/- mice compared with wild-type.

A capillary in close contact with last transverse septa is marked by an asterisk (*). (c– h)

Longitudinal sections through the central part of growth plates. (c and d) Alcian blue

staining; note the decrease in staining in Mmp9-/- mice in the last row of hypertrophic

chondrocytes and trabeculae. (e and f) PECAM staining showing no major differences in

growth plate vascularization between Mmp9-/- and wild-type mice. (g and h) TRAP

staining, note the increase in TRAP-positive cells recruited at the chondro-osseous

junction in Mmp9-/- mice. hc, hypertrophic chondrocytes; tb, trabecular bone. Scale bars =

125 µm. (i) Quantification of mononuclear and multinucleated TRAP-positive cells

recruited at the chondro-osseous junction, showing an increase in Mmp9-/- mice (n = 6

different metatarsals; *p < 0.005).



138



139

molecule (PECAM) staining showed no major differences in vascular recruitment at the

chondro-osseous junction between Mmp9-/- and wild-type mice (Fig. 2E, F).

In contrast, the number of tartrate-resistant acid phosphatase (TRAP)-positive

osteoclasts increased from 3.3 ± 0.5 cells/section in wild-type mice to 10.5 ± 1.5

cells/section at the chondro-osseous junction of Mmp9-/- mice (p < 0.005; n = 6; Fig. 2

G–I). Multinucleated cells in this region also showed a modest difference, with an

average of 6.4 ± 0.5 cells/section in Mmp9-/- mice versus 2.6 ± 0.4 cells//section in wild-

type mice (p < 0.005; n  = 6). These results suggest increased recruitment of

mononucleated osteoclast precursors and multinucleated osteoclasts in Mmp9-/- mice.

Taken together, these data indicate that the extended hypertrophic zone in Mmp9-/-

mice at this specific developmental stage results from the accumulation of both

hypertrophic chondrocytes and late hypertrophic chondrocytes. Capillaries are present at

the ossification front, but their progression into the hypertrophic cartilage could be

delayed. Moreover, the defective disappearance of hypertrophic chondrocytes, likely due

to a defect in their programmed cell death, is coupled with an increase in osteoclast

precursors recruited at the chondro-osseous junction.

Protein profile analyses of hypertrophic cartilage reveals galectin-3 as an in vivo target

of MMP9

To gain an understanding of the molecular basis for the deregulated hypertrophic

differentiation in Mmp9-/- mice, we compared profiles of proteins extracted from

hypertrophic chondrocyte zones (including the primary ossification front) of wild-type

and Mmp9-/- hypertrophic chondrocytes by SDS-PAGE. We obtained reproducible
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Figure 3. Accumulation of uncleaved galectin-3 in the growth plate of Mmp9-/- mice. (A)

Protein extracts from wild-type and Mmp9-/- hypertrophic chondrocyte zones were

analyzed by SDS-PAGE and silver staining. Differences in protein profiles were

observed as increases in the intensity of several bands in Mmp9-/- samples, as indicated by

arrows. (B) Protein extracts from wild-type and Mmp9-/- hypertrophic chondrocyte zones

were analyzed for expression of galectin-3, tissue transglutaminase (TG2), CTGF, VEGF,

and  a1 chain of collagen type II (Col2; a1) by Western blotting. Note the increase in

intact galectin-3 dimers and VEGF in Mmp9-/- mice compared with wild-type samples.
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patterns showing striking differences between genotypes. Several proteins were present at

higher levels in Mmp9-/- mice (Fig. 3A). Although some proteins were down-regulated

with deficiency of MMP9, we focused on the upregulated ones, because we were most

particularly interested in elucidating the in vivo substrates of MMP9. To identify these

proteins we screened several specific candidates involved in hypertrophic chondrocyte

differentiation and endochondral bone formation. Western blotting for tissue

transglutaminase II (TG2) detected two isoforms, but showed no difference between

wild-type and Mmp9-/- samples. Similarly, we observed no differences for either

connective tissue growth factor (CTGF) or collagen type II  1 chain (Col2 1; Fig. 3B).

Interestingly, VEGF and galectin-3 increased in Mmp9-/- samples (Fig. 3B). For

VEGF, both major isoforms, VEGF164 and VEGF120, increased. We were unable to cleave

these VEGF forms with MMP9, suggesting that they are not direct in vivo substrates. In

contrast, galectin-3, a known substrate of MMP9 in vitro (Ochieng et al. 1994), was

particularly enriched in our samples. Moreover, we observed more uncleaved monomeric

and dimeric forms of galectin-3 in Mmp9-/- samples compared with wild-type. The

dimeric forms, which were stable to reducing conditions, are likely to be extracellular

galectin-3 cross-linked by TG2. Because the antibody used recognizes an epitope in NH2

domain of galectin-3, which contains a cleavage site for MMP9, we were able to detect

only uncleaved galectin-3. These results show that uncleaved galectin-3 accumulates in

the hypertrophic chondrocyte zone and primary ossification front of mice deficient for

MMP9 and strongly suggest that galectin-3 is a downstream regulator of MMP9 action in

vivo during endochondral ossification.
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Galectin-3 expression is disturbed during the initial stage of endochondral bone

formation in Mmp9-/- mice

The increase in galectin-3 observed in Mmp9-/- hypertrophic cartilage could be

due to an increase in galectin-3 mRNA expression resulting in increased synthesis or an

accumulation in galectin-3 protein due to a decrease in its degradation. We first analyzed

the galectin-3 mRNA expression pattern in embryonic bones of wild-type and Mmp9-/-

mice relative to other markers of chondrocyte differentiation by in situ hybridization. At

embryonic day 15.0 (E15.0), the majority of wild-type humeri already had primary

ossification centers, whereas no ossification centers were observed in Mmp9-/- humeri

(Fig. 4A, a and b). The expression of Col2 was similar in wild-type and Mmp9-/- mice

(Fig. 4A, e and f); however, the zone of Col10 expression expanded in Mmp9-/-

embryonic bones, reflecting the expanded hypertrophic chondrocyte zone in these

animals (Fig. 4A, g and h).

Mmp13 and Op are expressed by hypertrophic chondrocytes and osteoblasts

(Tuckermann et al. 2000) (MacLean et al. 2003)) and Mt1-Mmp is expressed by

osteoclasts (Sato et al. 1997). Mmp13 and Op mRNAs appeared in the center of wild-type

humeri in the most terminal rows of hypertrophic chondrocytes and in the primary

ossification center where osteoclasts and osteoblasts are recruited (Fig. 4A, i and k). In

Mmp9-/- mice, although the Mmp13 and Op expression domains appeared to be

diminished overall because of a delay in the establishment of the ossification center, their

expression domains within the hypertrophic cartilage (delimited by a dotted line) was

expanded and revealed that the accumulation of late hypertrophic chondrocytes begins at

an early embryonic stage of endochondral ossification (Fig. 4A, j and l).



144

Figure 4. Galectin-3 expression is disturbed during the initial stage of endochondral bone

formation in Mmp9-/- mice. (A) Serial longitudinal sections of humeri from E15.0 wild-

type and Mmp9-/- mice were stained with Safranin-O/Fast Green (SO/FG; a and b) and for

TRAP activity (o and p, TRAP-positive cells are indicated by black arrows). Adjacent

sections were hybridized with antisense RNA probes for Galectin-3 (Gal-3, fuchsia),

Collagen type 2 (Col2 , red), Collagen type 10 (Col10, green), Mmp13 (yellow),

Osteopontin (Op , purple), or Mt1-mmp (orange). Note the increase in Galectin-3

expression in Mmp9-/- mice as indicated by double pink arrows. Rare Galectin-

3–expressing cells are found in the perichondrium of Mmp9-/- samples (white arrow). Red

dotted lines indicate the limits of Mmp13 and Op expression domains in late hypertrophic

chondrocytes. (B) Serial longitudinal sections of femurs from E16.0 wild-type mice were

hybridized with antisense RNA probes for Galectin-3 and Mmp9 as indicated. Merging of

both signals shows partial overlap between Galectin-3 and Mmp9 expression. Brackets

indicate the primary ossification center in wild-type sections. Scale bars = 250 µm in A;

500 µm in B.
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Galectin-3 mRNA expression was observed in two distinct zones of the

developing bone. It was localized primarily in proliferating and prehypertrophic

chondrocytes, and, to a lesser extent, in late hypertrophic chondrocytes (Fig. 4Ac). A

second domain of strong galectin-3 mRNA expression in the ossification center

overlapped with the expression domain of Mmp13, Op, and Mt1-Mmp (Fig. 4A, i, k, and

m), most likely in osteoclasts and osteoblasts (Niida et al. 1994; Aubin et al. 1996; Colnot

et al. 1999). The expression domain of galectin-3 was slightly expanded in early

hypertrophic chondrocytes in Mmp9-/- embryos, where it overlapped with the Col10

expression domain (Fig. 4Ad). As in wild-type mice, the signal decreased markedly in

late hypertrophic chondrocytes. Because formation of the primary ossification center was

delayed, preosteoclast recruitment and vascular invasion had not yet occurred in Mmp9-/-

humeri. Accordingly, no cells expressing galectin-3 had migrated into the ossification

center, but instead a few galectin-3–positive cells were present in the perichondrium (Fig.

4Ad). Osteoblasts expressing Mmp13 and Op were detected only in the perichondrium, as

were osteoclasts expressing Mt1-Mmp and TRAP (Fig. 4A, j, l, n, and p). These results

show a delay in the recruitment of osteoclasts and osteoblasts from the perichondrium to

the primary ossification center. This delay in recruitment paralleled the delay in the initial

removal of late hypertrophic chondrocytes in Mmp9-/- mice at E15.0.

At E16.0, when vascular invasion was well underway in wild-type embryonic

bones, Mmp9 mRNA was highly expressed in cells located at the primary ossification

front, as is typical of Mmp9 expression during endochondral bone formation from

embryonic stages through adulthood. The Mmp9 expression pattern partially overlapped

with the localization of galectin-3 at the front of ossification and coexpression of these
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genes was detected in a limited cell population, most likely comprised of (pre-)

osteoclasts (Fig. 4B). The remaining galectin-3–positive cells, which did not express

Mmp9, may represent another population of ECM resorbing cells expressing Mt1-Mmp

and/or osteoblasts expressing Mmp13 and Op as suggested by the overlapping expression

profiles observed at E15.0 (Fig. 4A).

Taken together, these results indicate that the expansion of late hypertrophic

chondrocytes and the delay in their disappearance observed in Mmp9-/- mice begins early

in bone development. Concomitant with these defects, we observed an expansion of

galectin-3 expression in the upper hypertrophic chondrocyte zone and a decrease in the

initial recruitment of galectin-3–positive cells in the primary ossification center. These

observations suggests that galectin-3 as a downstream regulator of MMP9 at two steps in

endochondral bone formation: hypertrophic chondrocyte differentiation, and osteoclast

recruitment and differentiation.

Accumulation of galectin-3 protein at the chondro-osseous junction of Mmp9-/- mice

overlaps with MMP9 localization

At postnatal 2 weeks, galectin-3 mRNA was highly expressed in proliferating and

prehypertrophic chondrocytes with an expansion of this expression domain in Mmp-9

null mice. Galectin-3 mRNA was strongly decreased in late hypertrophic chondrocytes,

although a few sparsely distributed cells exhibited a higher expression (Fig. 5A, B). An

antibody to galectin-3–stained proliferating chondrocytes strongly and hypertrophic

chondrocytes less intensely in wild-type growth plates (Fig. 5C), as previously described

(Colnot et al. 1999). At the chondro-osseous junction, galectin-3 was also detected in
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Figure 5. Galectin-3 accumulates at the chondro-osseous junction of Mmp9-/- mice.

Paraffin sections of the growth plates of 2-week-old Mmp9-/- and wild-type metatarsals.

(a and b) In situ hybridization with antisense RNA probe for Galectin-3. (c and d)

Immunostaining with monoclonal rat anti– galectin-3. (e and f) Higher magnification of

(c and d) showing the increase in galectin-3 protein in hypertrophic chondrocytes (HC) of

Mmp9-/- mice. Black arrows indicate galectin-3 staining in perilacunar space. (h and i)

Higher magnification of (c and d) showing the increase in recruitment of galectin-

3–positive cells at the chondro-osseous junction (indicated by dotted line) in Mmp9-/-

mice (black arrows) and the increase in galectin-3 staining in the pericellular matrix of

the last row of hypertrophic chondrocytes (gray arrowheads). (g) Quantification of

hypertrophic chondrocytes exhibiting high levels of galectin-3 immunostaining. Results

are expressed as percentage of total hypertrophic chondrocytes counted. (n = 6 different

metatarsals; *p < 0.005). (j) Quantification of galectin-3–positive cells recruited at the

chondro-osseous junction expressed as total number of galectin-3–positive cells per

section along the ossification front. (n = 6 different metatarsals; *p < 0.005). PC,

proliferating chondrocytes; hc, hypertrophic chondrocytes; tb, trabecular bone. Scale bars

= 250 µm in a,b; 150 µm in c,d; 30 µm in e-i.
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mononuclear cells, preosteoclasts, some vascular cells and multinucleated osteoclasts

(unpublished data). However, in Mmp9-/- samples, the majority of hypertrophic

chondrocytes stained very strongly positive for galectin-3, and the number of positive

cells at the chondro-osseous junction also increased (Fig. 5D). In Mmp9-/- mice, galectin-

3 protein accumulated in the enlarged late hypertrophic chondrocytes in nuclei, along the

plasma membrane, extracellularly in the perilacunar space and to a lesser extent weakly

in the proximal ECM (Fig. 5F). In contrast, in wild-type mice few late hypertrophic

chondrocytes exhibited intense nuclear galectin-3 staining, and membrane, perilacunar,

and ECM staining were very weak (Fig. 5E). Strongly galectin-3–positive hypertrophic

chondrocytes were only 20.2 ± 4.2% of the total hypertrophic chondrocyte population in

wild-type mice, versus 43.5 ± 5.1% (p < 0.005; n = 6) in Mmp9-/- mice (Fig. 5G).

The galectin-3 staining in the lacunae and ECM in Mmp9-/- mice increased and

persisted in the last rows of hypertrophic chondrocytes (Fig. 5I). In contrast, the

numerous empty lacunae observed at the chondro-osseous junction in wild-type mice had

little galectin-3 staining in the surrounding matrix (Fig. 5H). At the chondro-osseous

junction, the number of recruited galectin-3–positive cells per section increased to 20.3 ±

1.0 in Mmp9-/- mice compared with 9.2 ± 1.3 (p < 0.005, n = 6) in wild-type (Fig. 5J).

Some of these cells were vascular cells, whereas others were preosteoclasts; osteoblasts

did not show high expression of galectin-3 (unpublished data).

Thus, the slightly expanded region of galectin-3 mRNA expression in Mmp9-/-

mice owed to a modest expansion of the prehypertrophic zone. In the absence of MMP9,

galectin-3 protein accumulated in regions where MMP9 was located in wild-type

animals, along the last row of hypertrophic chondrocytes, their ECM, and the chondro-
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osseous junction. We did not observe an increase in galectin-3 protein in bone marrow of

Mmp9-/-mice, indicating that this accumulation does not result from a global effect of

MMP9 deficiency on galectin-3 translation. The fact that galectin-3 accumulates in a

context of decreased ECM remodeling strongly suggests a decrease in galectin-3

degradation. Therefore, galectin-3 appears to be downstream of MMP9, most likely as a

direct substrate, in regulating the final stages of hypertrophic chondrocyte differentiation

and also in regulating osteoclastic recruitment and/or survival during endochondral bone

formation.

Excess extracellular galectin-3 phenocopies early MMP9 deficiency

A feature of the Mmp9-/- growth plates was the presence of extracellular galectin-

3. This raises the question of whether the growth plate phenotype in Mmp9-/- mice is

caused by an overabundance of uncleaved extracellular galectin-3. If this is the case, then

addition of excess galectin-3 should delay the initial formation of the growth plate and

concomitantly increase the size of the hypertrophic cartilage zone in skeletal elements

undergoing endochondral ossification. We tested this hypothesis in organotypic cultures

of embryonic metatarsals. We treated metatarsals dissected from E16.5 wild-type or

Mmp9-/- mice for 4 days with recombinant uncleaved (multimeric) or MMP9–cleaved

galectin-3. In three independent experiments, wild-type embryonic metatarsals treated

with intact galectin-3 mimicked the embryonic Mmp9-/- phenotype, exhibiting delayed

and decreased recruitment of preosteoclasts to the primary ossification center coupled

with an increase in the hypertrophic chondrocyte zone (Fig. 6). This resembles the early

growth plate phenotype of metatarsals from developing embryonic Mmp9-/- mice in vivo
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Figure 6. Ectopic addition of multimeric uncleaved galectin-3 partially mimics MMP9

deficiency. Sections from E16.5 wild-type metatarsals cultured for 4 days in presence of

vehicle alone, full-length mouse recombinant galectin-3– or MMP9–cleaved galectin-3

stained with (A) Safranin-O or (B) for TRAP activity. (C) Quantification of the increase

in growth plate length following galectin-3 treatment. Results are expressed as the

percentage of increase compared with untreated wild-type and the results from two

representative independent experiments are shown (series 1, n = 5 for vehicle alone, n = 4

for full length galectin-3 and n = 4 for MMP9-cleaved galectin-3), *p < 0.005); (series 2,

n  = 5 for vehicle alone, n = 5 for full length galectin-3 and n = 3 for MMP9-cleaved

galectin-3, *p < 0.005).
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and in culture with decreased vascular invasion and recruitment of TRAP-positive cells

and an increased hypertrophic chondrocyte zone (Engsig et al. 2000). In contrast, we

could not detect any significant phenotypic effects in embryonic metatarsals treated with

MMP9–cleaved galectin-3. Mmp9-/- embryonic metatarsals, which already have an

endogenous excess of galectin-3, were unaffected by these treatments (unpublished data).

Thus, either excess uncleaved multimeric galectin-3, or ablation of Mmp9 interferes with

two pathways, one that directs late differentiation of hypertrophic chondrocytes and a

second that controls osteoclast differentiation and migration.

A.4 Discussion

Mmp9 deficiency leads to abnormal endochondral bone formation, with decreased

rates of hypertrophic chondrocyte apoptosis and trabecular bone formation (Vu et al.

1998). These defects are initially derived from a delay in vascular invasion and osteoclast

recruitment at an early stage in development (Engsig et al. 2000). The growth plate of

Mmp9-/- mice is characterized by an extension of the lifespan of late hypertrophic

chondrocytes, as well as the accumulation of full-length galectin-3, in and around late

hypertrophic chondrocytes. Ectopic extracellular galectin-3 produces delayed osteoclast

recruitment as well as expansion of the hypertrophic cartilage zone due to the delayed

removal of hypertrophic chondrocytes at the chondro-osseous junction. Our results point

to galectin-3 as a downstream regulator of MMP9 function at two distinct points during

endochondral bone formation, differentiation of late hypertrophic chondrocytes and

control of the recruitment and/or differentiation of TRAP-positive osteoclasts or

osteoclast progenitors to the front of ossification.
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Mmp9-/- mice show altered expression and extracellular activities of galectin-3 during

endochondral bone formation

Galectin-3 is synthesized in proliferating and prehypertrophic chondrocytes, with

a clear nuclear and cytoplasmic localization in wild-type mice. During cartilage

differentiation, galectin-3 synthesis decreases gradually until the late hypertrophic stage

(Colnot et al. 1999). We report here that the Mmp9-/- phenotype is characterized by an

abnormal accumulation of galectin-3 in and around late hypertrophic chondrocytes, even

though there is no increase in mRNA in this particular zone of the growth plate. Galectin-

3 also accumulated in and around (pre)osteoclasts.

In culture, exogenous intact galectin-3 disrupted normal embryonic bone

development, increasing the hypertrophic chondrocyte zone and decreasing recruitment

and/or differentiation of preosteoclasts. These effects mimic the phenotype previously

observed in embryonic bones of Mmp9-/- mice (Engsig et al. 2000). Galectin-3 cleaved by

MMP9 (monomeric) had no effect in our in vitro metatarsal culture experiments. Thus,

we hypothesize that the functions of intact galectin-3 may be regulated through

inactivation of the protein by proteolytic cleavage during endochondral bone formation

on both sides of the chondro-osseous junction, in late hypertrophic chondrocytes and

preosteoclasts or osteoclasts.

The slight expansion in the region of galectin-3 expression in proliferating and

prehypertrophic zones of the growth plate suggests that MMP9 may also regulate factors

involved in the transition from chondrocyte prehypertrophy to hypertrophy. The

expanded galectin-3 mRNA expression early in development was conserved in 2-week-



156

old mice and could have contributed to the increased hypertrophic chondrocyte zone in

Mmp9-/- mice during the phase of rapid bone growth through its antiapoptotic effects.

However, the expansion of the hypertrophic chondrocyte zone in Mmp9-/- mice does not

result from an increase in chondrocyte proliferation or in expression of major

differentiation markers such as Col10 (Vu et al. 1998).

Galectin-3 is a downstream regulator of MMP9 in hypertrophic chondrocyte terminal

differentiation

Numerous studies have established intracellular galectin-3 as an antiapoptotic

factor. Indeed, galectin-3 contains the anti-death domain characteristic of the Bcl-2

protein family (NWGR; Akahani et al., 1997), and cells that overexpress galectin-3

display increased resistance to apoptotic stimuli (Krzeslak and Lipinska 2004); (Wang et

al. 2004)). Galectin-3 is the only member of the galectin family that promotes cell

survival (Akahani et al. 1997; Matarrese et al. 2000). It is now becoming clear that

galectin-3 is an extracellular modulator of cell/ECM interactions that exhibits pro- and

antiadhesive properties in different processes such as kidney development, angiogenesis,

and metastasis (Nangia-Makker et al. 2000; Bullock et al. 2001; Fukushi et al. 2004;

Takenaka et al. 2004). However, the previous studies do not differentiate between

intracellular and extracellular functions of galectin-3.

We propose that extracellular galectin-3 negatively regulates terminal

differentiation of hypertrophic chondrocytes, possibly by acting as an antiapoptotic

matricellular protein that maintains ECM anchorage. In support of this hypothesis,

exogenous galectin-3 expands the population of hypertrophic chondrocytes in cultured
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embryonic metatarsals. This is further supported by the Galectin-3-/- phenotype, where

increased programmed cell death is observed at the chondro-vascular junction in the

absence of galectin-3 (Colnot et al. 2001). It is possible that ECM remodeling by MMPs,

particularly MMP9 present along the last transverse septa, degrades galectin-3, thereby

derepressing terminal differentiation or programmed cell death of hypertrophic

chondrocytes and allowing endochondral ossification to proceed.

The hypertrophic chondrocytes of Mmp9-/- mice reached late differentiation as

evidenced by their expression of Mmp13 and Op. However, very few hypertrophic

chondrocytes expressing Mmp13 and Op were detectable in wild-type mice because of

the rapid exit of these chondrocytes from the growth plate during the first 3 wk of

postnatal life, when growth of long bones is maximal. We conclude that the Mmp9-/-

phenotype results from a delay in the disappearance of late hypertrophic chondrocytes,

characterized by galectin-3 accumulation and is probably due to a defect in the switch to

terminal differentiation or programmed cell death.

Because there was no difference in galectin-3 expression in late hypertrophic

chondrocytes between wild-type and Mmp9-/- mice, we argue that persistence of galectin-

3 in late hypertrophic chondrocytes results from a defect in its degradation. We cannot

exclude that MMP9 deficiency induces an increase in galectin-3 because of an indirect

role in controlling other proteases involved in galectin-3 degradation, but intriguingly, at

this locale, galectin-3 and MMP9 colocalize and the galectin-3 detected is present in

Mmp9-/- mice as intact dimers. Moreover, our immunostaining data support that

hypothesis, as strong staining for galectin-3 was seen all around the lacuna in

hypertrophic cartilage of Mmp9-/- mice, where late hypertrophic chondrocytes survived
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and accumulated abnormally. The presence of galectin-3 dimers may promote

hypertrophic chondrocyte survival through maintenance of a strong adhesion to the ECM.

Indeed, Galectin-3 overexpression can protect cells from apoptosis by improving cell

adhesion (Matarrese et al. 2000), which is dependent on oligomerization of galectin-3,

particularly through TG2 activity (Mehul et al. 1995; Mahoney et al. 2000). Because TG2

is expressed at identical levels in wild-type and Mmp9-/- chondrocytes, we hypothesize

that the observed accumulation of galectin-3 dimers does not result from an increase in

TG2 activity but more likely from an increase in the half-life of the dimers.

In vitro, galectin-3 is a direct substrate for MMP9, MMP2, and MMP13, which

cleave the amino terminal domain of the molecule at a common site (Ochieng et al. 1994;

Guevremont et al. 2004). Because MMP13 is expressed in Mmp9-/- hypertrophic

chondrocytes, and Mmp13-/- mice exhibit only a modest expansion of the hypertrophic

chondrocyte zone (Stickens et al. 2004), we suggest that MMP9 is the dominant MMP for

cleaving the N-terminal domain of galectin-3 in and around late hypertrophic

chondrocytes. As this domain allows oligomerization of galectin-3, its integrity may be

required for adhesion of hypertrophic chondrocytes to the ECM and consequent

antiapoptotic effects. Cleavage of this domain by MMP9 would therefore modify the

affinity of galectin-3 for its ligands and promote hypertrophic chondrocyte terminal

differentiation or programmed cell death. As such, we propose that galectin-3 is a

downstream regulator of MMP9 controlling terminal differentiation of hypertrophic

chondrocytes at the chondro-osseous junction.

Aberrant accumulation of extracellular galectin-3 interferes with recruitment of
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osteoclast progenitors

We observed two distinct effects of galectin-3 during endochondral ossification

on cells of the osteoclast lineage. In our embryonic metatarsal culture experiments, an

excess of exogenous intact galectin-3 decreased the initial TRAP-positive cells

(preosteoclasts and osteoclasts) invading the chondro-osseous junction. Addition of

galectin-3 cleaved by MMP9 had no such effect on recruitment of TRAP-positive cells.

In contrast, we observed increased TRAP staining at the front of ossification in 2-week-

old Mmp9-/- mice, in parallel with an increase in the number of galectin-3–positive cells.

Osteoclasts and osteoclast precursors, which are monocyte derived, express galectin-3

(Niida et al. 1994). Interestingly, galectin-3 has been described as a chemoattractant for

monocytes and macrophages (Sano et al. 2000). It is likely that full-length galectin

mediates this effect since both N- and C-terminal domains are required. Galectin-3-/- mice

have defective macrophage survival and adhesion (Hsu et al. 2000). However, no defect

in osteoclast differentiation was reported in Galectin-3-/- mice and MMP9–positive cells

seemed to be recruited normally at the chondro-osseous junction (Colnot et al. 2001). It is

possible that aberrant persistence of intact galectin-3 induces abnormal osteoclast

survival and excess bone turnover.

Mmp9-/- mice have altered ECM and disruption of growth plate homeostasis

Homeostasis of the growth plate during long bone growth depends on a delicate

balance between the rate of chondrocyte proliferation and the rate of hypertrophic

chondrocyte disappearance or death. The critical role of metaphyseal vascular supply in

this homeostasis has been demonstrated (Trueta and Morgan 1960), and VEGF has been
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identified as one of the major angiogenic factor involved in this process. Inhibition of

VEGF by circulating soluble inhibitors (Gerber et al. 1999) or deficiency in VEGF long

isoform expression (VEGF121/121; Maes et al., 2002; Zelzer et al., 2002) results in an

enlarged hypertrophic chondrocyte zone, disturbed vascularization and altered bone

mineralization. Moreover, trabecular bone volume, hypertrophic chondrocyte apoptosis,

and osteoclast recruitment decrease.

The striking phenotypic similarities between these VEGF mutant mice and the

Mmp9-/- mice indicate an important link between these factors. We found that many

proteins accumulate aberrantly in extracts from Mmp9-/- growth plates. Two mechanisms

may contribute to these increases: prolonged synthesis of these proteins by late

hypertrophic chondrocytes that normally would have exited the growth plate and/or

reduced degradation of these proteins in the absence of MMP9 activity. We identified

two of these proteins as VEGF and galectin-3. In contrast to galectin-3, which

accumulates most probably because of a decrease in its degradation, VEGF mRNA

persists in the expanded hypertrophic cartilage zone of Mmp9-/- mice (Engsig et al. 2000),

indicating that late hypertrophic chondrocytes synthesize VEGF as long as they survive.

Because VEGF is essential for osteoclast recruitment into developing long bones (Engsig

et al. 2000) and is a chemoattractant for the monocyte/macrophage lineage (Barleon et al.

1996; Clauss et al. 1996), this increase in VEGF protein may contribute to the increase in

TRAP- and galectin-3–positive cells at the chondro-osseous junction of Mmp9-/- mice. It

follows then that a decrease in VEGF should result in decreased numbers of TRAP-

positive cells, which is indeed the case (Gerber et al., 1999; unpublished observations).
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Appendix B:

Type I collagen is a genetic modifier of matrix metalloproteinase 2 in murine skeletal

development1

1Reprinted from Egeblad, M., Shen, H.J., Behonick, D.J., Wilmes, L., Eichten, A., Korets,
L.V., Kheradmand, F., Werb, Z., Coussens, L.M. (2007) Type I Collagen Is a Genetic
Modifier of Matrix Metalloproteinase 2 in Murine Skeletal Development.  Dev Dyn
236:1683-1693.
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B.1 Introduction

Remodeling of the extracellular matrix (ECM) by matrix metalloproteinases

(MMPs) is critical for development of the skeleton, and mice deficient for Mmp9,

Mmp13, and Mmp14 (Mt1-mmp) have skeletal defects (Vu et al. 1998; Holmbeck et al.

1999; Zhou et al. 2000; Stickens et al. 2004). Inactivating mutations in human MMP2 are

the cause of rare but severe skeletal defect syndromes in patients born from

consanguineous marriages (Martignetti et al. 2001; Zankl et al. 2005; Rouzier et al.

2006). The clinical findings in these MMP2-null patients include hyperextension of

metacarpophalangeal joints, flexion contractures of large joints, dysmorphic faces,

significant growth restrictions and, surprisingly, loss of bone mass with osteolysis (Al

Aqeel et al. 2000; Al-Mayouf et al. 2000; Zankl et al. 2005; Rouzier et al. 2006). In

contrast to MMP2-null humans, Mmp2-/- mice have mild skeletal defects and no focal

osteolysis (Inoue et al. 2006).

Genetic modifiers are genes that interact with a phenotype-associated gene and

alter the observed phenotype, for example the severity of the phenotype (Nadeau 2001).

Genetic modifier studies in mice can be powerful tools to identify genetic interactions

with relevance for human disease. A recent example comes from cystic fibrosis, one of

the most common human autosomal recessive diseases. Mutations in cystic fibrosis

transmembrane conductance regulator (CFTR), which encodes a membrane-bound

chloride ion channel, cause impaired fluid and salt secretion resulting in mucus

accumulation in various tissues. The clinical presentation of cystic fibrosis can vary with

age-of-onset and disease severity and this variability has been ascribed both to

differences in the specific mutations in the CFTR gene and to genetic modifiers (Nadeau
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2001). Mice deficient for the Cftr gene (Cftr-/- mice) die soon after birth on most genetic

backgrounds, but live for many months on others. These observations indicate the

existence of a modifier gene that modulates the severity of the phenotype of Cftr-/- mice.

Through the intercrossing of mouse strains with different phenotypes and subsequent

linkage analysis, a single locus with a semidominant effect on viability was identified

(Rozmahel et al. 1996). The identification of the modifier locus in the mouse led to

identification of the corresponding human locus, which turned out to be a genetic

modifier of the human disease cystic fibrosis (Zielenski et al. 1999).

In the case of MMP2, the difference between the phenotype of Mmp2-/- mice and

MMP2-null humans has been attributed to redundancy of Mmp2 gene function in the

mouse (Martignetti et al. 2001). Because Mmp14-/- mice have severe skeletal defects with

craniofacial abnormalities, growth restrictions, and osteopenia (Holmbeck et al. 1999;

Zhou et al. 2000), it has been suggested that MMP14 in the mouse serves a function

similar to MMP2 in human skeletal development (Martignetti et al. 2001). However, of

the MMP2-null patients with osteolytic syndromes, all but one have been of Arabic

descent and all have been born from consanguineous marriages. Thus, it is possible that

there are genetic modifiers of MMP2 , which have co-segregated with the MMP2

mutations in the affected individuals, and that such genetic modifiers are responsible for

the reported different phenotypes of MMP2-null humans and Mmp2-/- mice. We had

noticed that a low percentage (~10%) of Mmp2-/- mice from an inbred line on the

C57BL/6 background were severely runted, had abnormally shaped faces, a wide gait,

failed to thrive, and rarely lived beyond 4 weeks of age. The runted mice were always

Mmp2-/-, never wild-type (WT) or Mmp2+/-. The low penetrance of the runted phenotype
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of Mmp2-/- mice indicated existence of a recessive genetic modifier of Mmp2 in the

mouse. Rather than identifying the putative modifier through linkage analysis, we took a

candidate approach. The small stature and abnormal craniofacial features of the runted

Mmp2-/- mice resembled the appearance of Mmp14-/- mice (Holmbeck et al. 1999; Zhou et

al. 2000), but because Mmp2-/-;Mmp14-/- double-deficient mice die immediately after

birth (Oh et al. 2004), the spontaneous mutation was unlikely to directly involve Mmp14.

MMP14 activates proMMP2 by cleaving off its pro-domain (Strongin et al. 1995); thus,

we speculated that a genetic modifier of Mmp2 could be another substrate of MMP14,

namely type I collagen, which is also abundant in bones (Holmbeck et al. 1999).

Type I collagen is a heterotrimer molecule composed of two a1(I) and one a2(I)

polypeptide chains encoded by two separate genes: Col1a1 and Col1a2 (Cutroneo 2003).

Type I collagen has both structural and signaling functions, the latter being mediated by

integrins and discoidin domain receptors (Shrivastava et al. 1997; Heino 2000). Type I

collagen is cleaved into characteristic TCA and TCB fragments at approximately one

quarter and three quarters of the length of the native molecule by collagenolytic MMPs,

including MMP1, MMP2, MMP8, MMP13, and MMP14 (Ohuchi et al. 1997). These

cleavage fragments are present in bone (Holmbeck et al. 1999; Stickens et al. 2004) and

can initiate signaling that affects cell migration and survival (Montgomery et al. 1994;

Petitclerc et al. 1999; Stringa et al. 2000; Fera et al. 2004).

Type I collagen is abundant in the skeleton where it contributes to load-bearing

capacity by assembling into ordered fibrils. Naturally occurring mutations in type I

collagen genes render type I collagen molecules more fragile and lead to osteogenesis

imperfecta, characterized by profound skeletal fragility (Barsh et al. 1982; Bonadio et al.
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1985). Conversely, Col1a1r/r mice with homozygous, engineered mutations (r) in the

Col1a1 gene, which render type I collagen resistant to cleavage to TCA and TCB

fragments by collagenolytic MMPs (including MMP2, MMP8, MMP13, and MMP14),

continually deposit new bone, resulting in progressive thickening of the calvariae and

increased trabecular bone density (Liu et al. 1995; Zhao et al. 2000; Chiusaroli et al.

2003). Mice deficient for MMP13 or MMP14, which both have high activity against type

I collagen, also display abnormal skeletal development (Holmbeck et al. 1999; Zhou et al.

2000; Stickens et al. 2004).

Here, we test the hypothesis that type I collagen is a modifier of Mmp2 during

skeletal development in the mouse. We report that mice that concomitantly are deficient

for Mmp2 and carry the mutant Col1a1r gene show skeletal changes resembling those

reported in the human skeletal syndromes associated with inactivating mutations in

MMP2.

B.2 MATERIALS AND METHODS

Mice

Mmp2-/- mice (Itoh et al. 1997) and Col1a1r/r mice (Liu et al. 1995) were bred into

the FVB/n background for four or more generations before generating Mmp2-/-;Col1a1r/r

mice. Mice were genotyped by polymerase chain reaction for the wild-type Mmp2 allele

(primers GelA2_sense 5 -CAACGATGGAGGCACGAGTG-3  and GelA_antis 5 -

GCCGGGGAACTTGATCATGG-3 ), for the Mmp2 null allele (primers GelAmut-1 5-

GACCACCAAGCGAAACAT-3 and GelAmut-2 5-CAAGAAGGCGATAGAAGG-3 ),

for the wild-type Col1a1 allele (primers Col1a1wt-1 5-TGGACAACGTGGTGTGGTC-3
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and Col1a1-wt-2 5-TTGAACTCAGGAATTTACCTGC-3 ), and for the mutated Col1a1r

allele (primers Col1a1mut-1 5 -TGGACAACGTGGTGCCGCG-3  and Col1a1wt-2).

Mice were housed in a specific-pathogen-free environment, under light-, temperature-,

and humidity-controlled conditions with food and water available ad libitum. All mice

were maintained and handled according to IACUC procedures.

Embryonic and neonatal lethality

Mmp2-/-;Col1a1r/+  mice were interbred to determine whether all genotypes were

present in the expected Mendelian ratios. Embryos were collected, and yolk sac DNA

was genotyped at embryonic day 9.5 or 14.5, and pups were collected, and tail DNA

genotyped at birth (p1) or at weaning (p21).

Weight curves

Wild-type, Mmp2-/-, Col1a1r/r and Mmp2-/-;Col1a1r/r male and female mice were

weighed weekly. At least three animals of each sex and genotype were followed until 16

weeks of age.

Skull and skeletal preparations

Whole skeleton and skull preparations were prepared by removing skin and

internal organs, fixing overnight in 4% paraformaldehyde (PFA), washing in increasing

concentrations of ethanol, and staining overnight with Alcian blue (Sigma A3157-10G).

Skeletons and skulls were then washed in ethanol, digested in 1% trypsin in 30% sodium

borate until soft tissue became transparent, rinsed, stained in Alizarin red (Sigma A5533),



167

incubated for 18–48 hr in 0.5% KOH/0.6% H2O2, washed in increasing concentrations of

glycerin, and stored in 100% glycerine.

Quantification of calvarial bone formation

Skulls were photographed on a stereo microscope (Leica, MZFL111) with a

digital camera (Nikon, DXM1200) using ACT-1 software (Nikon). The area that had not

ossified was quantified using NIH Image J 1.34s software.

Histological staining

Tissues were fixed in 4% PFA and decalcified in 19% ethylenediaminetetraacetic

acid (EDTA) for 2 weeks before embedding in paraffin and sectioning at 5 mm.

Deparaffinized and rehydrated sections were stained with hematoxylin and eosin using

standard methods. For Safranin-O/Fast Green staining, sections were stained in Weigert’s

Iron Hematoxylin (Sigma), 0.02% aqueous Fast Green (Sigma), followed by a rinse in

1% acetic acid and 0.1% aqueous Safranin-O (Sigma). Sections were reacted for TRAP

activity using a leukocyte acid phosphatase kit and counterstained with 0.02% aqueous

Fast Green (Sigma).

MRI

MRI images were acquired on a 1.5T Signa whole body MRI scanner (General

Electric Medical Systems). Anesthetized mice were imaged in pairs (an aged-matched

wild-type or littermate Mmp2-/-;Col1a1r/r mouse with an Mmp2-/-;Col1a1r/r mouse) using

a wrist radiofrequency coil (Medical Advances, Milwaukee, WI) and a customized
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animal holder. Normal body temperature was maintained during imaging with a heating

pad. Axial T2-weighted images were acquired using a two-dimensional multislice fast

spin echo sequence (repetition time [TR] = 5.5 sec, echo time [TE] = 85 msec) with an 8-

cm field of view (FOV), 256 x 192 matrix, and 3-mm slice thickness to obtain cross-

sectional images of the hind paws of the mice. Axial diffusion weighted images were

acquired for the same slice locations using a single-shot fast spin echo (TR = 9.5 sec; TE

= 85 msec; FOV = 8 cm, thickness = 3 mm, 128 x 128 matrix, and b values of 0 and 600

s/mm2). Water ADC maps demonstrating water mobility in the tissues were calculated as

previously described (Partridge et al. 2001), and paw ADC values were determined using

regions of interest delineated on T2-weighed images.

Micro-CT

Tibiae were collected at indicated ages and analyzed using a micro-computed

tomography (micro-CT) system (mCT40, Scanco Medical, Bassersdorf, Switzerland).

The trabeculae of the bones were scanned using a Cone-Beam type scan into 240 slices

with a voxel of 7 x 7 x 7 m. Three-dimensional structural parameters were measured

directly as described (Jiang et al. 2003).

Preparation of collagens and digestion with collagenases

Collagens were extracted from wild-type or Col1a1r/r mouse tails, digested with

APMA-activated recombinant MMPs (Calbiochem, CA) for 1 hr at the indicated

temperatures, and analyzed by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis as described previously (Liu et al. 1995). Each sample contained 1 g type
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I collagen.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 4 and Microsoft Office

Excel 2003. The distributions of genotypes after inter-breeding Mmp2-/-;Col1a1r/+ mice

were compared with the expected Mendelian distributions with  2 test (8 degrees of

freedom). Growth curves of mice (repeated measurements) were analyzed by two-way

analysis of variance repeated measurements test for time points with at least three mice

per genotype. For males, curves were significantly influenced by genotype, P < 0.0001 (F

=  173.39) and Bonferroni post-tests showed that Mmp2-/-;Col1a1r/r at 4 and 6–16 weeks

of age were significantly different from wild-type (P < 0.05). For females, statistical

analysis was done only on measurements from 7–16 weeks of age, because there were

fewer than three Mmp2-/-;Col1a1r/r mice for weeks 1–6. The curves were significantly

influenced by genotype, P <  0.0001 (F = 969.29), and Bonferroni post-tests found that

Mmp2-/- mice at 15 weeks of age (P < 0.05), Col1a1r/r mice at 11 weeks of age (P <

0.05), and Mmp2-/-;Col1a1r/r mice at 7–16 weeks of age were significantly different (P <

0.001) from wild-type mice. The size of the calvarial foramen, relative bone volume

(BV/TV), trabecular thickness (Tb.Th), cortical thickness at the diaphysis (C.Th.-Diaph),

and trabecular separation (Tb.Sp) were analyzed with two-sided Student’s t-test.

B.3 RESULTS

Mmp2-/-;Col1a1r/r mice are severely growth retarded

Col1a1r/r mice have mutations in the Col1a1 gene that render type I collagen
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resistant to cleavage by collagenolytic MMPs (Liu et al. 1995). To determine whether

type I collagen was a modifier of Mmp2, we intercrossed Mmp2-/- mice with Col1a1r/r

mice. When the resulting Mmp2+/-;Col1a1r/+  mice were further intercrossed, Mendelian

ratios of the nine possible genotypes were observed during embryogenesis and

immediately after birth (Table 1). However, at weaning, 21 days after birth, the

distribution of the genotypes was significantly different from the expected values with

fewer than expected Mmp2-/-;Col1a1r/+  and Mmp2-/-;Col1a1r/r mice (Table 1,  c2 = 24.7;

P < 0.002). Thus, whereas Mmp2-/- and Col1a1r/r mice had normal survival, Mmp2-/- mice

with at least one Col1a1r allele showed reduced postnatal survival.

The Mmp2-/-;Col1a1r/r mice were only approximately half the size of wild-type,

Mmp2-/- or Col1a1r/r mice (Fig. 1A). A few Mmp2-/-;Col1a1r/r mice survived for 16 weeks

or longer and their body weight was followed up weekly. At birth, the body weight of the

Mmp2-/-;Col1a1r/r mice was comparable to wild-type, Mmp2-/-, and Col1a1r/r mice.

However, the weight of the Mmp2-/-;Col1a1r/r mice failed to increase from approximately

the fourth week of age, coinciding with the growth spurt of the long bones, and remained

significantly less than the weights of wild-type, Mmp2-/-, or Col1a1r/r mice for the

duration of their lifetime (Fig. 1B). The runted phenotype showed 100% penetrance in

Mmp2-/-;Col1a1r/r mice and was also often found in Mmp2-/-;Col1a1r/+ mice, whereas

Mmp2+/-;Col1a1r/r animals were not runted (data not shown). None of the Mmp2-/-

;Col1a1r/r mice were able to produce offspring.
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Table 1. Mmp2-/-;Col1a1r/- mice were intercrossed and the genotypes of their offspring

determined during embryogenesis (embryonic day [E] 9.5 and E14.5), at birth (postnatal

day 1), and at weaning (p21). The distributions of genotypes (the number of mice is in

parentheses) were compared to the expected Mendelian distributions with  c2 test. The c2

and P values (8 degrees of freedom) are indicated at each time point.
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Figure 1. Mmp2-/-;Col1a1r/r mice are severely growth retarded, with swollen and

hyperextended metacarpophalangeal joints. (A) Adult (age, 8–11 weeks) wild-type

(Mmp2+/+;Col1a1+/+), Mmp2-/-;Col1a1+/+, M m p 2+/+;Col1a1r/r, and Mmp2-/-;Col1a1r/r

mice (backcrossed to FVB/n). (B)  Growth curves of male (top) and female (bottom)

Mmp2+/+;Col1a1+/+, Mmp2-/-;Col1a1+/+, Mmp2+/+;Col1a1r/r, and Mmp2-/-;Col1a1r/r mice

weighed weekly (mean ± SD from repeated measurements), n  = 3 for

Mmp2+/+;Col1a1+/+, Mmp2-/-;Col1a1+/+ and Mmp2+/+;Col1a1r/r. However, because some

Mmp2-/-;Col1a1r/r mice died, six Mmp2-/-;Col1a1r/r mice were followed up for each sex,

although not all mice could be weighed at all time points. The curves are significantly

different for both males and females using two-way analysis of variance repeated

measurements test. (C) Photographs of front (top) and hind (bottom) paws from 7-week-

old Mmp2+/+;Col1a1+/+, Mmp2-/-;Col1a1+/+, Mmp2+/+;Col1a1r/r, and Mmp2-/-;Col1a1r/r

mice. Scale bar = 5 mm.
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Mmp2-/-;Col1a1r/r mice have edematous paws, hyperextended metacarpophalangeal

joints, and reduced mobility of large joints

Humans with inactivating MMP2 mutations have characteristic swelling of

fingers and toes, hyperextension of metacarpophalangeal joints, and either

hyperextension or flexion contracture of most other joints (Al Aqeel et al. 2000). While

handling Mmp2-/-;Col1a1r/r mice, we noticed that their range of motion, particularly of

the knee, hip, shoulder, and elbow joints, was markedly reduced (8 of 8 mice). Strikingly,

paws of the Mmp2-/-;Col1a1r/r mice became visibly swollen, and the metacarpophalangeal

joints hyperextended around the time of weaning (Fig. 1C). To establish if the increased

size of their paws was due to edema, we determined the apparent diffusion coefficient

(ADC) using diffusion weighted magnetic resonance imaging (MRI). The ADC is an

indirect measure of water content with a higher value reflecting increased water mobility

(Le Bihan et al. 1986), which can result from the expanded interstitial space characteristic

of edema. The ADC was greater in hind paws of Mmp2-/-;Col1a1r/r mice ([1.30±0.05]

x10-3mm2/sec, n = 2) than in control mice ([0.98±0.03]x10-3mm2/sec, n = 2, one age-

matched wild-type and one Mmp2-/-;Col1a1r/r littermate). These results indicate that the

paws of the Mmp2-/-;Col1a1r/r mice were edematous. Tissue involved in edema was most

likely soft tissue because the T2-hyperintense regions with the highest ADC values were

located at the periphery of the paws (data not shown).

Mmp2-/-;Col1a1r/r mice display abnormal craniofacial development with impaired

calvarial ossification and lack of calvarial suture closure

Humans with recessive mutations in MMP2 have flattened faces (Al Aqeel et al.
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2000; Al-Mayouf et al. 2000; Zankl et al. 2005). The facial features were also changed in

the Mmp2-/-;Col1a1r/r mice, which had shortened snouts and bulging skulls (Fig. 2A,B).

Facial changes of the M m p 2-/-;Col1a1r/r mice were accompanied by incomplete

intramembranous ossification of calvarial bones (Fig. 2C,D). Even in the single 5-month-

old Mmp2-/-;Col1a1r/r mouse that we were able to study, calvarial bones had not

completely ossified (data not shown). Instead of bone, a sclerotic membrane was present

in adult animals. Mild delays were also evident in Mmp2+/- and Col1a1r/r mice, but the

cranial sutures of the single mutants were closed completely by 8 weeks of age (Fig. 2C).

The cranial bones that developed in Mmp2-/-;Col1a1r/r mice had a very abnormal

histology with a thin and porous appearance (Fig. 2E). The bones from Col1a1r/r mice

were slightly osteopetrotic as previously reported (Zhao et al. 2000).

Long bones of Mmp2-/-;Col1a1r/r mice are osteopenic

In contrast to the severe defects in cranial development, long bones of Mmp2-/-

;Col1a1r/r appeared largely normal, although smaller, when examined by whole skeletal

preparation (Fig. 3A). Humans with MMP2-null mutations suffer from osteolytic lesions

in their long bones that can be so debilitating that they become wheelchair-bound (Al-

Mayouf et al. 2000). Microcomputed tomography (micro-CT) analysis of Mmp2-/-

;Col1a1r/r mice showed reduced trabecular bone density in tibiae, indicating osteopenia

(Fig. 3B; due to the reduced survival of the Mmp2-/-;Col1a1r/r mice, only one animal was

analyzed at 16 weeks of age). The relative bone volume (BV/TV), which takes into

account that Mmp2-/-;Col1a1r/r mice are significantly smaller than their controls, was

much lower in tibiae from Mmp2-/-;Col1a1r/r than from wild-type, Mmp2-/-, or Col1a1r/r
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Figure 2. Mmp2-/-;Col1a1r/r mice have abnormal calvarial bone development. (A) Side

view of heads of 7-week-old Mmp2+/+;Col1a1+/+ and Mmp2-/-;Col1a1r/r mice. (B) Side

view of skulls of 8-week-old M m p 2+/+;Col1a1+/+, M m p 2-/-;Col1a1+/+,

Mmp2+/+;Col1a1r/r, and Mmp2-/-;Col1a1r/r mice stained with Alcian blue (cartilage) and

Alizarin red (bone). Arrow points to open calvarial sutures in adult Mmp2-/-;Col1a1r/r

mice. Scale bar = 5 mm. (C) Top-view of skulls from the different genotypes after

staining with Alcian blue and Alizarin red at birth (p1), 7 days of age (p7), and 7–8

weeks of age (7–8 weeks). (D) Quantification of the calvarial foramen (outlined with

dashed lines in C) at birth (mean ± SD). The calvarial foramen was significantly larger (P

<  0.006, two-sided Student’s t-test) in Mmp2-/-;Col1a1r/r animals (n = 4) than in control

littermates with at least one WT Mmp2 and Col1a1 allele (n = 3). (E) Histology of the

frontal bones from 8-week-old mice stained with hematoxylin and eosin. Scale bar = 200

µm.
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Figure 3. Osteopenia in long bones of Mmp2-/-;Col1a1r/r mice. (A) Whole skeletons of 8-

week-old animals, stained with Alcian blue (cartilage) and Alizarin red (bone). (B)

Microcomputed tomography (micro-CT) of tibiae of Mmp2-/-;Col1a1r/r and controls at 8

and 16 weeks of age. (C) Relative bone volume (BV/TV), trabecular thickness (Tb.Th),

cortical thickness at the diaphysis (C.Th.-Diaph), and trabecular separation (Tb.Sp.) were

determined by micro-CT of tibiae from Mmp2-/-;Col1a1r/r and their aged-matched

controls (two Mmp2+/+;Col1a1+/+, one Mmp2-/-;Col1a1+/+, one Mmp2+/+;Col1a1r/r, and

one Mmp2+/-;Col1a1r/r). All mice were 7–8 weeks old, except the two mice represented

with red symbols that were 16 weeks old. All measurements were significantly different

by two-sided Student’s t-test. (D) Safranin-O staining of tibia from 16-week-old Mmp2-/-

;Col1a1r/r and Mmp2+/-;Col1a1r/r littermates showing reduced trabecular bone in the

former. E: Increased tartrate-resistant acid phosphatase (TRAP)-positive (purple)

osteoclasts in both trabecular bone and cortex of tibiae from Mmp2-/-;Col1a1r/r. Scale bar

= 1 cm in A; 5 mm in B; 500 µm in D: 200 µm in E.
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age-matched controls (Fig. 3C). Similarly, trabecular thickness (Tb.Th) and cortical

thickness at the diaphysis (C.Th-Diaph) were lower in Mmp2-/-;Col1a1r/r mice than in

controls. Trabecular separation (Tb.Sp) was increased in Mmp2-/-;Col1a1r/r mice

compared with controls, indicating active bone resorption (Fig. 3C); however, the

increase was skewed by the one 16-week-old Mmp2-/-;Col1a1r/r mouse. Interestingly, this

mouse had the lowest bone volume and highest trabecular separation of all the mice (Fig.

3C, red triangular symbols). Both type I collagen and MMP2 are expressed by osteoblasts

in the trabecular bone (Dacquin et al. 2002; Stickens et al. 2004), and Safranin-O/Fast

Green staining demonstrated that there was less trabecular bone in tibiae of Mmp2-/-

;Col1a1r/r than in control Mmp2+/-;Col1a1r/r littermates (Fig. 3D). In addition, the number

of tartrate-resistant acid phosphatase (TRAP)-positive osteoclasts was increased in both

trabecular and cortical bone in Mmp2-/-;Col1a1r/r mice compared with aged-matched

controls (Fig. 3E).

MMP2 degrades collagenase-resistant type I collagen at physiological temperatures

MMP2 is important for degradation of denatured, cleaved type I collagen, and,

although it is often not considered a type I collagenase, it also has activity against native

type I collagen (Tournier et al. 1994; Aimes and Quigley 1995; Tam et al. 2004). The

genetic interaction between Mmp2 and Col1a1r/r indicated that type I collagen could be a

direct substrate of MMP2. Therefore, we compared the ability of MMP2 to degrade

normal and mutant collagen in vitro with two classic collagenolytic MMPs: MMP13 and

MMP14. At 25°C, MMP13 and MMP14 degraded wild-type collagen, resulting in

generation of the classic TCA fragments, MMP2 had no activity against wild-type
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collagen, and none of the MMPs degraded the mutant collagen (Fig. 4A), as previously

reported (Liu et al. 1995). However, at the physiological temperature of 37°C, MMP2

degraded wild-type and, even more efficiently, mutant collagen, but degradation did not

generate TCA fragments. In contrast, MMP13 and MMP14 still had reduced activity

against mutant collagen at 37°C (Fig. 4B). Thus, the genetic interaction between Mmp2

and Col1a1r could be caused by a requirement for MMP2 activity to degrade mutant type

I collagen.

B.3 Discussion

Mmp2-/-;Col1a1r/r mice have skeletal defects resembling those of humans with MMP2

null mutations

Humans null for MMP2 have severe osteolytic syndromes, whereas Mmp2-/- mice

have only mild skeletal defects (Itoh et al. 1997; Al Aqeel et al. 2000; Al-Mayouf et al.

2000; Martignetti et al. 2001; Zankl et al. 2005; Inoue et al. 2006; Rouzier et al. 2006).

The spontaneous occurrence of a low penetrance, runted phenotype with abnormal

craniofacial features in our Mmp2-/- mouse colony led us to hypothesize that there were

genetic modifiers of Mmp2. Rather than identifying the specific genetic modification in

our line, we took a candidate approach: proMMP2 is a substrate of MMP14, and we

speculated that type I collagen, another classic MMP14 substrate with established

function in bone development, could modify Mmp2 . Indeed, severe skeletal

developmental defects were observed when Mmp2-/- mice were intercrossed with

Col1a1r/r mice, which carry targeted mutations in the Col1a1 gene rendering type I

collagen resistant to classic collagenase cleavage. These Mmp2-/-;Col1a1r/r mice had
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Figure 4. Collagenase-resistant type I collagenr/r is degraded by matrix metalloproteinase

2 (MMP2) at physiological temperature. (A,B) Wild-type (collagen+/+) and mutant

(collagenr/r) type I collagen was digested in vitro for 1 hr with MMP2, -13, or -14 at 25°C

(A) and 37°C (B). Col1 1 (a1(I)) and Col1 2 (a2(I)) chains and their TCA cleavage

products (Aa1(I) and Aa2(I)) are indicated. At 37°C, the mutant Col1 1 chain is not

cleaved to the normal fragments, but is degraded by MMPs, especially by MMP2. Trace

amounts of cleaved TCA (Aa2(I)) from the non-mutant Col1 2 chain were found when

digesting mutant type I collagenr/r.
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several striking similarities to humans with MMP2  null mutations: in addition to

decreased body size, these mice had osteopenic bones, craniofacial defects, failure to

close calvarial sutures, decreased range of motion of joints, hyperextended

metacarpophalangeal joints, and edematous paws (Table 2). Thus, we conclude that, in

mice, type I collagen is a genetic modifier of MMP2, possibly because MMP2 can

degrade mutant collagen (r). The Col1a1r mutation is a dominant modifier on the Mmp2-/-

background, because the phenotype of Mmp2-/-;Col1a1r/+  resembled the phenotype of

Mmp2-/-;Col1a1r/r mice. In contrast, the low penetrance of the spontaneously runted

Mmp2-/- phenotype is suggestive of a recessive modifier. Thus, it is unlikely that the

spontaneously runted phenotype is due to a mutation that renders type I collagen resistant

to MMP-mediated cleavage. It therefore remains to be determined if the spontaneously

runted Mmp2-/- mice harbor other mutations that also affect collagen metabolism or if

additional, collagen-independent, genetic modifiers of Mmp2 exist.

Reduced extracellular matrix degradation can result in reduced bone mass

A priori, loss of a matrix-degrading enzyme, such as MMP2, would be expected

to result in reduced bone remodeling and an osteopetrotic phenotype. Therefore, it was

surprising that MMP2-null mutations were associated with reduced bone mass and

osteolysis in human genetic linkage studies (Martignetti et al. 2001). Our study now

confirms the human findings: absence of MMP2 activity can result in osteopenia. MMP2

is a substrate of MMP14, and Mmp14-/-  mice are another example of an osteopenic

phenotype that results from the absence of matrix degrading activity (Holmbeck et al.

1999). Additional similarities between Mmp14-/- and Mmp2-/-;Col1a1r/r mice are the.
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Table 2. The phenotypes of human patients with osteolytic syndromes associated with

inactivating MMP2 mutations (Al Aqeel et al. 2000), (Al-Mayouf et al. 2000), (Zankl et

al. 2005), (Rouzier et al. 2006)) are remarkably similar to those observed in MMP2-/-

;Col1r/r mice.
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decreased body size, abnormal craniofacial features, and lack of calvarial suture closure

These similarities strongly suggest that proMMP2 and type I collagen are important

substrates of MMP14 in bone development. However, MMP14 has other substrates,

including proMMP13, which is important for endochondral ossification (Cowell et al.

1998; Stickens et al. 2004). Thus, a detailed comparison of endochondral ossification in

Mmp14-/- mice and Mmp2-/-;Col1a1r/r mice is likely to reveal more severe defects in

Mmp14-/- than in Mmp2-/-;Col1a1r/r mice. Mmp2-/-;Col1a1r/r mice developed edema of the

paws, probably localized to soft tissues. In Mmp14-/- mice, soft tissue changes, arthritis,

and joint destruction have been reported (Holmbeck et al. 1999). Thus, it is possible that

the edema in the Mmp2-/-;Col1a1r/r paws is secondary to changes in the joints, although a

partial analysis of joints did not reveal apparent destruction. As would be expected,

Mmp2-/-;Mmp14-/- double null mice also exhibit skeletal defects (Oh et al. 2004);

however, due to their perinatal lethality, these defects are not well characterized.

The reduced bone mass in the absence of matrix degradation may be partly

explained by a reduced ability to degrade the embryonic cartilage matrix, which is

required before osteoblasts can invade into the developing tissue and deposit bone matrix

(Holmbeck et al. 1999). However, this finding would not explain the progressive bone

loss observed in MMP2-null humans (Al Aqeel et al. 2000; Al-Mayouf et al. 2000;

Rouzier et al. 2006). Because of the poor survival of the mice, we were limited to

examining bone tissue from relatively young (7–8 weeks old) Mmp2-/-;Col1a1r/r mice and

could not perform a proper analysis of whether the bone loss was progressive.

Nevertheless, there was a strong trend for progressive bone loss by micro- CT analysis

when comparing bones from 7- to 8-week-old mice with that of the one 16-week-old
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mouse we could analyze. Thus, our data are consistent with the clinical findings that

absence of MMP2 activity results in progressive bone loss, suggesting that the balance

between bone deposition and bone resorption is skewed.

It may seem particularly surprising that combining Mmp2 null mutations with the

Col1a1r mutation results in such a strong osteopenic bone phenotype because Col1a1r/r

mice are osteopetrotic and in response to parathyroid hormone they have a severe

impairment both in the generation of osteoclasts and in bone resorption (Zhao et al. 1999;

Chiusaroli et al. 2003). Intriguingly, the porous calvarial phenotype we observed in the

Mmp2-/-;Col1a1r/r mice appeared as if increased bone resorption was taking place on the

osteopetrotic background of the Col1a1r/r mice. Osteoclast numbers are increased in the

long bones of Col1a1r/r mice even though activity is not (Chiusaroli et al. 2003). Thus, it

appears that parathyroid hormone is not the right stimulus for induction of bone

resorption in the Col1a1r/r mice, whereas the absence of MMP2 is.

Type I collagen metabolism in bone development

Type I collagen regulates osteoblast and osteoclast activity in engineered mouse

models (Zhao et al. 2000; Kalajzic et al. 2002), but the molecular mechanisms involved

are not clear. TCA and TCB fragments of type I collagen are present in developing bone

(Holmbeck et al. 1999; Stickens et al. 2004). These collagen fragments can ligate the avb3

integrin (Montgomery et al. 1994), and both osteoblasts and osteoclasts express avb3

integrins (Cheng et al. 2000; Zhao et al. 2005). Because of the Col1a1r mutation, the TCA

and TCB fragments are not generated in the Col1a1r/r mice, but the mutation could also

affect the stability and conformation of the collagen triple helix. Changes in stability and
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conformation could affect both the unfolding of the triple helix that is necessary for

collagenase cleavage (Zhao et al. 2000) and the ability of the collagen molecules to

interact with other ECM components. Thus, we cannot conclude whether the absence of

normal or presence of mutant fibrillar collagen is important for the observed

developmental defects.

The Col1a1r mutation affects the ability of all classic collagenolytic MMPs to

generate TCA and TCB fragments. In vitro, MMP2 had much higher activity against

mutant type I collagen than classic collagenolytic MMPs (MMP8, MMP13, and MMP14)

and the strong phenotype of mice with the Col1a1r mutation in the absence of MMP2

activity indicates that other collagenolytic MMPs are unlikely to compensate for MMP2

in vivo. Therefore, the phenotype observed in M m p 2-/-;Col1a1r/r mice is likely

attributable not only to a loss of MMP2 activity against type I collagen, but to a near total

loss of MMP-mediated degradation of type I collagen.

MMP2 has activity against type I collagen

MMP2 is important for degradation of denatured, cleaved, type I collagen but also

has direct activity against type I collagen (Tournier et al. 1994; Aimes and Quigley 1995;

Tam et al. 2004). Interestingly, MMP2 had higher activity against mutant type I collagen

than normal type I collagen at physiological temperatures, whereas the opposite was true

for the classic collagenolytic MMPs. MMP2 unfolds type I collagen by a mechanism

distinct from the classic collagenases (Tam et al. 2004), and might, therefore, be more

efficient at degrading mutant type I collagen with slight conformational changes. We also

observed reduced survival of the Mmp2-/-;Col1a1r/+  mice with one wild-type Col1a1
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allele, and these mice were also often runted with stiff joints and abnormal craniofacial

features. These phenotypes were not observed in the Mmp2-/-;Col1a1r/r mice with one

remaining wild-type Mmp2 allele, suggesting that MMP2 activity is absolutely required

for degradation of mutant type I collagen in vivo. In vitro, we demonstrated that MMP2

was able to degrade both wild-type and mutant type I collagen, and the genetic

interaction between Mmp2 and Col1a1r might, therefore, be due to direct biochemical

interactions between the MMP2 enzyme and one of its substrates, type I collagen.

Conclusions and future perspectives

Inactivating mutations in Mmp2 have mild effects on skeletal development in the

mouse (Inoue et al. 2006). Here, we show that concomitant mutations in both Mmp2 and

Col1a1 result in a severe runted and osteopenic phenotype that resembles the osteolytic

syndromes found in humans with MMP2 null mutations. Our results raise the interesting

possibility that genetic modifiers of MMP2 may also play a role in the human osteolytic

syndromes. MMP2 was much more efficient at degrading mutant type I collagen than

were the classic collagenases. Therefore, minor mutations in type I collagen or in

enzymes involved in its processing, which would go largely unnoticed on their own,

could result in severe disease in the absence of MMP2 activity. Of interest,

approximately 35% of the population carries a polymorphism of the COL1A1 gene that

increases the ratio of the type I collagen  1(I) chain to  2(I) chain and is associated with a

slightly decreased bone mass (Mann et al. 2001; Ralston et al. 2006). The strength of

mouse genetics has allowed us to identify a genetic interaction between Mmp2 and type I

collagen in skeletal development. Similarly, mouse genetics were instrumental in the
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identification of a genetic modifier of the CFTR gene (reviewed in (Nadeau 2001)). The

human syndromes (the Winchester, Torg, and nodulosis–arthropathy–osteolysis [NAO]

syndromes) associated with MMP2 null mutations vary in severity and whether or not

subcutaneous fibrillar nodules are present (Zankl et al. 2007). Such variation may be

accounted for if genetic modifiers of MMP2 also exist in humans. The results of our

study indicate that type I collagen and enzymes involved in collagen metabolism are

interesting candidate modifiers for these devastating human syndromes. In conclusion,

using mouse genetics, we have confirmed the surprising results from the human genetic

linkage studies: the lack of a matrix-degrading enzyme, MMP2, can result in increased

bone degradation in the context of an abnormal matrix.
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