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ABSTR-\CT

Studies were designed to investigate the expression and regulation of

interstitial coHagenase (M~1P-l) during endochondrai ossification in fetal bovine

grO\vth plate chondrocytes in vitro. FeraI bovine gro\\llh plate chondrocytes were

separated into subpopulations representing different maturational stages by using a

Percoll discontinuous gradient. Gene expression and synthesis of NIMP-l in these

chondrocyte subpopulations \vere follo\ved in serum-free cultures as they matured

from the prehypenrophic to hypertrophie phenotype. However, MMP-l mRNA

expression and protein were underectabie. This expression was also undetectable

in interleukin 1a. (lL-l a) stimulated gro\\lh plate chondrocytes. iviIviP-l mRNA

and protein were however ohserved in IL-l a stimulated bovine fetaI skin

fibroblasts. Although M~tP-l was absent in gro\\l1h plate chondrocytes. a

coHagenolylic activity was detectable in culture medium by using 14C labeled type

II collagen. It was ooly seen \vhen the chondrocytes were hypertrophie. By using

the polymerase chain reaction (PCR), employing conserved sequences found in

mammalian eollagenase-3 (MMP-13), a novel bovine collagenase was cloned.

The cDNA and predicted amino acid sequence shared a 92% and 90% identity to

the human NIMP-13 cDNA and amino acid sequence respectively. MMP-13

mRNA and protein were found only when the chondrocytes became hypertrophie.

The raIe of MMP-13 during the maturation of these fetai grO\vth plate

chondrocytes was further investigated by using a pretèrential carboxylate inhibitor

of collagenase-3. This inhibitor reduced the generation of denatured type II

collagen in chondroeyte eell layers and proteoglycan release into conditioned
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medium in a dose dependent manner. Aiso. types n and X collagen synthesis

and matrix calcification were inhibited. These studies indicate that ~tP-13 may

play a very important role during the maturation of fetal growth plate chondrocyte

in vitro and during endochondral ossification and that cellular hypertrophy is

dependent upon the activity of this enzyme.
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RÉSUMÉ

L'objectif de cette étude était d'évaluer l'expression et la régulation de la

collagénase interstitielle (~tlV1P-l) lors du processus d'ossification endochondrale

à l'aide de chondrocytes isolés à partir de la plaque de croissance de foetus bovins.

Les chondrocytes ont été séparés~ à l'aide d'un gradient de Percoll discontinu, dans

des sous-populations représentant les différentes étapes de maturation cellulaire

caractéristiques de la plaque de croissance de foetus bovins. L'expression du gène

et la synthèse de ~tMP-l ont été étudiés lorsque ces sous-populations de

chondroc)'1es pré-hypertrophiques cultivées en absence de sérum. se

differenciaient et exprimaient le phénotype hypertrophique. Cependant.

l'expression du mRNA et de la protéine Nl~IP-l n'ont pas pu être détectés dans ces

cultures. même après avoir stimulé les chondroc)'1es par l'interleukine l-alpha. Par

contre. ces mêmes molécules étaient clairement identitiables dans des cultures de

fibroblastes de peau bovine foetale après stimulation par l'interleukine l-alpha.

Bien que la NllVtP-l n'ait pas pu être détectée dans les chondrocytes de la plaque

de croissance. une activité collagénol)'1ique. mesurée par la dégradation du

collagène de type II marqué au 14C, était observée dans le milieu de culture. Cette

activité était uniquement présente dans les milieux de culture de chondrocytes

hypertrophiques. À l'aide de la réaction en chaîne de la polymérase (PRC), et en

utilisant des séquences conservées et présentes dans les collagénases-3 (MMP-13)

des mammifères, une nouvelles collagénase bovine a été clonée. Le cADN et la

séquence des acides aminés étaient identiques à 92~/D et 90% réspectivement au

cADN et à la sèquence polypeptidique de la MMP-13 humaine. De plus.



l'expression du mARN et de la protéine rv1~..IP-13 était propre au..x chondrocytes

hypertrophiques. Le rôle joué par la M~IP-13 lors de la maturation des

chondrocytes de la plaque de croissance a été aussi étudié à l'aide d'un inhibiteur

de la colIagénase-3 de type carboxylique. Cet inhibiteur réduisait, de manière

dose-dépendante. la dénaturation de collagène de type II dans la matrice

extracellulaire produite par les chondrocytes in \-itro. ainsi que le contenu en

protéoglycanes libérés dans le milieu de culture_ De plus, la synthèse des

collagènes de types II et X. et la calcitication de la matrice extracellulaire étaient

également inhibées. Ces résultats indiquent que la ylrvlP-13 pourrait jouer un

rôle très important lors de la maturation des chondrocytes foetau.x de la plaque de

croissance in vitro. et par conséquence dans le processus d'ossification

•

• endochondrale_ Ils suggérent également que l'hypertrophie cellulaire est

•

dépendant de l'activité de cette enzyme.
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1. INTRODUCTION

During fetaI development there is extensive growth and remodeling of

tissues. This process involves proteol)'tic remodeling of the extracellular matrix

and is essential in these physiological situations (Alexander and Werb, 1991).

One of these events is the process of endochondral ossification wruch is mediated

by the primary and secondary gro\\tlh plates. Gro\\'th plate chondrocytes play a

pivotaI role in promoting longitudinal bone gro\vth in vertebrates. These

ehondrocytes undergo a dramatic change in synthesis of their extracellular matrix

macromolecules during their maturation from prehypertrophic chondrocytes to

hypertrophie chondrocytes (Hunziker et al.. 1987: Poole. 1991). During

hypertrophy. ehondrocytes enlarge and remodel their surrounding matrix (Poole,

1991). This remodeling involves degradation of type II collagen (Poole. 1991;

Alini et al.. 1992, 1994). Type neollagen can only be cleaved by enzymes called

eollagenases that belong to the matrix metalloproteinase family (BirkedaI-Hansen

et al., 1993). The role and regulation of col1agenase(s) in the growth plate is

poorly understood and there is little knowledge of its regulation and expression

during endochondral ossification.

The specifie aim of this thesis is to address the gene expression and

biochemical events of col1agenase(s) during growth plate chondrocyte maturation

from the prehypertrophic to hypertrophie phenotype. This process will be studied

in isolated bovine fetal growth plate chondrocytes. These chondrocytes are

purified by Percoll discontinuous gradient centrifugation that allows for separation

1
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of prehypertrophie ehondrocytes from hypertrophie chondrocytes (Lee et al.~

1990; Carey et al., 1993). Furthermore~ these chondrocytes in culture undergo the

same bioehemical and maturation changes as observed in vivo (Alini et al, 1994)

and can be cultured in serum free conditions (Alini eT al.~ 1996). When these

studies were initiated~ there was only one collagenase that was known to be

present in chondrocytes: interstitial collagenase (~1~1P-l). With the cloning of

human collagenase-3 (M~1P-13) (Freije eT al.~ 1994) and demonstrating that it \vas

the homologue of rodent eollagenase. it has further made it difficult to interpret

the results on developmental expression of collagenases during endoehondral

ossification. Therefore it was essentiai to establish which collagenase was

involved in bovine fetai growth plate maturation and ta develop specifie reagents

to discriminate bet\veen thern.

As background. this introduction deals briet1y with the biology and

biochemistry of the growth plate along with the ~1MP and inhibitors that are

involved in matrix turnover. The relationship between MMPs and the growth plate

will also be diseussed.
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1.1 Overview of Growth Plate

1.1.1 Morphology and phvsiology of the growth plate

The cartilaginous growth plate lies in the distal and proximal ends of

developing mammalian long bones (Poole. 1991) (Fig. 1.1) and mediate

endochondral ossification. The primary gro\\lh plate is organized into zones (Fig.

1.1) that are perpendicular to the main axis of growth. The thickness of each zone

varies according to the level of growth activity. The primary growth plate

regulates the longitudinal growth of the physis while the secondaI")· growth plate

which is circular in shape regulates the epiphyseal growth.

The gro\Vth plate chondrocytes are organized into long columns within

each zone. The growth plate can be subdivided into different zones: reserve,

proliferating, maturational. and upper and lovy'er hypertrophie (Fig 1.1). The

reserve zone cells are the stem eeUs and show fittle or no eeU division (Kember.

1960). They in turo give rise to daughter ceUs that make up the proliferative zone

which undergoes rapid ceH division (Hunziker et al., 1987). These chondrocytes

divide perpendieular to the longitudinal axis of growth giving rise to a eolumn and

thus mediate the elongation of the gro\vth plate. They then start to enlarge and

begin to form the maturation zone in which they will mature into hypertrophie

ehondrocytes. The hypertrophie zone is easily distinguishable from the other zones

due to the enlarged round ceUs. The chondrocytes enlarge five- to tenfold which

results in a reduction of matrix volume per unit volume of tissue (Hunziker et al.,

1987). Due to this increase in cell size. it is believed that matrix degradation

3
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begins in this zone. It is aIse in this zone where ehendroeytes prepare for matrix

mineralization (Howell and Dean~ 1992). The hypertrophie zone is also where we

tirst see the synthesis of type X collagen (Gibson and Flint. 1985; Schmid and

Linsenmayer. 1987: Poole and Pidoux. 1989), and the up-regulation of alkaline

phosphatase (Vaananen. 1980: de Bernard et al., 1986; Alini et al.. 1992) which

leads to caIci ficarion of the extracellular matrix.

In the primar:- bovine gro\"lh plate (and probably in most other mammals).

the prol.:ess of l.:akitication oceurs in the longitudinal septa. whereas the transverse

septa remains uncaIcitied. The exact meehanism of this process t5 still not

known. \-lany bdie\'e that it may be mediated by matrix vesicles which are rich in

alkaline phosphatase (Anderson. 1969. 1976; Arsenault and Hunziker. 1988:

Hunziker Ilt al.. 1989: Kirsch and Wuthier. 1994; Kirsch et al., 1994), while others

ha\'ç postulated a raie tor matrix glycoproteins (Landis and Glimcher. 1982). C­

propep!ide of type [[ collagen (Poole el al.. 1984; Poole. 1991; van der Rest el al..

1986) or proreoglycans such as aggrecan (Hunter, 1987; Poole, 1991). In the

cartilage matrix. proteoglycans have been reported to be focally concentratcd in

mineralizing sites (Shepard and rvfitchell. 1985). Proteoglycans can bind calcium

via their chondroitin sultàte (CS) chains (Bowness and Lee. 1967:

Dziewiako\vski. 1987; Hunter. 1987~ Hunter et al., 1988; Poole, 1991). Calcium

has bt=en shown ta be displaced by increasing phosphate concentration that is

pro\·id~d by alkaline phosphatase and therefore aJlows for the formation of

hydroxyapatite (Hunter. 1987).
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It is thought that the fate of the lo\vermost hypertrophie chondrocytes is an

apoptotic death due to mineralization of their extracellular matrix (Farnurn et al..

1987: Zenmyo et al.. 1996; Amling el al.~ 1997). There is aIso evidence that sorne

hypertrophie chondroc)'1es may give rise to precursors of bone forming cells

(Cancedda el al.. 1992: Roach el al., 1995).

ft is at this final stage. that the process of angiogenesis occurs at the

metaphysial junction with the invasion of capillary sprouts into the last transverse

septum (Schenk el al.. 1967. 1968: f-\rsenault, 1987, Hunter and Arsenault. 1990:

Lewinson and Silbermann. 1992). This physiological invasion is tightly controlled

and earefully balanced with the continuaI production of new cells and cartilage

matrix in the gro\\1h plate. Therefore. growth plate height remains fairly constant

(Thomgrcn and Hansson. 1981).

1.1.2 Hormones

1.1.2.1 Parath"roid Hormone (PT"), Parathvroid hormone-related peptide

{PTHrP} and PT"IPTHrP receptor

Parathyroid hormone (PTH) is synthesized by the parathyroid glands and

plays an important part in calcium homeostasis. It acts primarily on the renal

cortex and bone for the regulation of calcium concentrations in the circulation

(Goltzman et al.. 1975: Potts el al.. 1982) In contrast, parathyroid hormone­

related peptide (PTHrP) is synthesized in multiple tissues \vith very specifie

temporal and spatial patterns of expression (Broadus and Stewart, 1994). PTHrP

\Vas initially discovered as a produet of tumors that gave rise to humoral
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hypercalcemia during malignancy (Broadus and Stewart, 1994). Although PTHrP

does not normally circulate and primarily acts as a paracrine factor (Broadus and

Stewart, 1994), patients with these tumors produced significant quantities of

PTHrP which entered the circulation and cross-reacted with PTH receptors in the

bone and kidneys.

The PTH and PTHrP genes arose from J gene duplication event. They

share a similar genomic organization and a homologous amino-terminal peptide

sequence that interacts with their specitic G protein-coupled receptor: PTHlPTHrP

receptor (Jüppner. 1995). The human PTHrP gene is comprised of 9 exons

(Martin et al., 1991) and utilizes three promoters for its transcription. The mRNA

is alternatively spliced which leads to three major isoforms of the mature peptide.

one of 139, 141 and 173 amino acids. There is only one transcript found in rat

(Thiede and Rodan. 1988: Yasuda el al.. 1989) and mouse (Mangin et al.. 1990)

which encodes a 141 and 139 amino acid PTHrP. respectively. The highest

amount of homology in PTHrP lies in the N-terminal and midregion of the

protein. The PTHJPTHrP receptor from the different mammalian species ranges

from 585-593 amino acids in size. There does not seem to be alternative splicing

in the coding region of the genes and only the human kidney PTHlPTHrP receptor

differs in it's 5' noncoding region (Jüppner. 1995). The PTHlPTHrP receptor is

composed of aN-terminal extracellular domain of approximately 180 amino

acids, seven transmembrane-spanning helixes. and an intracellular C-terminal tail

of about 120 amino acids. Although it is similar in structure to other G-protein
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coupled receptors, it is now classed into its o\Vn protein family (Jüppner, 1994).

The tirst indication that PTHrP \vas important as a paracrine factor in

skeletal development arose when a null mouse for PTHrP was generated (Karaplis

et al., 1994). These mice died postnatally due to asphyxia and exhibited

abnormalities in endochondral ossitication. The proliferative zones of these mice

were greatly reduced and their hypertrophie zones were enlarged. Their grO\vth

plates undergo an accelerated maturation and bone formation. The reduced size of

the epiphyseal growth plate was due to din1inished numbers of chondrocytes in the

reserve and proliferative zones (Amizuka el al.. 1994). In the normallitter mates.

PTHrP was shown to be localized in the chondrocytes of the resting, proliferative

maturation zones. These studies indieated that PTHrP must be important in the

resting zone and prolitèrative zones. PTHrP probably controlled chondrocyte

prolitèration and maturation. The PTHlPTHrP receptor expression was also

analyzed in the PTHrP nuII mouse (Amizuka et al.. 1996: Lee et al., 1996). Bath

groups showed the PTHrP receptor mRNA and protein to be present in the resting

and proliferative zone but maximal at the maturation zone in beth normal and

mutant mice. PTHrP's role in the gro\\'1h plate is ta regulate chondrocyte

maturation by delaying terminal differentiation inta the hypertrophic phenotype.

These observations were contirmed when PTHrP was overexpressed in murine

grov.th plates utilizing the type II collagen promoter (Weir et al., 1996). These

mice developed a novel fonn of chondrodysplasia due to a delay in endochondral

ossification. These mice are born with a cartilaginous endochondral skeleton.
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Their growth plates are comprised of mainly proliferating and prehypertrophic

ehondroeytes. This clearly demonstrated that PTHrP's function is to delay the

differentiation of prehypertrophic chondrocytes to hypertrophie ehondrocytes.

These phenotypes can also be seen in the PTHlPTHrP receptor mutations. Patients

with Jansen-type metaphyseal chondrodysplasia have a constitutively active

PTH/PTHrP receptor (Schipani et al.. 1Q(5). This constitutive receptor mimics

the action of overexpression of PTHrP and results in delayed hypertrophy and

mineralizutian. PTHrP receptar nul! mice exhibited accelerated differentiation of

chondrocytes (Lanske et al.. 1996). Their gro\\lh plates undergo premature

hypertrophy and mineraIization. These miee exhibited a similar phenotype to the

PTHrP null mice.

1.1.2.2 Thvroid hormone

Thyroid hormones are important ln the regulation of growth and

development in vertebrates. Changes in the secretion of thyroid hormones can

lead ta retardation of skeletal gro\\lh and defonnities (Dott, 1923: Simpson et al.,

1950: Ray el al.. 1954: \Vilkins, 1965: Sibennann. 1983). Thyroid honnone (T3)

and th)Toxine (T4) are synthesized in the thyroid gland. The major thyroid

hormone that is secreted by the eells in the thyroid follicIe is T4• T3 is derived

from the enzyme-catalyzed 5' -deiodination of T4 (Leonard and Visser, 1986).

Type l T4 5'-deiodinase is the enzyme whieh eatalyzes this reaction with T4 from

the circulation and is found mainly in the liver and kidney (Chopra, 1977). Type

II T4 5'- deiodinase which is found in the brain and pituitary, produces T3 that
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contributes directly to thyroid receptor occupancy (Larsen et al., 1981). Severa!

studies in vil,'o (Simpson et al.. 1950: Rayet al., 1954~ Lewison et al., 1989.

1994) in hypothyroid rats have implicated thyroid hormone or thyroxine in

skeletal gro\\th and function. These rats exhibited a dramatic decrease in their

epiphyseal and metaphyseal trabecular bone volume. The eell volumes in the

gro\\1h plates were redueed and (here \Vas a signitieant decrease in the number and

size of hypertrophie chondrocytes (Lewison et al., 1989). There was also a

decrease in matrix turnover and the hypertrophie zone was separated from the

subl:hondral bone man'ow by a mineralized barrier that was not resorbed. The

chondrol:ytes Jo not undergo full stages of hypertrophy and the process of

endol:hondral ossitication is impaired. However, administration of th)Toid

hormone or thyroxine reversed these effects (Lewison et al., 1989). There have

also been several in \·itro studies on TJ or T4 effects on pig seapulae tissue ( Burch

and Lebovitz. 1982). rat epiphyseal chondrocytes (Ohlsson et al.,1991: Ballock

and Reddi. 1994). chick embryo sternal chondracytes (Bohme et al.. 1989; Quarto

t!( al.. I992) and tetaI bovine growth plate chandrocytes (Alini et al., 1996). In a1l

of these studies. T3 or T4 promated type X synthesis and ehondrocyte

hypertrophy. :\lso in th~ bo\'in~ system. T3 or T4 promoted matrix calcification

with TJ being more potent (Alini et af.. 1996). These studies indicate that T3 or T4

play an important role in chondroc)te maturation and hypertrophy.

1.1.2.3 Vi.ami" D

Vitamin D has been kna\vn ta be very important in calcium metabolism
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and bone homeostasis. It is essential in the early development of long bones

during endoehondral ossification. In vitamin D deficieney, bath the bone matrix

and cartilage gro\\th are affected. The normal grO\vth in the long bones that is

mediated by the gro\\llh plate is affected: there is impaired calcification with the

lengthening of the hypenrophie zone. resulting in rickets (Raisz and K.ream~

1983a. b) Treatment of patients \vith rickets with the active metabolite of vitamin

D. 1.25-Jihydrox~rvitamin 0 3• restores mineralization and bone formation.

Receptors for 1.25-dihydroxyvitamin 0 3 are expressed by the gro\vth plate

chonJro<.:ytes and Jrc maximal in the hypertrophie zone (Iwamoto et al., 1989).

There has also been e\'idence that another metabolite of vitamin D. 14.25­

dihydroxy\'itamin 0 3• is imponant in bone formation during endochondral

ossi tication and binding has been sho\vn by auto-radiography ta be localized in the

prolit~rati\'e zone of the gro\\lh plate (Corvol et al.~ 1980; Fine et al.~ 1985). In

healthy rats. bath metabolites seem ta be required to maximall)' stimulate

ca1citic:ltion in vitro (Hinek and Poole. 1988) while in raehitic rats. the resting

zone require 24.25-dihydroxyvitamin 0 3 ta mature (Atkin et al., 1985). Others

have sho\vn that cellular responses to vitamin 03 metabolites are specifie ta

different zones of rat costoehondral cartilage (Boyan et al., 1988) and in normal

male rats (Seo et al.. 1996). Resting ehondroeytes respand primarily to 24~25­

dihydroxyvitamin D3 v,;hile gro\\1h zone ehondroeytes responded primarily to

1.25-dihydroxyvitamin 0 3. 1.25-dihydraxyvitamin D3 has aIso been shown to

promote the expression of the hypertrophie phenotype in chiek sternal
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prehypertrophic cells (Gerstentèld et al., 1990a, b). These observations would

point to different responses to each metabolite at different stages of maturation of

the chondroe~le.

The gro\\1h plate ehondrocytes at each zone are undergoing specifie

changes and are under the direction of different hormones and cytokines, PTHrP

is \'t~ry important in regulating the maturation of these chondrocytes! especially at

the junetion b~tween the transition zone bet\veen proliferative and hypertrophie

eells (as re\'iewed above), Recently. it has been shawn that rat PTHrP gene is

suppressed by 1.25~Jihydroxy\"itamin 03 (Kremer et al.,! 1996). The efrect of other

vitamin D metabolites on PTHrP have yet to be investigated. Since deticiencies

and overexpression of these hormones can influence the rates of gro\\'lh and

maturation at JitT~rent zones of tht: gro\\th plate. these differential effects by

vitamin D metabolites may be due ta its interaction with other hormones at this

critieJI transitional region where cells are maturing from prehypertrophic to

hypertrophie ehondroC)1es.

1.2 Biochemistr\' of the Growth Plate

1.2.1 Collagens

1.2.1.1 T"pe Il collagen

Type II collagen was first diseovered in chick cartilage and was sho\\JTI to

be.: a homotrimer (~tiller and ~latukas. 1969). In fact'! type II collagen is the major

collagen found in ail hyaline cartilages. Type II collagen belongs to the family of

tibrillar collagens and its function is to provide tensile strength to cartilage. It
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provides articular cartilages the ability to resist shear forces. Type II collagen is

synthesized as a procollagen that is comprised of three identical pro a 1(II) chains

that form a triple helix. The procollagen is then converted to its processed form by

cleavage leading to the removal of its non-helicaI N- and C-propeptides. This is

accomplished by t\\"o different proteinases: N- and C-proteinases. Recently. the C­

protein.:1se h:.ls been identitied as the molecule formaIly kno\\n as bone

morphogenic protein-l (B~IP-l) (Kessler et al., 1996; Li et al., 1996). It belangs

ta the astacin family of metalloproteinases (Sarras Jr., 1996). The processed

callagen consists of short non-hdical telopeptide regions at bath the C- and N­

terminal ends and the triple helix.

Type II collagen is round throughaut the cartilage matrix of the grav~1h

plate. (~Iayne. R. 1989: Lee el al.. 1990). It's expression pattern has been studied

in situ in rat (Balmain et ,,1.. 1995). chick Oyama et al., 1994), bovine ( Sandell èl

al.. 1994) and human (Sandberg and Vurio, 1987: Mundlos, et al., 1990; Vornehm

et Lll.. 1996) gro\\1h plates. Its expression was found to be throughout the different

zones of the gro\\1h plate, \vith the strongest signais in the proliferative and

maturational zones. [nterestingly. in the chick and rat growth plates. type II

collagen rnRN:\ \vas found to be less abundant in the hypertrophie and calcifying

zones Oyama el al.. 1994: Balnlain et al., 1995). This finding was not observed in

th~ bovine gro\\lh plates (Sandell et al.. 1994). In the human growth plates, type II

collagen expression \vas observed to be down-regulated (Mundlos, et al.~ 1990).

Alini el al. (1992) found that total type II collagen content, as measured by
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hydroxyproline~ rapidly deereased in the hypertrophie zone in fetaI bovine growth

plates. There was aIso inereased denaturation of type II eollagen in the

hypertrophie zone. These results could arise from inereased degradation in the

hypertrophie zone or deereased synthesis or a combination of bath meehanisms.

1.2.1.2 Tvpe IX collagen

Type IX collagen is a nontibrillar collagen of cartilage that is composed of

three distinct gene products~ al (L'X)~ a2(IX) and a3(IX) (van der Rest and

Garrone, 1991). lt belongs to the subgroup of collagen moleeules called fibril­

associated collagens with interrupted triple helices (FACIT) (Gordon and Olsen,

1990) The molecule is comprised of three collagenous domains (COL 1-3) and

four non-collagenous domains (Ne 1-4). It can also exist in a proteoglycan form by

having a chondroitinldermatan sultàte glycosaminoglycan attached to its NC3

demain on its a2(IX) chain (Vasies et al.. 1988). There is aIso another forro of

type IX collagen that is found in the vitreous humor that laeks the NC4 domain at

its N-tenninus~ and this arises by transcription of a 1(IX) using an altemate

promoter (Nishimura et al., 1989; Muragaki et ai., 1990). Type IX collagen has

been immunolocalized in cartilage and is associated with type II collagen fibrils.

It is bound to type II collagen by covalent cross-links in an anti-parallel orientation

(Eyre et al.., 1987; van der Rest and Mayne, 1988). It has been proposed that its

association with type II collagen and ilS localization to the perifibrillar space in

cartilage., that it may be important in the interactions of type II collagen fibrils

with other matrix molecules (Shaw and Olsen~ 1991). To test this hypothesis,
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Fassler et al.! 1994~ generated homozygous mutant mice that harbored a null

mutation for type rx collagen. They were viable and showed no deteetable

abnorma1ities at birth. As the mice aged -+ months or aIder, they developed severe

degeneration oftheir artieular cartilage that resembled human osteoarthritis.

Type IX collagen's rnRNA expression in situ has been studied in the rat

(Balmain et al., 1995) and human tètal (Vomeham t!{ al.. 1996) growth plates. In

both studies~ type IX collagen m~~A was most abundant in the proliferative,

maturational and upper hypertrophie zones but \vas do\vn-regulated in the lower

hypertrophie and caleifYing zones.

1.2.1.3 Tvpe X collagen

Type X collagen is a unique collagen that is found predominantly in

endochondral cartilages committed to calcification (Gibson and Flint. 1985;

Schmid and Linsenmayer. 1985). However. its rnRJ'JA expression (Hoyland et

al.. 1991) and protein (von der Nlark. 1991: Walker et al.! 1995) has a1so been

shown in human osteoarthritic cartilage. Its mR:.'IA has also been found in human

osteoph}leS (Aigner et al.. 1995). This col1agen. alang with type II collagen are

the major extracellular components that are synthesized by hypertrophie

chondrocytes (Mayne and Irwin, 1986: Schmid and Linsenmayer, 1987). Type X

collagen is a homotrimer eomprised of three identical al (X) chains. It has a short

triple helix, a small N-terminal domain tNC2) and a large C-tenninal globular

domain (Ne 1). The mammalian type X collagen cantains two additional cysteine

residues in the triple helix which are disultide linked. These residues are absent in
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the ehicken molecule (Kirsch and von der rvlark. 1991; Mamott et al., 1991).

In situ hybridization studies of type X collagen rnRNA expression have

eonsistentiy shown it to be restricted to the hypertrophie zone of growth plates

(LuValle et al.! 1989: Linsenmayer et al.. 1991: Reichenberger et al., 1991; Iyama

et al.• 1994). This observation would lead te the conclusion that hypertrophie

chondrocytes employa unique transcriptionaI mechanism during their maturation

in arder ta express type X eoHagen (LuValIe el al.. 1992). In fact, it was shawn

that the transcription of the type X collagen gene is always turned on. but

repressed in aIl cel1 types except in hypertrophie chondrocytes (LuVaile et

al., 1993).

The function of type X collagen is still unkno\vn. Sinee it is present in the

hypertrophie and calcif)ring zones. it is believed to play a role in mineralization.

Although it is associated with type II collagen fibrils. it is not concentrated in the

focal sites of calcification nor is it associated with matrix vesicles (poole and

Pidoux, 1989: Schmid and Linsenmayer. 1990). Ho\vever. others have shawn that

type X collagen can interact with matrix vesicles and activate calcium influ.x into

matrix vesicles and mediates mineralization (Kirsch and Wuthier, 1994; Kirsch et

al., 1994). Type X col1agen becomes insoluble after biosynthesis and ean only be

extraeted fol1owing the addition of eross-link inhibitors such as ~­

aminopropionitrile (Reginato and Jimenez. 1991). Also, further solubilization

requires pepsin digestion and reduction. This indicates that its disulfide bonds may

be involved in its association to the extracellular matrix (Reginato and limenz,
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1990). This tight association would indicate a molecule that had sorne structural

function. Electron microscopie studies have sho\vn type X coLIagen to fonn a

hexagonal lattice and this is thought to be mediated by the association of their

Nel domains (Kwan et al., 1991). Type X collagen cantains two collagenase

cleavage sites in its triple helix and can be cleuved by vertebrate callagenases

resulting in a 32 kD triple helical fragment (Schmid i:!( al.. 1986; Cole et al.~ 1993 ~

Knauper et al.~ 1997). The melting temperature of this fragment is 43°C and

therefore would remain triple helical at physiological temperature (Schmid et al..

1986). Therefore. the importance of its degradurion in the growth plate is still

uncertain. Recently, it was shawn that the 32 kD triple helical fragment could be

digested only by cathepsin-B at acidic pH and this may be the mechanism in

which invading osteoclasts remove this molecule from the calcified cartilage

during endechondral ossification (Sires et al.. 1995). ln humans, a frameshift

mutation that alters the amine acids of the Ne l demain of type X. causes Schmid

metaphyseal chondrodysplasias (Sl\tlCD) (Warman et al., 1993). The affected

individuals are short in stature but not severely dwartèd. They have a normal spine

and hands. an aImest nonnal pelvis. reduced femeral shaft-neck angle (coxa vara),

distal femoral metaphyseal involvement and rib changes (Lachman, et al.. 1988).

The mutated collagen a 1(X) chains were shown to be unable to form trimers in

in vitro assembly and cell transfection experiments (Chan et al., 1995). Therefore

it has been postulated that SMCD patients have no type X collagen in their matrix.

Recently two groups have generated null mutants of type X collagen in mice
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(Rosati et al., 1994; Kwan et al.. 1997). Rosati et al.. showed that their mice

harbored no abnormalities and no signs of SMCO. However, Kwan et al. (1997)

found that their mice had abnormalities that resembled SMCD. These mice had

abnormal trabecular bone architecture. had developed coxa vara, a reduction in the

thickness of the resting zone in the gro\\lth plate and atypical distribution of matrix

components within the growth plate. These tindings would indicate that type X

collagen has sorne role in endochondral ossification. but the exact function is still

unclear.

1.2.1.4 Tvpe XI collagen

Type XI collagen is a tibrillar and heterotrimeric collagen found in

cartilage and in the vitreous of the eye. It is composed of three distinct chains.

a 1(XI). a2(XI), and a3(XI) (tvlorris el al. 1987), Further analysis of the molecule

revealed that al (XI) and a2(XI) are distinct gene products (Bernard et al.. 1988;

Kimura el al.. 1989), but a3(XI) is closely related to the al(II) chain of type II

collagen. The a3(XI) has ovennodified hydroxylysine residues as compared to

type II collagen (Furuto, and Miller. 1983). Since there is only one gene for

a 1(II), these t\VO collagen chains must arise from the same gene, but can be

assembled differently into their respective collagen molecules (Kimura et al.,

1989; MendIer, et al., 1989).

It has been hypothesized that type XI collagen may play a role in regulating

the diameter of type II collagen fibrils similar to type V collagen's proposed role

in regulating type l collagen fibril diameter (Linsenmayer et al., 1993). Type XI
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collagen molecules are cross-linked together in a head to tail arrangement. It

fonns a microfibril around type II collagen molecules Since there is incomplete

processing of the amino propeptide of type XI collagen (Linsenmayer et al.. 1993)

this may lead to the presence of N-terminal extensions on type XI collagen that

block the addition of type II collagen molecules onto the existing collagen fibril.

Keene et al. (1995) sho\ved \vith immunolocalization. that type XI collagen was

present on the fibril surface and associated \vith predominant1y small fibrils which

were less than 25 nm in diameter in human newbom epiphyseal cartilage, human

juvenile rib gro\vth plate and fetal calf cartilage. Type XI collagen was not present

in thick tibrils but was associated \Vith tibrils of ail sizes. Recently. it was shown

that mice that were autosomal recessive for chondrodysplasia (cho) and died at

birth with abnormal cartilage in their limbs. ribs. mandible and trachea1 were

mutants that harbored a deletion in their cr 1(Xl) gene (Li et al.. 1995). Further

analysis showed that they had a complete absence of crl(XI) collagen in their

extracellular matrix. Their growth plates \Vere also completely disorganized. Also.

these mice exhibited abnonnally thick collagen tibrils. These observations

dernonstrated that type XI collagen's role in regulating tibril diameter is involved

dwing grO\vth plate organization and skeletal morphogenesis.

Type XI collagen mRNA has been studied Ïn situ in both rat and human

grO\vth plates (Balmain et al.. 1995: Vomehrn et al.. 1996). In both studies, type

XI mRNA was lo\vest in the resting zone and increased slightly in the proliferative

zone but stayed constant in the maturing and hypertrophie zones. In the rat,
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however, there was a decrease in the calcifying zone which may be related to the

decreased expression of type II collagen mRNA in the same zone.

1.2.2 Aggrecan

Aggrecan is a large chondroitin sulphate proreoglycan that accounts for

about 100/0 of the total dry weight of cartilage. It interacts with link protein to form

a stable cornplex with hyaluronan (HA) tHascall and Heinegârd, 1974). Aggrecan

is found as a part of a large aggregate that can contain as many as 100

proteoglycan molecules per HA molecule lNeame. 1993). The primary function of

aggrecan is to provide cartilage with its compressive stiffness and resistance to

indentation and deformation. It allows cartilage ta swdl and hydrate its matrix .

Aggrecan is composed of about 90110 carbohydrate and a 100/0 core protein.

It has a core protein molecular weight of 137-248 kO.. depending on which exons

are spliced into the mature rnRJ\[A (Ooege el al.. 1991) and a total rnolecular

weight of 1-5 x 106 D. The core protein is comprised of 7 domains. The tirst

domain at the N-terminus consists of a globular demain called G1. G1 consists of

335 amino acids. [t is follo\ved by the interglebular domain (100) of 130 amine

acids and the 02 globular domain with 100 amine acids. The G 1 domain binds to

HA and closely resembles a glycoprotein. link proteine that helps stabilize the

aggregate. Link protein was sho\\ll to be in cartilage and an essential component

of the aggregate (Hascall and Sajdera... 1969; Buck\valter et al., 1984). G 1

contains 2 different structures: a region that belongs to the immunoglobulin

superfamily (Bonnet, et al., 1986) and a region that is related to a lymphocyte
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homing receptor (Goldstein et al., 1989; Stamenkovic et al., 1989). The G2

domain closely resembles the G1 demain but does not bind to HA, collagen.. link

protein or ether aggregating proteoglycan monomers (Fosang and Hardingham,

1989). There is a keratan sulfate (KS) attached to G2. although the exact location

is not known (Fosang and Hardingham. 1991). This ma)' interfere with its ability

to bind HA.. The next region of the molecule contains the majority of the GAGs: a

KS containing domain tàllewed by a CS containing demain. The exact function of

the KS regien is unknown. It cantains a hexamer repeating sequence which in

turn contains a serine residue in both bovine and human aggrecans (Antonsson et

al., 1989: Doege et al.. 1991). This serine has been suggested to be the attachment

site for the KS chain (Antonsson et al.. 1989). The CS domain is the major part of

the protein core of aggrecan. Repeats of serine-glycine amino acid pairs dominate

this region and the serines are the sites of anachment for the CS chains (Bourdon

et al.. 1985, 1987). The C-tenninal region is a globular domain called G3. Various

forms can arise from alternative splicing of its mRNA. It may contain regions \vith

similarities to lectins~ EGF, and complement regulatory proteins (Balwin et al.,

1989; Stoolman, 1989 ). The 03 domain can thereby vary in size from 156 ta 255

amino acids. The exact function of the G3 domain is still unknown.

The turnover of aggrecan has been studied extensively. Studies have shown

two major sites of proteolytic cleavage \vithin the IGD between amino acid

residues ASp3.U-Phe342 and Glu373-AJa37.J (Sandy et al.. 1991, 1992; Flannery et al.,

1992; Lark et al., 1995). Cleavages in this site resuIt in the separation of the core
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protein from the G1 domain that remains anached ta HA. The first site between

Asn3.u-Phe342 has been tenned the "MMP site" due to the ability of MMPs l, 2. 3,

7,8,9, and 13 to cleave this site in vitro (Fosang et al.. 1992. 1993,1996). The

protease(s) that generate the second site between G1u373-Ala374 has yet ta be

discovered and has been given the name "aggrecanase" based on its ability to

cleave the aggrecan core protein. However. in \'jrrv studies with recombinant

M~'lP-8 at very high concentration (160 Ilg/ml) and in the presence of

polyethylene glycol 4000. showed that it was able ta generate the Glu373-Ala374

cleavage. although it still pretèrred the NIMP cleavage site (Fosang et al., 1994).

Recently, Amer et al.. (1997), using a specitic ~[~[P-8 inhibitor could not inhibit

the generation of the aggrecanase cleavage product in adult bovine nasal cartilage

and postulated that MMP-S is not aggrecanase.

Aggrecan is present throughout the matrix Ln the growth plate

(Hardingham. and Fosang. 1992). hs mR.L~A is expressed in all zones of the

gro\vth plate (Sandel1 et al.. 1994). Studies on the turnover of aggrecan in the

grO\vth plate have produced contlicting results. There have been reports of a 1055

of matrix proteoglycan just before or during the initiation of calcification in the

growth plate (Hirschmann and Dziek\vaitkowski. 1966: Lohmander and Hjerpe,

1974; Boyde and Shapiro, 1980: Franzen et al.. 1982). However, others have

found no evidence for this 10ss (Ho\vell and Carlson. 1968; Poole et al., 1982;

Scherft and Moskalweski, 1984; Hargest et al.. 1985). There may he a loss of

proteoglycan after initiation of calcification {tvlitchell et al., 1982; Hargerst et al.,
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1985). In more recent studies, where data was expressed per unit volume of

extracellular matrix~ there was a progressive increase in proteoglycan content in

the growth plate (Matsui et al.. 1991: Alini el al.. 1992). There was, however. a

net reduction in proteoglycan per unit \veight of tissue when the chondrocytes

eniarged in size and matrix volumes are considerably reduced (Matsui et al., 1991;

Alini et al.. 1992).

1.3 Matrix metalloproteinases

~latrix metalloproreinases (Nl~IPs) are metal-dependent endopeptidases

with activity against mast extracellul~matrix macromalecules (Woessner. 1994).

At least eighteen M~lPs have been identitied. and t\velve are summarized in Table

1.1. These enzymes all share a number of conserved structural and functional

domains but differ in their substrate specificities. Their structures and sequences

are highly conserved among species. indicating important roles and functions of

these enzymes. They play a pivotaI raIe in normal tissue remodeling during

o\iulation. embryonic gro\vth and differentiation (Birkedal-Hansen. et al., 1993).

They have been implicated in pathological conditions such as the arthritides and in

tumor cell invasion. Although these enzymes have been studied extensively, many

aspects of their regulation and function in vivo remain unknown.

1.3.1 Functional domains of l'1l\'IPs

The MMPs, which are shown in Table 1.1 are comprised of domains wIDch

are conserved among the members of the family (Birkedal-Hansen, et al., 1993;

Woessner, 1994; Murphy and Knauper. 1997) (Fig. 1.1). The MMPs consist of

23



•
Table 1.1 The major groups of matrix metalloproteinases

Enzyme MMP No. A.A. Latent Active Chromosome Substrates

Interstitial collagenase 469 55 000 45 000 llq22.J.23 Collage"s 1. Il, Ill. VII. X

Neutrcphil colJagenase 8 467 15 000 58 000 llq2l-q22 Collagens 1. Il. III
53 000 43 000 Aggrecan

Collagenase 3 13 471 65 000 55 000 l1q22.3 Collagens l, JI, Ill, X:
N-telopeptldes of
collagensl.1I

Gelatinase A 2 662 72 000 66 000 l6q2l Gelatl"
CollagensIV.V. VII. X
Elastin

Gelatinase B 9 707 92000 86 000 16q20 Same as gelatlnase A

5tromelysin-1 3 4n 55 000 45 000 l1q22.3-23 PG core pratein:
Flbronectln: Laminin:• N-telapeptldes of
type 1collagen:
Collagen IV, V, IX. X:
Elastln: ProcolJagenase

Stromelysin-2 la 476 60 000 55 000 Same as Stromelysin-l

Stromelysin-3 11 488 65 000 45 000 al Prateinase inhibitor:
a2 macroglobulin

Matrilysin 7 267 28 000 20 000 llq2l-22 F1branectln:
Laminin: Collagen IV
gelatin. pracallagenase:
PG core protel"

MTl-MMP 14 582 73 000 63 000 14ql1 Collage" 1. MMP·2

MT2-MMP 1S 669 7D 000 60 000 16q13-q21 MMP-2

MT3·MMP 16 604 70 000 60000 8q21.3-q22.1

•
24



•

•

•

the follo\ving domains: a 17-29 residue hydrophobie signal sequence whieh is

followed by a 77-87 residue propeptide. a eataIjlie domain that contains its active

site including the Zn!+binding site. and a 5-50 residue proline-rich hinge region

just before the 200 residue hemopexin domain (Sanchez-Lopez et al., 1993). The

two gelatinases, MMP-2 and MrvIP-9. contain an ~xtra domain in the catalytic

domain that consists of three tandem repeats of tibronectin type U-like sequences

which allo\v them to bind to gelatin (Collier et al.. 1988: Goldberg et al., 1989).

Matrilysin lacks the hemopexin domain and is smaller than other members in this

family. Recently a new group of wU"IPs have been discovered and have been

termed membrane-type matrix metalloproteinases (MT-MlVIP). In total. there have

been four types found: MTI-MMP (Sato el al..l994). MT2-MMP (Will and

Hinzmann. 1995). NIT3-MlVlP (Takino el al.. 1995) and MT4-MMP (Puente et

al., 1996). AIl have a recognizable transmembrane domain that anchors them to

the cell membrane. MTI-MlVIP has been implicated in the raIe of the activation

of progelatinase A (Sato et al.. 1994: Cao et al.. 1995).

The active site of eaeh of the MlVIPs contain a very conserved sequence,

HE(L/I1F)GH. This sequence is believed to coordinate the zinc ion together with

the catal)tically essential glutamic aeid residue. Conserved asparagine residues

located on either side of this motif aet as binding sites for calcium which is

required for enzyme stability (Clark and Ca\\lston. 1989; Nagase et al., 1990;

Murphy et al., 1992). The C-terminal hemopexin domain, which is present in all

members of the MMPs exeept matrilysin. eonfers substrate binding specificity.
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Deletion analysis of this domain produced enzymes which lose their ability to bind

its preferred substrate (~Iurphy and Knauper. 1997). Truncated forms of MMP-l,

M~IP-8 and tvlMP-13 lose their ability to cleave native triple helical collagen

(Clark and Cawston, 1989: Murphy et al.. 1992: Kntiuper el al., 1993. 1997).

1.3.2 l\tIMP Gene Structure and Genomic Localization

The tvltvlP genes aiso sho\v a high degree of homology. Most of the

genornic locations of human ivIivlPs have been mapped (Table 1.1). MMPs 1. 3,

and 10 genes each contain ten exons and nine introns in 8-12 kb of DNA. MNIPs

2 and 9 are considerably larger (26-27 kb) and contain three additional exons

which code for the tibronectin type II-like domains. MMP 1. 3, 8. 10. 13

(Fonnstone el al.. 1992: Pendas el al.. 1995.1996) genes have been mapped to the

long arm of chromosome Il while the twc gelatinases (ivItvlP 2 and 9) are [ocated

on chromosome 16 (Birkedai-Hansen el al.. 1993). tvIMP 14, 15. and 16 of the

NIT-NIN'IP tàmily have been mapped to chromosomes 14. 16. and 8 respectively

(Mattei el al., 1997). It is thought that these ivHvlPs must have arisen from gene

duplication because of their high degree ofhomology.

1.3.3 Transcriptional Regulation of ~IMPs

MMPs are tightly regulated at the transcriptionai level. This is essential

due to their ability to degrade extracellular macromolecules. l\1MPs can be

regulated by growth factors which muy stimulate or repress their mRNA levels.

IL-I and lNF-a have been shown ta be potent stimulators of MMP expression

while TGF-~ is a repressor of rvl~IP expression in chondrocytes and synovial
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fibroblasts (Birkedal-Hansen et al., 1993: Benbow and 8rinckerhott: 1997). This,

however, does not hold for all celI types. Phorbol esters such as 12-0­

tetradecanoyl-phorbol-13 acetate (TPA) can also induce high levels of MMP

expression through the phorbol ester-response dement (TRE) in the ~IP genes

(Angel et al.. 1987). Cytokines and gro\\1h factors are believed to mediate Ml\-IP

expression through the AP-l binding site in the ~nvtP genes. These factors turn

on expression of a c-fos and jun dependent pathway \vhich binds ta the AP-I site

(Schonthal et al.. 1988). This site has been identitied in most ~l~IP 5' sequences

but is absent in MMP-2. Although los and fun activation can lead to M~IP

activation. it is not always sa. rvlore than one moiecular event determines the up­

regulation of these NIMPs. TGF-p aiso works through a L'-los dependent pathway

in repression of MMP expression (Kerr et al.. 1990). Recently, TGF-p was shown

to either activate or repress collagenase gene expression by induction of distinct

oncogenes of the 1un family (Nlauviei et al.. 1996). TGF-p activated c-jun in

basal keratinocytes to activate collagenase expression. willie in fibroblasts it

activated jun-B which repressed collagenase expression. These observations

indicate that different c}10kines may elicit different NIMP expression by recruiting

different family members of the AP-l binding site.

1.3.4 Activation of Metalloproteinase Zvmogens

MMPs are secreted as proenzymes which are latent. ln arder to have

enzymatic activity, their N-terminal propeptide must be removed. The propeptide

is bound through a Cys-ln2
+ bond to the active site displacing the H20 molecule
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needed for catalysis (Springman et al.• 1990). The activation has been termed "

the cysteine switch" (van Wart and Birkedal-Hansen. 1990). This bond can be

disrupted by a number of methods such as cleavage of the propeptide by another

protease or by organomercurials. metai ions. thiol reagents and oxidants. This

disruption of the Cys-Zn:!+ bond opens up the r:nzyme and active site allowing for

removal of the propeptide from the active site resulting in activation of the

enzyme. Once the enzyme is stabilized in the open form it can catalyze severa!

autolytic cleavages to generate the t'Ully processed fonn (Suzukî et al.• 1990). The

exact N-tenninal sequence generated will determine the amount of activity the

M~lP will have. probably due to the ne\\'" formation of a salt link between the

NHJ+ group of the new N-tenninus "vith the asparigine residue within the active

site (Reinemer et al.. 1994: Becker et al.. 1995). Rr:cently, a furin sequence was

found in the propeptide of the ~lT-wllVlPs and stromelysin-3 and is absent in the

other MlV1Ps (Pei and Weiss. 1995. 1996). Funn belongs to the family of

prohorrnone convertases that are present in the Golgi and pericellular space. These

observations lead to experiments that demonstrated intracellular processing of the

propeptides of MT-M~1Ps and stromelysin-3 and secretion of the active form of

the enzymes (Pei and Weiss, 1995. 1996).

1.3.5 Collagenases

The enzyme collagenase was tirst described by Gross and Lapiere, in 1962,

who proposed a role in collagen degradation during the morphogenesîs of the

tadpole tail. Although they never pwified this enzyme. they showed it had activity
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against triple helical collagen. Interstitial collagenase (MMP-l) has been cloned

in human (Whitham et a/., 1986), rabbit (Fini el al.. 1987), porcine (Clarke et al.,

1990), rat (Quinn el al.. 1990), mouse (Henriet el a/.. (992) and bovine (Tamura

et al., 1994) species. A second distinct collagenase was cloned frOID human

neutrophils and \vas called neutrophil collagenase (tvlNtP-S) (Hasty et al., 1990).

AlI these collagenases have the ability to clemle the alpha chains of types L IL III.

collagens to produce fragments of approximately 3/4 and 1/4 the size of the

original molecule. The enzymes ho\\'ever. differ in their specificity for their

different collagens. MNIP-l from human. rabbit. porcine and bovine species,

cleaved types l and III collagens much more rapidly than type II. While MMP-l

from mouse and rat c1eaved types I. II and III collagens efficiently, it cleaved type

II collagen much more rapidly then M~tP-l found in other species (Welgus et al..

1983). MMP-S was shown to have a preference for type l collagen over types II

and III collageo (Mallya et al.. 1990) . Comparison of the cDNA and amino acid

sequences of mouse and rat ~trv[P-l to the other species. showed ooly a 49-55°/c,

homology. while MMP-l from human. rabbit. porcine and bovine shared 85-88%

homology at the cDNA. and amino acid level. Sorne speculated that the rodent

tviMP-l was not the same enzyme as the other rnammalian MMP-l (Henriet et al.,

1992) and others argued that it was the same but the low percentage of homology

was due to species differences. Recently. a novel collagenase was cloned from

breast carcinomas (Freije et al., 1994). This collagenase shared 86% homology

with the rat and mouse MMP-I and only 500/0 homology to human MMP-l. It
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preferentially cleaved type fi collagen over types 1 and II (Knauper et al.,1996;

Mitchell et al., 1996). This new collagenase has been designated collagenase-3

(MMP-13). Hence, the rodent MMP-l has no\v been designated ~P-13. In

comparison to human l"lMP-l. which is expressed widely in all tissues, human

MMP-13 has been shown to be present in breast carcinomas (Freije et al., 1994),

nonnaI and osteoarthritic cartilage (Borden et al.. 1996; Mitchell et al., 1996;

Reboul et al.. 1996) and osteoblasts (lohansson et al. .1997). MMP-13 is the only

collagenase found in rodents. Since it is the only collagenase available to rodents.

its expression is found in more types of tissues. Aithough, during murine

embryonic and fetai development . it is expressed mainly in the centers of

ossification (Mattot el al.. 1994: Gack. t!/ al.. 1995). ~UvtP-8, which was thought

to be present only in neutrophils. has been shawn recently to be present in human

adult articular cartilage (Chubinskaya et al.. 1996: Cole et al., 1996). It has aIso

yet ta he identified in other species other than man. The basic structural elements

of the three human collagenase are sho\'tTI in Fig 1.3.

1.3.6 Cleavage of interstitial collagens.

Interstitial col1agens are cleaved ln their triple helical domains by

collagenases. Types l, II. and III collagens can be cleaved by tvIMP-I, 8, 13 (Wu

et al.. 1990; Devarajan et al.. 1992; Mitchell et al., 1996; Billinghurst et al.,

1997). Recently it has been shown that ~nvlP-2 (Aimes and Quigley, 1995) and a

truncated form of MTI-MMP (Ohuchi et al.~ 1997) can aIse cIeave interstitiai

collagens, although these observations have yet to he repeated. tvIMP-2 was
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sho\VD ta able to cleave type 1 collagen only if it \vas TIMP free (Aimes and

Quigley, 1995). MT1-~tl\fP was able to cleave types I~ il, and III collagens

(Ohuchi et al., 1997). MMP-l, 8, 13 and ~lTI-NINIP cleave the triple helical

structure at the GlY77s-Ile776 or GlY7is-Leu776 bonds of the a-chains of the

interstitial collagens. This cleavage generates two cleavage products, one 3/4

fraIDTlent (rCA
) and one 114 tragment (TCB

). It tS believed chat collagenases can
.... \. r ...... ....

cleave at this site due to "opening" or relaxation in the triple helix. Site-directed

mutagenesis ofthis site in type 1collagen yields uncleavable collagen molecules at

the triple helicaI site (Wu et al.. 1990), NI~IP-13 was shown to cleave type 1

collagen in the N-telopeptide region in transgenic mice harboring this mutation

(Liu et a/.. 1995). This N-telopeptide c1eavage can also be mediated by

stromelysin (Wu et al... (991). Recently. the aminotelopeptidase activity was

shown only to be present in wUv1P-13 and not MwlP-l (Krane et al., 1996). AIso,

this activity was attributed to sequences round in the cataly1ic domain of NIMP-13

and not in the hemopexin domain (Krane et al.. 1996: Lemaitre, et al., 1997).

1.4 Inhibition of Metalloproteinase Acti\'itv

1.4.1 Svnthetic inhibitors

A number of synthetic inhibitors are available to inhibit MMPs. Chelating

agents that interact with the zinc atom in the active site, such as 1,10 ortho-

phenanthroline or EDTA are potent inhibitors but have broad biological affects

and no specificity. They are therefore not suitable for biological use. Substrate

analogue peptides linked ta chelating moieties such as hydroxamate, carboxylate,
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thiol, phosphonamidate, phosphinate and phosphoramidate groups have been

developed and the most potent of these can work in the nanornolar range. These

substrates can be engineered to have MMP specificity with high binding affinities

(Gray et al.~ 1987: Lelievre el al.~1990: Ewenson el al.. 1992).

The approach to the design of these inhibitors is based on the incorporation

of residues that are normally present in the natural substrates of the target enzyme

(Roberts et al.. 1987). These inhibitors have high binding energy due to the

inclusion of a zinc binding group. Three main strategies have been employed for

the incorporation of the zinc group into the substrate peptide: left hand side

inhibitors (LHS) that include amino acid residues trom the N-terrninal side of the

cleaved bond: right hand side (RHS) inhibitors that utilize amino acid residues

from the C-terminal side of the cleaved bond: and a combined left hand-right hand

inhibitors where the zinc ligand is in the middle of the cleaved residues. The RHS

inhibitors have been the most successful inhibitors and have resulted in

collagenase inhibitors with the greatest activity (Roberts et al., 1987). In the Pl'

position~ the preferred substituent is a small hydrophobie moeity which mimics

the LeulIle residues found in collagen. In the Pl' position, most amino acid

residues ean be used. This is surprising since this position in collagen is a small

hydrophobie amine aeid. In the P3' position~ which is a glycine in collagen. any

residue other than glycine or alanine leads to dramatic IOS5 of activity. The

substitution in the P/ position is usually not important. These classes of inhibitors

have been examined for their potency ln biological systems involving tissue
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degradation (DiPasquale et al.,1986; Nixon el al., L991 ~ Dimartino et al., 1991:

NIort et al., 1993; Cawston et al., 1995; Chichester el a/.. 1996; Bottomley et a/.,

1997; Kozaci et al., 1997). These inhibitors must be stable in biological systems

and small enough to penetrate inta their target tissues. They must have specifie

and high levels of inhibüory activity( KI :510.10 NO. Several of these inhibitors

have been designed from crystal structures of ~tNtPs (Blundell, 1994, Dhanaraj et

ai., 1996). These studies have shown that the SI' pocket in MMP-l is shallow but

deep in MMP-S, MlvlP-3 and NINIP-13lDhanaraj etaI.. 1996; Welche/al.. 1996).

This structural property in rvINIP-S. MtvlP-3 and yUvlP-13 allow for design of

specifie inhibitors that exploit their deep SI' pocket.

1.4.2 Peptide inhibitors

Synthetic peptides which mimic propeptide sequences (Hanglow et al.,

1993), enzyme binding sequences (de Souza and Brentani, 1991) and TIMP

sequences have all been sho\\iTI in vi/ro to have the ability to inhibit MMP

cleavage of their substrates. Their lC 50 are usually in the J.lM range and their

ability to inhibit MMPs in vivo has been shown in human tumor cell invasion

(Melchiori et al.. 1992).

1.4.3 Tissue inhibitors of matrix metalloproteinases (TIl\'IPsl

Tissue inhibitors of metalloproteinases (TIMPs) are natural inhibitors of

~1Ps found in connective tissues. They form al: 1 non-covalent bond with

activated ~fPs and inhibit their activity. Latent MfvIP-2 can also bind TIMP-2

and form a complexe Four TIMPs have been identified: TIMP-l (Stricklin, 1986),

35



•

•

•

TIMP-2 (DeClerck et al., 1991), TUvlP-3 (Apte et al.. 1995), and TIMP-4 (Greene

et al., 1996). Their structure and amino acid sequences are highly conserved

among species~ indicating an important function for these proteins. TINIP-l and 3

are glycoproteins with a molecular weight of about 30 kD. Tllv1P-2 and TI~1P-4

are non-glycosylated proteins of 23 and 22kD. respectively. Bath TIMP-I and

TIMP-2 have similar affinities for the wUvlPs \vith K.j values of about 10-10 M. But

TUvtP-l is more effective against rvl~IP-l \vhereas TIMP-2 is more effective

against NUvlP-2. TIMP-4 has been sho\\TI recently to bind MMP-2 in a similar

manner ta TIMP-2 (Bigg et al.. 1997). The TIivlPs are highly stable due to six

conserved disultide bonds which are responsible tor it's double looped~ two

domain structure. The N-terminal 134 residues torro a domain that is responsible

for inhibiting the wfMP while the C-terminal reglOn mediates binding to the

M~IPs (Docherty et al.~ 1992).

......... Regulation of TIMPs and Genomic Location

The different TIMP genes are regulated differently. TIMP-l can be

induced by a number of cytokines. gro\\'1h factors and phorbol esters while TIMP­

2 cannot. TIMP-3's regulation is related to the cell cycle (Wick et al.~ 1995) and it

is highly expressed in development during embryogenesis (Apte et al.. 1995).

TIMP-3 has been implicated in patients v..ith Sorsby's fundus dystrophy (Weber et

al., 1994). Patients with this condition harbor a number of different point

mutations in their TIMP-3 gene which leads to a loss of central vision from

subretinal neovascularization and atrophy of their ocular tissues (Felbor et al.,
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1995). The newly cloned TIMP-4 is highly expressed only in the adult heart

(Greene et al.. 1996).

TIMP-l is Iocated on the X chromosome (\Villard et al., 1989), TIMP-2 is

on chromosome 17 (DeClerck et al.. 1992). and TUvlP-3 is on chromosome 22 in

humans (Apte et al., 1994). TIMPs L. 2. 3 aIl conrain (WO or more transcriptional

start sites which give rise to mR..NAs of different size (Birkedal-Hansen et a/.,

1990; Greene et al., 1996).

TIMP has been sho\vn to be present in the rat gro\vth plates (Dean el al..

1989. 1990). The amount of TIMP was found to be deticient in the hypertrophie

zone. This observation was aiso made in rabbit gro\vth plates using

immunofluorescent antibodies (Bro\\TI et al.. 1989). TlrvlP was localized in the

resting and proliferative zone chondrocytes but \vas absent in the hypertrophie

chondrocytes (Bro\vn et ai.. 1989). This decrease in TIMP Ievels would tàvor

increased collagenase activity and leading to collagen removal in the hypertrophie

zone (Dean el al.. 1989. 1990).
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1.5 Hvpothesis

The mammalian growth plate undergoes rapid remodeling that involves

synthesis, resorption and vaseularization of its extraeellular matrix. These

proeesses are all highly regulated during endoehondral bone fonnation and long

bone gro\Vth. The growth plate chondroe)1eS that make up the eartilaginous

growth plate follo\v a highly regulated sequence of maturation events during their

life span. These ehondroeytes rapidly synthesize an extracellular matrix when

they are in their proliferative and resting stages. They chen degrade it when they

become hypertrophie. Sinee their extracellular matrix is composed mainly of type

II eollagen~ it is hypothesized that they must produce a collagenase during their

differentiation trom prolitèrative chondroe)1e ta hypertrophie ehondroeyte. The

specifie aim of this thesis is to identit)' the collagenase(s) and its regulation in

vitro during chondroeyte maturation using cultures of isolated bovine fetaI growth

plate chondrocytes.
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2. MATERI.-\LS AND METHOD

2.1 Preparation of Samples

2.1.1 Source of Tissue

Bovine fetuses were obtained from a local abbatoir (Colbex, St.Cyrille,

QC.) and transported ta the laboratory. Within 1.5 hr. of death, femora, tibiae, and

humeri were removed. Fecal age was determined by measurement of tibial length

as previously described (Pal et al.. 1981). Ages of bovine fetuses used in this

thesis ranged from 190-221 days. The mouse chondrocyte cell line, rvlC615

(Mallein~Gerin and ülsen. 1993) was provided by Dr. Bjorn R. Olsen (Harvard

~[edical School. Boston. MA).

2.1.2 Cell Isolation and Culture

Bovine fetai growlh plate chondrocytes \vere isoIated and fractionated into

subpopulations, as previously described (Lee et al.. 1990: Alini et al., 1994. 1996)

with sorne modifications. Briefly. isolated growth plate tissue slices were washed

t\vice (15 min each) in Dulbecco's moditied Eagle's medium (DMEM) (Gibco

BRL. 8urlington. ON), 10 mM HEPES. and 45 rn~t NaHC03, pH 7.4, containing

(per ml) 0.15 mg gentamicin (Sigma Chemical Co.. St. Louis. MO), 100 Ilg

benzylpenicillin (Oibco), 100 U strepcomycin (Gibco), and 0.25 J.1g Fungizone

(Gibca) (medium A). This was fallo\ved with t\va \vashes (15 min each) in

medium A with 10X antibiatics. The slices were chen digested with 0.25% (w/v)

trypsin in medium A for 30 min at 37°C. After trypsin digestion and inactivation

with 10% fetaI calf serum (FCS), the tissue slices were digested with 500 J.1g1ml
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collagenase (type IA, Sigma) , 300 ~g/ml hyaluronidase (ovine testicular type V,

Sigma) and 50 Jlg/ml DNAase l (bovine pancreas. Sigma) in medium .1\ ovemight

at 37°C with gentle agitation on a gyrotary shaker. Undigested cartilage was

removed by filtration through a nylon mesh and cells were recovered with

centrifugation (10 min. 400 x g). CeUs were washed t\vice in medium A at room

temperature and once in citrate butTer (1 25 m~l Nael. 18 m1'1 citrie aeid. and 10

~[ K2HPO-l, pH 6.0) to dissolve residual mineraI. The cells were washed in

medium A. counted with a hemocytometer and loaded (2.5 x 107 cells/ml) onto

Pereoll (Pharmacia. Uppsala. Sweden) discontinuous density gradients (1.01 to

1.07 glm1) and centrifuged at 400g x 30 min (Fig. 2.1) Five subpopulations

identified as distinct bands (A to E ) were carefully removed for analysis (Table

2.1). Chondroc)'1e subpopulations were seeded on gelatin-coated 12 weIl flat

bottomed plates (Falcon. Becton Dickinson. NJ) at a density of 1 x 106 cells/ml.

CeUs \vere cultured in 2 ml of D~[EM supplemented with 50 Jlglml ascorbic acid ,

5 mM sodium ~-glycerophosphate (both \Vere freshly prepared at each medium

change) 5 Ilg/ml insulin. 5 Jlg/rnl transferrin. 5 ng/ml sodium selenite (ITS), 1

mg/ml of hydrolyzed BSA and 10 ~l tri-iodothyronine (T3) (Alini et al., 1996).

Medium was changed every 2 days. For MtvlP-13 inhibition studies, C

subpopulation growth plate chondrocytes were cultured as above except with the

addition of 1~ 10 or 50 nM of RS 102.481 inhibitor (Roche Biosciences, Palo

Alto, CA). Bovine fetal epiphyseal chondrocytes were isolated as above, except

they were not fractionated on Percoll gradients. Cells were cultured in DMEM
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Fig. 2.1 Percoll gradient used in isolation of bovine fetal growth plate
chondrocyte subpopulations.
Bovine fetal growth plates were dissected from long bones (A). Percoll gradient
loaded with isolated fetal bovine growth plate chondrocytes (B). Five growth
plate chondrocyte subpopulations (A-E*) in Percoll gradient after centritùgation
(C). *Amount of E subpopulation (lowest band) is faint due to low amount of
cells.
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Table 2.1 .\Iorphological characteristics of isolated populations of fetal growth plate
chondrocytes

(%) of cells in

Cell populations Cell Diameter*
each po~ulation after Viability of

Pereoll gradient each populaton
(J.lm), (n=3) (n=14) (n=14)

A 25.7 + 5.9 1.60 + 1.10 70· Sook

B 20.2 + 4.6 20.4 + 12.3 > 800/0

C 17.9+4.3 43.S + 10.9 > 95°k

• 0 15.7 + 3.2 30.1 + 12.9 > 95°k

E 13.9+2.9 4.10 + 3.90 > 95°k

• Total number of cells isolated per g of tissue: 2.8 x 107 ± 1.4 x 107 (n=14)
• Viability : 69~/o =7°/0 (n= 14)
• Cell recovery after Percoll gradient centrifugation: 64% ± 14% (n=14)
• 15g ta 40g of cartilage growth plate was collected per fetus according ta age

(200-250 days).

*The above data for cellular diameters are taken from aprevious publication.
(Lee et al., J. Histochem. Cytochem., 38(5):659-673, 1990)

•
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supplemented \Vith 50 ~g1ml ascorbic acid and 1O~/o fetal calf serum (fCS).

Bovine fetal skin fibroblasts were isolated from explants (Freshney, 1987) and

allowed to grow to confluency in DMENI containing 100/0 FCS and passaged.

Medium was changed every 2 days. wlouse chondroC)1eS (MC615) were plated

onto 12 well tissue culture plates and gro\\TI in D~IE~1 containing 10% FCS.

These mouse chondrocytes have been immortalized by transfection of the large T

antigen of SV40 (tvlallein-Gerin and ülsen. 1993). These ceUs are tibroblastic-like

when cultured at low density. \Vhen they reach contluency, they adopt the

hexagonal shape of chondroC)1eS and begin to synthesize type U collagen and

aggrecan (l'vIallein-Gerin and Olssen. 1993). ~(edium was changed every 2 days.

For maximal MMP-l induction. chondroC)1eS and tibroblasts were grown

in DMEM supplemented \'t'lth 1 or 10 Uimi of human recombinant Il-la (R&D

Systems. Minneapolis. ~) for 24 hr. For detection of de novo protein s)nthesis,

chondrocytes and tibroblasts were cultured in methionine-free DMEM (Gibco.

BRL.) supplemented with 35S-methionine (Amersham. Oakville, ON) for 48 br.

2.2 Total RNA extraction and isolation

Total RNA was isolated trom chondroCy1eS using the alcohol/proteinase K

method (Fig 2.2). Briefly, chondrocyte cell layers or cartilage were solubilized in

solution D (4 M guanidine isothiocyanate. 20 ml'vl sodium acetate, pH 5.2, 0.1 M

2-mercaptoethanol and 0.50/0 N-Iauroylsarcosine) (Chomczynski and Sacchi,

1989). One volume of isopropanol was added to this mixture and ail proteins and

nucleic acids were precipitated at 20° C ovemight. After centrifugation, the pellet
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Total ~"lA isolation rrom artilage
Akahal precipitatioaIProteiDase K metbod

Cdllayc:r (I~ 100 eeUs) or f,CIYchoppcd tissue (l00 mg)

AuJ 6 ml solutlon 0 (-lM guamdlnC: lsothlocyanatc:. 25 mM sodium cittale. pH 7.0.0.5% sarcosyl. 0.1 M 2-merC3ploethanol)

Homogc:nc:nlze tlSS! with pofytron (S min).,
Spm .10\\" dcbm 110.000 g. 1 min) and trausfcr supcmawil to anothcr tube.

Preclpll.1lt: JII prolc:ms and nue/clc JClds Wl! 1 volumc ofisopropanol ovemigbt al -200<:.

Spin J[IO.OOO g lor 20 min i1t4OC~o pellctproteinsandnucJeicacids.

Rc:suspc:nd pc:lkt ln 600111 of dlgestlon buXr (10 mM Tris. 5 mM EnTA. 1% SOS pH 8.0),
add :OOIJ10f moh:cul.1f blalogy grJdc: Protcinasc K (Qibco. BRL. 10 mg/ml) and incubate al

55°C for 1br or until pellet disappem.,
.1,dJ 1 \olumc: phenol. 02 volume cholofonn and 0.1 volume 2M sodium accl8lc, pH ..J .

Spm Jt IO.OO~. JO min ar4OC.

Rcmo\c Jquucous ph.1.SC and prc:clpltatc: \\'1th Zvolumes of 100-/. ctbanoJ 1I·200c for 1br or overnlght

Spin J[ 16.000 g [0 pellet RNA md GAGs1mm resuspcnd pellet iD 400 J.L! of4M liC!
(mJ\' ha\ c: 10 vortc:~ v.gorously). RNA is Dot soluble but GAGs are in LîCl.,

Spin J[ 10.000 g for 15~ at40C to pdJet RNA.

Rr.:~u~pc:nd pellr.:1 ln ~oo ~I ofdicttYI pyrocarbonate (DEPC) tteated water
Jnd 1:'-lra'::l \\ lm 1 ..olumc: Phc:nOllchl,form and spin al 10,000 St 30 min a14OC.

Remo.. e aquc:ous phase and prccipiwe witb 2 volumes of 100% ctbaDoJ
and 0 1volume 1 ~ sodium acewe. pH 4 for 1brorovemigbtat.20OC.

SpIn JI 16.000g 10 pellet RNA. wash twa tunestth 70% ctblDol. and resuspend in DEPC Wlter.
Quanlll:uc: RNA by takmg opiticaj density al 2601280 om.

Fig. 2.2 Flow diagram of R.'iA isolation (rom cartilage: alcohol precipitation/
Protcinase K method.
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containing the proteins and nucleic acid was digested with 1 mg! ml proteinase K

(molecular biology grade; Gibco) for 2 br. at 65° C. After digestion, the mixture

was then extracted \vith 1 volume of phenol and 0.1 volume of chlorofonnl

alcohol (48: 1). The aqueous phase \vas recovered after centrifugation and

precipitated with 1 volume of isopropanol. The RNA and remaining

contaminating GAGs were recovered by centrifugation. This pellet was washed in

4 NI Liel (Puissant and Hondebine, 1990) \vhich solubilizes the GAGs but not the

RNA. The RNA is recovered by centrifugation~ resuspended in solution D and

extracted with phenol/chloroform. Pure total RNA is recovered by precipitating

the aqueous phase and washing \vith 70%) ethanol [0 remove any excess salt. The

total RNA pellet is then resuspended in diethyl pyrocarbonate-treated (DEPC)

water and the optical density (0.0.) 260/180 nm is taken to quantitate (1 0.0. 260

= 40 J.lg of RNA) and assess the purit), of the preparation (260/280 nM ~ 1.8).

Total RNA was isolated from tibroblasts using the

guanidine/acid/phenol/chloroform method (Chornczynski and Sacchi, 1989).

2.3 Reverse transcription

First strand cDNA was prepared by incubating 20 Ilg of total RNA (from

fetaI fibroblasts or chondrocytes) with a reaction mixture of 50 J.LI containing 2.5

J.1g of oligo-dT or random hexamer primers (Phannacia), 50 units of RNAsin

ribonuclease inhibitor (Gibco), 100 units of Moloney murine leukemia virus

(MMLV) reverse transcriptase (Gibco), 1 mlVI deoxynucleotide triphosphates

(dNTPs) (Pharmacia), 50 mM Tris-Hel pH 8.5, 8 mM MgCh, 30 mM Kel, and
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10 mM dithiothreitol (OTT) at 42°C for 2 hr in a thermal cycler.

2.3.1 Polvmerase chain reaction (PCRl

10 J-li of reverse transcribed total RNA was incubated with 2.5 units ofTaq

polymerase (Gibco. BRL) in 50 ~1 KCL 2 or ~ fiNI MgCh, la nu\1 Tris-HCt

pH 8.5, 100 ~M dNTPs and 100 pmol each of upstrearn and do\vnstrearn

oligonucleotide primers in 100 JlI reaction tubes. PCR amplifications \vere carried

out in a thermal cycler. GeneralIy. the PCR protocol \,vas 30-40 cycles at 95°C

for 1 min, 55°C or 60°C for 1 min and 72°C for 1 min follo\ved by a 5 minute

incubation at 72°C. If the cDNA tragment \Vas larger than 1200 bp. the tirst

incubation step at 72°C during the PCR \Vas increased to 3 min. instead of 1 min.

The oligonucleotides and PCR optimal annealing conditions for each cONA are

described in Tables 2.2 and 2.3. AlI oligonucleotide primers were synthesized on

an ABI 381A DNA synthesizer (Applied Biosystems. Foster City, CA), purified

on ope columns (Applied Biosystems). and resuspended in 10 mM Tris-Hel, pH

8.5. PCR product sizes where verified by electrophoresis in 1% agarose gels in

TAE ( TAE = 40 mM Tris. 20 mM acetic acidJ 1 m~1 EDTA ) containing 3 ~l of a

1 mg/ml solution of ethidium bromide in water.

2.3.2 Cloning of bovine MMP-l and MMP-13

cDNAs of bovine LVIMP-l and MlV1P-13 \Vere obtained by PCR using

oiigonucleotide primers found in Table 2.2. and conditions found in Table 2.3.

MMP-l primer sequences were selected by sequence alignment of the published

human (Whitham et al., 1986) porcine (Clarke et al., 1990) and bovine (Tamwa et
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al.~ 1994) MMP-I cDNAs (Fig. 2.3.). M~lP-13 primer sequences \vere selected

by utilizing conserved regions of the human (Freije et al., 1994), rat (Quinn et al.,

1990) and mouse (Henriet et al. ~ 1992) MN1P-13 (Fig. 2.4.). Additional bovine 5'

MMP-13 sequence was kindly provided by Dr. Karen Hasty (University of

Tennessee, Memphis, TN).

2.4 DNA seguencing

cDNA products were puritied by a phenol/chlorotorm extraction to remove

the Taq polyrnerase~ follo\ved by a molecular cutoff spin column (Centricon 3000~

Amicon lnc., Beverly. ~IA) to remove unused oligonucleotide primers. Purified

cDNAs \Vere subcloned into pCR-Script SK(+) vector (Stratagene. La Jolla, CA)

according to manufacturers instructions. Puritied plasmids containing the cDNA

insert of interest were purified from mini-preps (Sambrook et al.. 1986) from E.

Coli bacteria. Plasmid DNA were sequenced by the Sanger dideoxy chain

termination method (Sanger. and Coulson. 1975) . using 355 dATP (Amersham)

and a commercial kit (Sequenase II sequencing kit: V.S. Biochemicals Corp.

Cleveland. OH). The primers used in the sequencing reactions were either specifie

oligonucleotides found in the cDNA of interest or the M13 universal sequencing

primer (5' GTAAAACGACGGCCAGT 3'). Samples were denatured by boiling

for 5 min, and electrophoresed on a 6 or 8% polyacrylamide/7 M urea gel. Gels

were transferred to Watman paper. dried tor autoradiography and exposed to

Kodak X-OMAT film (Eastman Kodak Co., Rochester, NY).
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•
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The sequences are from Tamura et al., 1994 for bovine MMP-l; Clarke et al., 1990 for

pig; and Whitharn et al.., 1986 for hùman MMP-I.
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Table 2.2 Summary of the oligonucleotide primers used for peR.

Primer Sequence (5'-3') Gene Starting bp

HGAPDHS CTCTCCAGAACATCATCCCTGCC HumanGAPDH 606

HGAPDH3 CGTTGTCATACCAGGrv\ATGAGCTT HumanGAPDH 926

BTTYPEIlC5 ACCTGGATGCCATCAAGTT Bovme: type: Il collagen 3712

BTTYPEIIC3 TACAGAGGTGTTGACAGA Bovine type II collagen ~700

BTTYPFX5 AC.\GGAATGCCTGTGTCTGC1TfCAC Bovine type: X collagen 1768

BTIYPEX3 AGCCTGCATTGGGCAGCTGGAGCCA Bovine type X collagen 2080

BT~tMP1S5 TTCTTC.~~AGACCGCTTCTACATGCGC Bovme MMP-l 897

BTMMPIS3 CCCAACAA.-\GAAATACGTTTTCCC:\GT Bovine MMP-I 1167

BTMMPIMS GGAAAACTACTACAACCTGAA Bovine MMP-I 125

BTMMPIM3 AAGGGTTTGTGCGCATGTACA.A Bovine MMP-I 901

• BTMMPILS GCGCGAATTCACCATGCCGAGACTGCCTCTGCTGCTG Bovine MMP-l

BTMMPIL3 GCGCAAGCTTCAArrTfTTCTGCAGITG:\ACCA Bovme MMP-I 1386

BTMMPI3L25 GGGCGGATCCACCATGACCC.~\AGGTCCTGGCTGGC Bovme MMP-13
1

BTMMP13L23 GCGC\AGCTTCAACACCACC.-\TAAGGGAATTTGTIGTCAT Bovine MMP-13
1389

BTMMP13S5 CTTCCTCTTCTTCAGCTGGAC Bovine MMP-13 2~

BTMMPI3S3 ATGTATTCACCCACATCAGG Bovine: MMP-13 296

BTMMPI3M5 GAGTTATGATGATGCT~-\CCA Bovine: MMP-13 1210

BTMMPI3M3 MATGCTCTTCAGGATTTAAAr.~\e.-\A Bovine MMP-13 1433

BTMMPI3L3 ATGTGGTTCCAGCC.-\CGCATAGTCAT Bovine: MMP-13 1601

•
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Table 2.3 Summary of tbe PCR conditions and the sizes of the amplified products for each primer pair

Primer Pair Annealing Termperature (oU- Sïze of Amplified cDNA fragment (bp)

HGAPDH5IHGAPDH3 55 344

BlTYPEUCSIBlTYPEIIC3 55 909

BITYPEXC55IBITYPEXC3 55 337

BTMMP 1L5IBTMMP 1L3 55 295

• BTMMP1S5/BTMMP 153 60 899

BTMMPIMSIBTMMPIM3 55 1435

BTMMP 13 L25IBTMMP 13 L23 5S 1428

BTMMP 135SiBTMMP 1353 55 291

BTMMP 1355/BTMMP 13 L13 60 1577

BTMMP13MSiBTMMP 13M3 55 250

•
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2.5 Northem blot analysis

Total RNA was fractionated on a 1% agarose/2.2 M formaldehyde gel

(Sambrook et al., 1989). Even loading of the RNA \Vas verified by ethidium

bronlide staining. After electrophoresis~ the gel \Vas washed in deionized water to

remove excess forrnaldehyde. RNA was transtèrred onto Hybond-N (Amersham)

or N+ CAmersham) membrane by capillary blotting ovemight with 20X SSC (1 X

SSC= 0.15 M sodium acetate. 0.15 NI sodium citrate). The membrane was air­

dried and then the RNA was cross-linked onto the membrane by ultraviolet

radiation (Stratagene erosslinker). cDNA probes were labeled with 32p_dCTP

using a random priming kit (Stratagene) and unincorporated radionucleotides were

removed by using a gel tiltration eolumn (Nick columns. Pharmacia). The specifie

activity of the probe \Vas determined by counting in a Beckman scintillation

spectrometer (Packard. Meridan. CT). The membranes were prehybridized in a

commercially available hybridization buffer (Quickhyb. Stratagene) for 30 min,

and then hybridized for 1 hr at 65°C in hybridization butTer containing 200 Ill/ml

of denatured salmon sperm DNA and heat-denatured 3:!P-labeled probe (specifie

activity > IxiOs cpmJ~g) in a hybridization oven (Rabbins Scientific, Sunnyvale,

CA). The membranes were washed sequentially t\-vice in 2X SSC at room

temperature for 5 min, t\VÎce in 2X SSC and 1% SDS at room temperature for 15

min, and twice in O.IX SSC and O.l~/o SDS at 65°C for 15 min. The membranes

were dried, and exposed to Kodak X-AR film (Eastman Kodak) at -70°C with an

intensifying screen (Eastman Kodak) for varying time periods.
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2.6 Antibodv production and characterization

2.6.1 Identification and svntbesis of collagenase sptcific epitopes

For determination of specifie epitopes for generation of polyclonal antisera

against MMP-l and NIMP-13~ the amino acid sequences of all the known

collagenases (!vIMP-l, 8 and 13) from ail knO"ffi species were aligned and

compared using a computer program. ~lAC:\ 'J-i (National Center for

Biotechnology Information. Washington D.C.). One specifie epitope was chosen

for M~vIP-l (AIEKAFQLWSNV. peptide 305) corresponding to amino acids 133­

144 and MMP-13 (PNPKHPKTPEK, peptide 364). corresponding to amino acids

275-285 (Fig. 2.5.). Each of these epitopes are unique te each MMP and highly

conserved among different species. The specificity of the epitope was further

compared to all of the Swiss protein database using the BLAST search program

that is available trom the National Center for Biotechnology Infonnation. A

cysteine residue was added to the amino terminal to both peptides to allow for

conjugation to ovalbumin.

2.6.2 Preparation of polvclonal antibodies (rom rabbit antisera

For anti-M1.1P-l and ~IP-13 antisera production, female New Zealand

White rabbits weighing 2.5-3.0 kg (Ferme des Chenes Bleus Ine.; Montreal, QC)

were initially immunized intramuscularly \vith 0.5 mg of peptide conjugated to

ovalbumin (OVA, Sigma) in 0.25 ml of phosphate buffered saline (PBS) and

emulsified in 0.25 ml of Freund's complete adjuvant (Difco, Detroit, MI.) Booster

injections were given intramuseularly in Freund's incomplete adjuvant (Difeo,
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Fig. 2.5 Sequence alignment of collagenases-l,..2,..3, protein of different species.

Specifie epitopes for generation of polyclonal sera against MMP-l and MMP-13 were

selected from this alignment. The epitopes were ehosen with the following criteria: they

should be unique to eaeh ~f~{P and but highly conserved among different species. The

•
rvl~IP-l epitope that was ehosen eorresponded to amino aeids 133-144

(AIEKA.FQLWSNV). The MMP-13 epitope that was ehosen eorresponded to amino acids

275-285 (PNPKHPKTPEK). COG=collagenase. Upperease eharaeters represent regions

of homology. Shaded areas represent identieal amino aeid residues. The sequences are

trom Fini et a'.~ 1987 for rabbit M!vlP-l; Clarke et al., 1990 for pig MMP-l; Tamura el

al.. 1994 for bovine lVIMP-l: Whitham et al., 1986 for human MMP-l; Hasty et al., 1990

for human NUvlP-S: Henriet et al.. 1991 for mouse MMP-13; Quinn el al., 1990 for rat

NfrvtP-13 and Freije el al.. 1994 for human MMP-13. •
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Detroit, MI.) every two weeks. After the second booster, test bleeds were

performed and antibody titers were detennined by enzyme-linked immunosorbent

assay (ELISA), as described below. After t\vo boosters, the antisera produced

good titers and the rabbits were exsanguinated by cardiac puncture and

approximately SO ml of serum was obtained. AlI animal work was done at the

McGill animal resource center (McGill University. "lontreaI, QC).

2.6.3 Immunoanalvses for determining antibodv titer and specificitv

2.6.3.1 Preparation of recombinant collagenases and TIMP

Purified recombinant human ivlMP-1 and MMP-13 were kind gifts of Drs.

Peter ivlitchell and John Hambor (Ptizer Inc.. Groton. CT). Bath enzymes were

expressed in Sf9 insect cells that were intècted with recombinant baculovirus

(Mitchell et al., 1996). MMP-1 was affinity purified using a monoclonal antibody

column and MMP-13 was purified using a heparin-agarose and SP-Sepharose Fast

Flow columns. Bath enzymes were >950/0 pure as determined by Coomassie blue

staining of SDS-PAGE gels. Recombinant human MtvlP-S was a kind gift of Dr.

Harold van Wart (Roche Bioscience. Palo Alto. CA). NIMP-S was also expressed

with recombinant baculovirus. Recombinant human TIMP-1 was a kind gift of

Dr. John Mort (Joint Diseases Lab, Shriner's Hospital, Montreal, QC). TIMP-l

was expressed using the Pichia pas/oris yeast system (Invitragen, San Diego,

CA). To activate pro MMPs, 2 mM APMA was added to the enzymes followed by

incubation at 37°C for 2 hr.
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2.6.3.2 Direct-binding ELISA

The immunizing peptides alone \vere diluted to 20 J.1g/ml in 0.1 M

carbonate buffer, pH 9.2, and 50 J.11 was added to each weIl (1 Jlg/well) of 96 weil

lmmulon-2 flat bottom microtiter plates (Dyantech Laboratories, Ine., Chantilly,

VA). In other cases, plates were coated with 100 ng/well of recombinant human

pro-M1.fP-l or activated M11P-l or activated ~1~'lP-I with TIMP-l (1: 1 molar

ratio) or TIMP-l or recombinant human pro-MNIP-l3 or activated M1vfP-l3 or

activated MMP-13 with rUvlP-l (1: 1 molar ratio). After 24 hr at 4°C, the plates

were washed three times \vith PBS containing 0.10,/0 v/v Tween 20 (Sigma). Non­

coated binding sites were blocked with l50 III of 11'lé w/v BSA in PBS(PBS-l %

BSA) for 30 min at room temperature. The plates were then washed once with

PBS-Tween and 50 JlI of seriaI dilutions of the appropriate polyclonal antiserum

were added to individual wells. After 1 hr at 37°C. the plates were washed three

times with PBS-Tween. Aikaline phosphatase-conjugated goat anti-rabbit IgG

(Sigma) diluted 1:30 000 in PBS-l % BSA-Tween was added at 50 ill/weIl. After

1 br at 37°C, the plates were washed three times with PBS-Tween and once with

distilled water. Finally, 50 J.lI of freshly prepared aikaline phosphatase substrate,

disodium p-nitrophenyl phosphate (Sigma) at 0.5 mg/ml in 8.9 mM

diethanolamine, 0.25 mM MgCh, pH 9.8 was added to eaeh weIl for at least 30

min at 37°C. The absorbencies were measured at 405 nm on a ELxSOS mieroplate

reader (Bio-Tek Instruments, Ine., Winooski, Vn.
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2.6.3.2 Inhibition ELISA

Linbro 96 weil round bottom rnicrotiter plates (reN Flow, MeLean,VA)

\vere pre-coated with 100 Jlll\vell of PBS-I % BSA for 30 min at room temperature

and washed once with PBS-Tween. Four non-specifie binding wells each

contained 100 Jll of 50 J-li PBS-l% BSA and 50 ~l PBS-I% BSA-Tween. Each

polyclonal antiserum preparation was diluted 1:200 (as determined by

checkerboard analyses of antisera and peptide titrations, data not sho\\ln) in PBS­

1~.~ BSA-Tween and 50 ~d was added to eaeh of the rernaining wells of these pre­

incubation plates. Four wells \vith antisera were rnixed with 50 J.11/well of PBS­

1~/o BSA to determine maximum binding in the absence of the antibody reaetive

peptides or proteins. To the remaining test wells containing 50 J.11 of diluted

antiserum were added 50 J-li of appropriate dilutions of the standard peptides 305

or 364: pro. activated or THvIP-I bound MMP-I (l: 1 rnolar ratio); pro. aetivated

or T[~tP-l bound NUvIP-13 (1: 1 molar ratio). After incubation for 1 hr at 37°C,

50 ~d of each pre-incubated sample \vas transferred to the equivalent wells of

Immulon-2 ELISA plates that were precoated with 100 ng/well of either peptide

305 tl\tl!\tlP-I) or peptide 364 (MtvIP-13) peptide in PBS, pH 7.2. These plates

were incubated for 30 min at ~oC and then washed three times in PBS-Tween. 50

JolI of goat anti rabbit IgG conjugated to alkaline phosphatase (Sigma) that was

diluted ta 1:20.000 in PBS-I % Tween \\lere added to these plates and incubated

for 1 hr at 37°C. The plates were washed three times with PHS-Tween and three

times \vith distilled water. An ELISA amplification system kit (Gibco BRL,
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Gaithersburg, MD) was used to increase sensitivity. f\mplifier substrate (50 J.1.1)

(NADPH) \vas added to each weil and after 15 min at room temperature, 50 Jll of

amplifier (alcohol dehydrogenase and diaphorase) solution was added to eaeh weil

according to the manutàcturer instructions. After a tinal 15 min at room

temperature. the color development was halted \\iith 50 JolI of 0.3 M H2S04 and the

absorbance was measured at 490 nm. For each plate the mean absorbance from

the four non-specifie binding wells was subtracted from the absorbance values of

each of the other wells. The percentage inhibition of binding by standards or

samples was calculated relative to the mean absorbance from the four maximum

binding wells which represented O~/O inhibition (1 OO~/o binding). Results were

expressed on a molar basis using the calculated molecular weight for MMP-I at

53.361 0 and for peptide 305 at 1486 O. ~tMP-13's calculated molecular weight

was 53,927 0 and for peptide 364 at 1337 O.

2.6.3.4 Electrophoresis and immunoblotting

For Western blots, 500 J.1.I of conditioned medium from chondrocytes or

fibroblasts was precipitated with 1 volumes 1OO~/O ethanol. The proteins were

separated by SDS-PAGE as previously described (Laemmli, 1970) under

denaturing conditions using 10%, 1 mm thick, 7 cm x 8 cm mini Protean gels

(Bio-Rad Laboratories, Mississauga, ON). Gels were either stained with

Commassie Blue R-25D (Bio-Rad) or electrophoretically blotted onto

nitrocellulose (Bio-Rad) in methanol-free buffer containing 25 mM Tris, 0.2 M

glycine, pH 8.3 overnight at 4°C. Nitrocellulose membranes were blocked with
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PBS-3% BSA and incubated either ovemight or for 1 hr with the appropriate

dilution of affinity purified IgG at 4°C. Affinity purified IgO was obtained by

using a peptide affinity column. rvlMP-l or w1MP-13 affmity columns were

prepared by coupling of the free sultbydryl group on the amino terminal cysteine

on peptide 305 (MMP-l) or 364 (Mrv1P-13) to Sulpholink gel (Pierce Chemical

Company~ Rockford. IL) according to manufacturer's instructions. After three 10

min washes in PBS- 1% BSA-l %Tween. the membranes were incubated for 1 hr

at room temperature with alkaline phosphatase-conj ugated goat anti-rabbit IgG

(Sigma) diluted 1:30.000 with PBS-3~/o BSA-l % Tween. The membranes were

washed again three times for 10 min each in PBS-l % BSA-I %Tween and then

rinsed with distilled water. Alkaline phosphatase substrate solution (Bio-Rad) was

added to visua1ize the immune complex. After optimal color development (10-20

min) the reaction was stopped by washing off the substrate solution with distilled

water.

2.7 Immunoprecipitation

For immunoprecipitation. 3sS-methionine-labeled conditioned medium was

incubated with anti-M1\1P-I or anti-tvIMP-13 affinity purified IgO in 150 mM

NaCl, 1% Nonidet P-40 (Bio-Rad), 0.1 % SOS, 50 ml\tl Tris, pH7.5 overnight at

4°C. The immune complex was precipitated with Protein A-Sepharose

(Pharmacia). After washing three times in 150 ml\tl NaCl and 50 mM Tris, pH 7.5

at room temperature, the sample was boiled and the immunoprecipitate was

separated by SDS-PAGE. The gel was then dried and exposed to Kodak X-AR
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tilm (Eastman Kodak) at -70°C for varying time periods.

2.8 Substrate gel enzyme zvmographv

Gelatin zymography was used to assay for gelatinolytic activity as

previously described (Banda el al.. 1987). Briet1y. porcine gelatin (Sigma, Type 1)

was allowed to form a gel with SOS and polyacrylamide. Growth plate

chondrocyte conditioned medium (20 j.1l) was separated in this gel using standard

SOS-PAGE procedures under non-reducing conditions at 4° C. The gel was

washed t\vice at room temperature in 2.5~/o Triton X-IOO with agitation. It was

then incubated in 50mN! Tris-Hel (pH. 8). 2m~! CaC!:! overnight at 37°C with

agitation on a rotary shaker. The gel \Vas then tixed and stained in 25% methanol.

1O~«> acetic acid and 0.20/0 Coomassie brilliant bIue (Bio-Rad) and destained in

H20.

2.9 Cell proliferation

DNA was determined uSlng a moditication of the method described

(LaBarca and Paigen. 1980). Brietly. chondroc)1e cell layers were digested with

proteinase K (0.5 mg/ml) for 24 hr at 56°C in 0.1 NI sodium phosphate buffer, pH

6.5. containing 0.0 1% EDTA. DNA standard curves were prepared from calf

thymus DNA (0.1-1.0 mg) in phosphate/EDTA butTer. Ta a 100 Jll sample of

tissue digest, were added 2 ml of a solution containing 1.0 mg/ml bisbenzimide

(Hoechst H 33248~ Sigma) in 50 mM sodium phosphate, pH 7.4 and 2 M NaCl.

Fluorescence was recorded with an excitation at 356 nm and emission at 458 nm,

using a fluorescence spectrophotometer (model 650-IOS, Perkin-Elmer
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Corporation, Norwalk, CT).

2.10 Collagen purification

Human fetaI cartilage was collected from therapeutic abortions. Ruman

and bovine type fi col1agen \-vere prepared by pepsin digestion and differential salt

precipitation, as previously described (lvlil1er el al.. 1971). The purification steps

involved are shown in Figure 2.6.

2.11 Collagenase assav

Acid-soluble telopeptide-free human type II ~ollagen was acetylated using

14C-acetic anhydride as described by Dean and \Voessner (1985). Collagenase

activity was assayed as previously described (Dean and Woessner, 1985) \\fith

sorne modifications (Fig 2.7). Briet1y. enzyme samples (up to 100 JlI in assay

buffer) were incubated with 10 JlI of [oie-telopeptide-free collagen substrate

(specifie activity 3.7 x 106 cpmlmg collagen at 3.1 mg/ml. in 50 mM Tris/HCL pH

7.6. 0.3 NI Nael) in 1.5 ml microfuge tubes. 0.5 mM APMA was added to

activate procollagenase. 1 mM 1.10-phenanthroline was added to inhibit

collagenase and served as a blank control. After 18 hr incubation at 300e, the

reaction \vas terminated by the addition of 0.5 m~t EDTA. Collagenase cleavage

products were further digested by 35 Jlg trypsin (Sigma) and 35 Jlg a­

chymotrypsin (Sigma) in the presence of 100 I-1g bovine type II collagen as a

carrier protein for 2 br at 30°C. The undigested t4C-telopeptide type il collagen

was precipitated in 10% tricholoroacetic acid (TCA) at 4°C. Following

centrifugation, 100 fll of supernatant was added to 1 ml of Aquasol scintillation
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Fig. 2.6 Purification of type II collagen from cartilage.

1. Mince cartilage with scalpel.
2. Make up 4 M guanidine-HCI (20 volume/ gram ofcartilage) in 0.15 mM potassium

acetate, pH 6.3 to remove proteoglycans.
3. Add 1 Jlg/ml pepstatin, lmM PMSf, 1 mM iodoacetamide and 1 mM EDTA.
4. Add 4 M guanidine-HCI ta cartilage and stir 24-48 br at 4°C.
5. Pour solution in centrifuge tubes and spin at 10,000 g for la min 4°C.
6. Remove supematant and pour pellet into beaker. Repeat steps 4 and 5.
7. Pour off supematant and rinse four times \vith water. Centrifuge after each wash at

IO,OOOg for 10 min al 4°C.
8. Prepare pepsin digestion solution ( 1 mg/mL Sigma) in 0.5 ~l acetic acid.
9. Add pellet to digestion solution and stir ovemight at 4°C.
1O.Spin al 15,000 g for 20 min at 4°C and remove supematant.
Il.Adjust NaCI concentration ta 0.9 M by using 3.6 M NaCI in 0.5 M acetic acid

dropwise (usually 250 ml NaCI + 750 ml supematant).
12.Stir ovemight at 4°C.
13.Centrifuge at 15,000 g for 20 min at 4°C.
14.Collect precipitate and pour supernatant into a beaker.
15.Prepare 8 volume of 0.05 M Tris-HCI, pH 7.5 with 1 M NaCl.
16.Centrifuge at 12,000 g for 5 min at 4°C.
17.Make up 300 volume 0.5 M acetic acid for dialysis.
18.Dialyze ovemight at 4°C.
19.Transfer to 20 mM Na2HPO~ butTer and dialyze at 4°C until pH ofbuffer is < 8.
20.Centrifuge collagen suspension at 15,000 g for 30 min at 4°C.
21.Discard supematant and redissolve precipitate in 5 volume of 0.5 M acetic acid in

beaker and mix at room temperature for la min.
22.Centrifuge solution at 10,000 g for 5 min at room temperature.
23.Collect supematant and discard pellet.
24.Prepare 4.4 M Nael in 0.5 M acetic acid.
25.Add 4.4 M NaCI solution until 2.2 M NaCI final concentration.
26.Repeat step 25 four times.
27.Centrifuge at 15,000 g for 30 min at room temperature.
28.Dialyze against 0.5 M acetic acid
29.Transfer collagen into large lyophilization tube.
30.Weigh lyophilized collagen.
31.Check purity by SOS-PAGE.
32.Store at -20°C.
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14C Telopeptide-free type II collagen
+ enzyme sample (110 JlI)

• +/- 0.5 mM APMA
• +/- 1.0 mM 1,1 O-phenanthroline
• 30De, 18 hr.

Stop reaction at 4 OC by adding:

• 200 Jlg acid soluble intact collagen carrier
• 58mM EDTA
• 35 Jlg Trypsin
• 35 flg a-Chymotrypsin

2nd digestion for 2 hr @ 30°C

Precipitate undigested collagen in 10% TCA
Count 14C radioactivity in supernatant

Fig. 2.7 Flow diagram of collagenase assay.
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fluid (New England Nuclear~ Boston. M.A) and counted in a Beckman scintillation

spectrometer (Packard). The percent digestion \vas calculated as the total cpm in

the supernatant minus cpm in the 1.10 phenanthroline blank divided by original

counts in the 14C-telopeptide-free type II collagen x 100. One unit of collagenase

is detined as the amount of collagenase that digests 1 I-ig of 14C-telopeptide-free

type II collagen in 1 min at 30°C.

TINtP in conditioned media was inactivated by reduction of its six disulfide

bridges in 2mJ\tI dithioethreitol at 37°C for 30 min. Ta prevent spontaneous re­

activation ofTItvIP. the reduced TlrvlP was alkylated with 5 mM iodoaeetamide at

37°C for 30 min.

2.12 Preparation of s\'nthetic l\r1~IP·13 inhibitor and determination of

inhibition constants

Enzyme kinetics were carried out by Dr. Harold van Wart (Roche

Siosciences) with catalytic domains of human ivIrvlP-l. l\tIMp·2 and MMP-3

(Agouron Pharmaeeuticals. La Jalla. CA). and \.1~IP-13 (Roche Siosciences),

whieh were ail expressed in E.co/i. MMP-S and ivtMP-9 were isolated and

purified from neutrophils. The substrate used for the wlMP assays was MCA·Pro­

Leu·Gly-Leu-Dpa-Ala-Arg-NH2 (Sachem. Torrance. CA). Mea 1S 7­

methoxycoumarin-4-yl) acetyl and Dpa is N-3-(2A-dinitrophenyl)-L-2,3­

diaminopropionyl. Initial rates of hydrolysis (v) were measured florometrically at

37°C using Àc:x325 nm; À-c:m393 nm with a Perkin Elmer LS-SOB luminescence

speetrometer. Values of v were detennined from varying concentrations of the
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synthetic carboxylate inhibitor RS 102.481. The KI values are shown in Table 2.4.

They were obtained by the following equation: v = -(K[ +[1]0 -[Ela) +{(K[ +[1]0­

[E]oi + 4 KI [E]o 112 1 2[E]o where [1]0 = initial inhibitor concentration and [E]o =

initial enzyme concentration. AH assays \vere done in 50 mM Tris-HCI, 200 nM

NaCl~ 10 nM CaCh, 2.5% D~lS0 and O.005~'Ô Brij 35. pH 7.5. RS 102~ 481 was

synthesized in the chemistry department of Roche Biosciences. 102.481 belongs

to the carboxylate family of synthetic peptide inhibitors which contain a

carboxylic acid group as it's active moiety. It was designed to bind the deep SI t

pocket of i\tlMP-13. In these studies. we have assumed that this preferentiaI

inhibitor of human MNlP-13 has similar activity against bovine M1vlP-13.

Comparison of bovine l'vll'v1P-13 and human Nll'vIP-13 catalytic domains show that

they are virtually identical. Aiso. the catalytic domains of bovine MMP-l, MMP­

2 and NIMP-3 show a high degree of similarity to their human counterpans

(Bottomley et al.. 1997).

2.12.1 Collagenase digestion of ·"C- labeled type Il collagen

One Jlg of human recombinant yll'vIP-l and ~1l'vIP-8 or 100 ng of human

recombinant MMP-13 were activated with 2 ml'vl APNIA at 37°C for 2 hr. in

SOmM Tris, IOmM: CaCh, 600mM NaCL 01~/o BRIJ. 3S~ and 0.2% NaN) at

ph.7.0. Iwo hundred flg of 14C-Iabeled human type rI collagen was added to the

activated MMPs with or without selective ivUvtP-13 inhibitor RS 102,481 and

incubated in SOmM Tris~ 10mM CaCh~ 600mM NaCL 01 % BRU. 3S, and 0.2%

NaN3 at pH 7.0 at 30°C. Samples with inhibitor RS 102.481 were incubated for
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Table 2.4 Inhibitory profile of '1:\IP-13 selective inhibitor used in bovine fetal gro\\'th
plate chondrocyte cultures

MMP-1 MMP-S MMP-13 MMP-3 MMP-2 MMP-7

KI (nM)

•

•

Compound

RS 102,481 1,100 18 o.oaD 19 32 31,000
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1hr. Samples without inhibitor were incubated for 1.2 4~ 12 24, 48 and 72 br. Fifty

mM EDTA was added to stop the reaction. The cleavage products were

visualized by SDS-PAGE.

2.13 Determination of matrix mineralization utilizing calcium c'SCa2
)

incorporation

Chondrocyte cell layers were labeled .lt t:vcry medium change (every :2

days) with 1.25 JlCi/ml of~5Cal~ (Amersham). Upon completion of the culturing

period. the celI layers were colIected. washed [\vice in DME~I alone and dried

under vacuum for 1 hr. The eelI layers \vere then solubilized at 70°C by the

addition of 1ml /well 90~/O fonnie acid for 45 min before liquid scintillation

caunting.

2.14 Collagen biosvnthesis

Ta assess collagen biosy·nthesis in chondroeyte cell layers~ 3H-proline (25

JlCi/ml. Amersham) \vas added ta cultures at every medium change (every 2 days)

in the presence of 70 Jlglml of p-aminoproprionitrile. Collagens from the media

were precipitated by the addition of ~NH~hS04 ta a tinal concentration of 33% (of

saturation) for 24 he at 4°C. After centrifugation, pellets were washed twice with

70% ethanol. The dry pellets were analyzed directly by SDS-PAGE using 100/0

gels followed by fluorography (Laskey and Hilis. 1975).

2.15 Determination of collagen degradation

Type II collagen degradation in bovine tètal growth plate chondrocyte cell

layers was measured using the CBIl B ELISA (Hollander el al., 1994). This assay
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measures an intra-chain epitope that arises from the unwinding of the triple helical

collagen. Chondrocyte cell layers were digested with 1 mg/ml a-chymotrypsin

(Sigma) in 50 mM Tris-Hel, pH 7.6 with inhibitors (1 mM EDTA, 1 mM

iodoacetamide, 10 Jlg/ml pepstatin A) ovemight ;lt 37°C. Chymotrypsin was

inhibited by 160 ~g/ml N-tosyl-L-phenylalanine-chlormethyl ketone (TPCK). The

supernatant was removed and assayed for denatuœJ l:ollagen. The residual cell

layer was further digested with 1 mg/ml Proteinase K (Sigma) with inhibitors (as

above) ovemight at 56°C. Proteinase Kwas inactivated by boiling for 15 min and

this fraction was also assayed with CS Il B. The a-chymotrypsin fraction

represents total denatured collagen in the tissue while the addition of the a­

chymotrypsin digest and the Proteinase-K represent total collagen in the tissue.

Epitope was expressed as pmole ofpeptide/llg of DNA.

2.16 Determination of proteoglvcan degradation

Ta measure the release of sulphated glycosaminoglycans (sGAGs) into the

conditioned medium. the dimethylmethylene blue (OrvllYIB) dye binding assay was

employed (Farndale et al.• 1986). Briet1y. 10 J.lI of samples were added to 190 III

of the 0.1 rvl dye reagent (BDH Chemicals. Montreal. QC) in a 96 well microtiter

plate. The absorbance was read at 525 nm within 10 min. Proteoglycan release

was plotted as absorbance 525 nm vs. time in culture.

2.17 Histological analvsis of chondrocvte cellla,·ers

Chondrocyte cell layers were tixed in 20/0 glutaraldehyde in 0.1 M sodium

cacodylate, pH 7.2! overnight at 40e. Tissue \vas dehydrated with graded ethanols

69



•

•

•

and embedded in Spurr resin (Polysciences Inc.. Washington, PA). Semi-thin

sections (1-2 J.l.m) were stained with Von Kossa's reagent (for mineraI) or with

toluidine bIue.
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3. RESULTS

3.1 Isolation oC bovine Cetal growth plate cholldrocvtes and serum-Cree

culture svstem

Bovine fetai growth plate chondroCy1eS were isolated and separated into

different subpopulations by Percoll discontinuous gradient. Chondrocytes were

cultured at high density cultures in serum-free medium. These cells do not

undergo significant cell division (Alini el al.. 1996). Chondrocytes show typical

hexagonal shape and calcify their matrix with time (Fig 3.1 ).

3.2 Isolation of total RNA (rom bovine fctal cartilage and chondrocvte cell

lavers

Total RNA was isolated from bovine tetal gro\\'th plate cartilage and

chondrocyte cell layers using the alcoholiProteinase K method (Fig. 3.2.). In

comparison. the yield of total RNA isolated from tètal bovine growth plate

cartilage and chondrocyte cell layers using Chomczynski and Sacchi's method was

very low (Fig 3.2). Also the RNA pellet was insoluble and contained

contaminating matrix proteins. Total RNA isolated directly from cartilage using

the Chomczynski and Sacchi's method couid not be resolved by

formaldehyde/agarose electrophoresis. GAGs interfere with ethidium bromide

staining and migration of total RNA in agarose/fonnaldehyde gels. This results in

faIse quantitation of loading. It aiso intertèred \vith signal intensity of GAPDH on

Northem blots (Fig. 3.3c) but not ofMMP-1 (Fig. 3.3d).
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3.1 Light micrographs of bO"'ine fetal growth plate chondrocyte subpopulation C

cells in culture \Vith time.

Bovine feta! gro\v1h plate C subpopulation chondrocytes (fetal age = 206 days) were

plated out in high density cultures (1 x 106 cells/ml). :2 days in culture (A). -l days in

culture (B). 12 days in culture (C). 20 days in culture (D). 100X magnitication

•

•

•
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Fig. 3.2 Comparison of total RNA isolated Crom bovine Cetal growth plate cartilage

and chondrocytes.

Total RNA was isolated using equal amounts of cell layer (lxI06 ceUs) or 100 mg of

tissue by the alcoholiProteinase K method or by Chomczjnski and Sacci method. Rl'IA

was electrophoresed on a fomaldehydeJ 1~/O agarose gel and stained with 3 J.lI Cl 0 mg/ml)

of ethidium bromide. Total ~'\[A isolated from tissue using the alcohoVProteinase K

method (lane 1). Total RNA isolated l'rom cell layer using the alcohoVProteinase K

method (lane 2). Total RJ"IA isolated l'rom tissue using Chornczvnski and Sacci method... ..

(tane 3). Total RNA isolated from cell layers using Chomczynski and Sacci method (lane

4). Total RNA isolated using the alcohol/Proteinase K method results in high yields and

•

pure RJ'fA (lane 1 and 2) \vhile Chomczynski and Sacci method results in low yields and

matrix contaminated RNA. Total ~~A from cartilage cannot even enter the gel due to •

matrix contamination.
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Fig. 3.3 Effeet of glycosaminoglycaos on mR..~A quantitation.

Increasing concentrations of shark chondroitin sulfate (CS) were added to 5 Ilg of

fibroblast total cellular RNA. Total cellular RNA was electrophoresed ln a

formaldehyde/l % agarose gel and stained with 3 III liO mg/ml) of ethidium bromide.

Note. inhibition of ethidium bromide staining \vith increased CS concentration. Migration

of ~~A is also atTected. ~'!A \-vas transferred ooto a nylon membrane and stained \-\ith

methlylene blue stain. CS does not affect methylene blue staining of RNA. The nylon

membrane was probed with GAPDH and procollagenase (MMP-l) cDNAs. Signal

intensity for GAPDH decreased with increasing amounts of CS while the MMP-l signal

remained constant.

•

•

•



•
A

Ethidium bromide stain

•

Methlylene blue stain

C GAPDH
,

Procollagenase (MMP-1)

,. .

..." .. ,~ ;~. ,,;": " •• '. L
4

:

o
5Jlg Fibroblast

totaIRNA+: r!!~ ~~e
~ 0 0 0 &n I.t) "c

I.I)OI.t)NNO
t--&nN.-C,D

, ,(.)

cs concentration

• 77



•

•

•

3.3 Generation of specifie eDNA probes for analvsis of gene expression

Specific cDNA probes for bovine type II and X collagens, GAPDH~ M~[P­

1 and MMP-13 were obtained by peRo AlI probes speciticities were confmned by

DNA sequencing (data not shown).

3.4 Expression of t'vpe X collagen rnRNA and protein with cellular

bvpertrophv

To monitor cellular hypertrophy. type X eollagen mRNA and protein

expression were followed in culture. Type X collagen mRNA expression was

observed tirst in isolated hypertrophie cells (A subpopulation) while expression

appears later in less mature cells in culture with time (8 and C subpopulations)

(Fig. 3.4). C subpopulation chondroC)1eS synthesize type X collagen protein

during maturation as seen by analysis of 3H-proline labeled culture medium (Fig.

3.5).

3.5 MMP-l mRNA expression in bovine fetal skin übroblasts and fetal

growth plate chondrocvte subpopulations

MMP-l mRNA expression was analyzed by Northem blotting of freshly

isolated bovine fetai gro~1h plate chondroC)1e subpopulations (Fig.3.6) The most

mature subpopulation at isolation (A) sho\ved expression of type X collagen,

while other subpopulation were negative. ~l~IP-l mRNA expression was only

seen in IL-la stimulated bovine tètal skin tibroblast cultures. not in unstimulated

cultures. Type X collagen is not expressed in bovine tètal skin fibroblast cultures.
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Fig. 3.4 Type X collagen mRNA expression in bovine Cetal growth plate chondrocyte

subpopulations.

Northern blot analysis of type X collagen mRNA expression during maturation of bovine

fetal grO\'ith plate chondroeyte subpopulations. 15 Ilg of total RJ.'IA was loaded per fane.

A= hypertrophie cells at isolation: B = prehypertrophic but more mature than: C=

prehypertrophic ( fetai age = 211 days). ~umbers denote days in culture.
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Fig. 3.5 Collagen synthesis in bovine fetal growth plate chondrocyte C

subpopulation.

C subpopulation gro\vth plate chondrocytes (fetai age == 206 days) were labeled with 3H_

proline and conditioned media \vere collected every 2 days. Labeled collagens were

analyzed by SOS-PAGE. Types II and X collagens are the major collagens synthesized by

these chondrocytes. C subpopulation chondrocytes (1 X 106 cells/ml) progress from

prehypertrophic cens ta hypertrophie cells in serum-tree conditions.

•

•

•



•

3H Proline Labeled Protein

Il..... Type Il

.~TypeX

• N llll:J" CD CO e:- N llll:J" CD CO 0• • • • ,.. ,.. ,.. .- ~ N0 C'I llll:J" CD • • • • • •CO e:- N llll:J" CD CO
~ 'P'" .- ~ 'P'"

Days

•
82



Fig. 3.6 Type X collagen and MlVIP-I expression in freshly isolated bovine Cetal

growth plate chondrocyte subpopulations and bovine skin fibroblasts.

Subpopulation A (lane 1). Subpopulation B (lane 2). Subpopulation C (lane 3).

Subpopulation 0 (lane 4). Skin fibroblasts (lane 5). 15 J.1g of total RNA was loaded per

lane. Blats were probed with bovine ~HvlP~ 1 cDNA and exposed for 48 hr.

(ùverexposed). Type X collagen mR..'JA expression is restricted to bovine growth plate

chondroC)1e subpopulation .-\.. (A) ~l~lP-l mRNA expression is restricted to IL-l a. Cl

ng/ml) stimulated (24 hrl bovine feraI skin tibroblasts (B).
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Type II and X collagen expressions were analyzed by Northem blotting of

cultured B and C subpopulation growth plate chondrocytes (Fig.3.7). Type fi

collagen mRNA increased with time and decreased as cells became hypertrophic.

Type X collagen mRNA in the B subpopulation increased with time as cells

became hypertrophic in culture. Since the B subpopulation is more mature than C.

type X mRNA was not detectable in C subpopulation at these times. MMP-I

mRN"A was always undetectable in these cultures.

MrvlP-1 mRNA was analyzed by ~orthem blotting of cultured bovine fetai

gro\vth plate and articular chondroc:les (Fig. 3.8). Chondrocytes were also

stimulated with 1 or lOng/ml IL-I Ct. for 24 hr. None of the tètal chondrocyte

cultures expressed Ml\IIP-I. Only IL-l Ct. stimulated tètal skin fibroblasts showed

rvUvlP-1 mRNA expression (Fig. 3.8).

3.6 Polvclonal antibodies to mammalian Ml\/IP-l and ~IMP-13

3.6.1 Direct-binding EL'SAs for determination of antibodv titers

Sera obtained trom rabbits immunized ...vith peptide-OVA conjugates of

MMP-l and MMP-l3 epitopes were initially characterized by direct binding

ELISAs. Each of the anti-MMP antibodies reacted with its own immunizing

peptide (Fig. 3.9) None of the antisera reaeted with non-specifie peptide or BSA

(Fig. 3.9). Sera were also tested by direct binding ELISA on human recombinant

pro MMP-l or MMP-13. active MMP-I or 13. active MMP-I+TTh1P-I or active

MNlP-13 + TIMP-l (Fig. 3.10). Both MMP-I and MMP-13 antisera recognized

pro, active and TIMP complexed enzyme similarly. None of the antisera cross
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Fig. 3.7 Type II collagen, type X collagen and ~IMP-l expression in bovine fetal

growth plate chondrocyte subpopulations with time.

B and C subpopulation cells were cultured from 2-12 days. Type II collagen. type X

collagen and rv!MP-I rnRNA expression were examined by Northem blet. Type II

ccllagen mRNA was expressed in bath subpopulations. Type X collagen was tirst

expressed in the more mature B subpopulation. M~vlP-l mR.NA was not detectable in

either subpopulation at any of the days. Blots \vere probed with bovine cDNAs for type II

collagen. type X collagen. and ~HvlP-l. 5 ~g of total RNA was loaded per lane. Blots

were exposed for type Il collagen: 12 hr. type X collagen: 12 hr and rvlMP-I: 3 days.
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Fig. 3.8 l\'IMP-I expression in bovine fetal growth plate and articular chondrocytes

with IL-la. stimulation.

MMP-l rnRNA expression in bovine fetai gro\\lh plate and articular chondrocytes \Vas

examined by Northem blot. ~HvlP-l mRNA is only detectable in IL-la stimulated tètai

fibroblasts. MMP-l mRNA is absent in tetai gro\\;lh plate and articular chondrocytes that

are stimulated with IL-la. (1 ng/ml or lOng/ml). Chondrocytes and fibroblasts were

stimulated for 24 hr. 15 J.1g of total RNA was loaded per lane. Blot was exposed for 24 hr.

A subpopulation (lane 1), B subpopulation (lune 2). C subpopulation (lane 3), D

subpopulation (lane 4). Chondrocytes \Vere at time=O unless otherwise indicated.
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Lane 9: IL-1 a (1 ng/ml) 24 hr stimulatecl bovine fetal growth plate chondrocytes
Lane 10: IL-1a (10 ng/ml) 24 hr stimulated bovine fetal growth plate chondrocytes

Lanes 6·10: Chondrocytes were grown 6 days in culture betore stimulation
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Fig. 3.9 Immunoreactivities of MMP-l and l\'1~IP-13 antiserum with immunizing

peptides, as determined by direct.binding ELISA.

MMP-l and MMP-13 antisera were tested against immunizing peptides, BSA and non­

specifie peptides. Both antisera were specitie for thèir respective immunizing peptide. No

reactivity was seen with non-specifie peptide or 85..-\. Non specifie peptide for NUvlP-1

was AFRKAFKVWSDV and for tvUvlP-13 was TQPVGPQTPEV.
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FIG. 3.10 Immunoreactivities of ~I~IP-l and ~1j\tIP-13 antiserum witb human

recombinant MMP-l and l\'IMP-13, as determined by direct-binding ELISA.

w-IMP-l and MMP-13 antisera were tested against 100 ng/well of pro, actived or TIMP-l

complex forms (1: 1 molar ratio. ~lrvlP: TlyIP-I) of th~ir respective human enzymes. AU

forms gave similar binding. Both antisera fail~d to recognize free TlIvIP-l or the other

ivllvIP.
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reacted with the other MMP and free TIMP-l (Fig. 3.10).

3.6.2 Inhibition ELISAs for MMP-l and Ml'IP-13

Inhibition ELISAs for MivIP-l and ivU'vlP-13 were set up to test antigen

recognition in solution. Bath antisera recognized their respective pro~ active and

TThilP-l complexed forms similarly (Fig 3.lIa. and .Fig 3.l2a). Both antisera

failed to cross react with the other ~1~lP.

3.6.2.1 Comparative reactivin' of peptides and recombinant collagenases

Comparison of reactivity of peptides and recombinant collagenases on a

molar basis. resulted in a similar inhibition curve (Fig. 3.lib and Fig. 3.l2b) for

both antisera.

3.6.3 Western blot analvsis on MMP-l and l\'1l\'IP-13 antisera

To test antisera speciticities on \Vestem blots. 100 ng of human

recombinant pro MMP-l. pro MtvlP-S and pro ~livlP-I3 were electrophoresed on

SOS-PAGE and transferred to nitrocellulose. Blots were probed with either

MivlP-l or Miv1P-13 antisera (Fig. 3.13). Bath antisera reacted only with their

respective antigens. Note~ both pro-MtvlP-1 and pro-NIMP-13 undergo autalysis

during starage. and both antisera reacted to active and autolytic fragments of these

enzymes.

MMP-l antisera were tested with conditioned medium from control and

stimulated IL-la bovine fetai skin fibroblasts cultures (Fig. 3.14) Antisera reacted

ta bavine pro-MMP-l (60 kD) in the conditianed media from bath the 1 and 10 ng

IL-l a stimulated bovine fetaI skin fibroblasts. Control tibroblasts were negative.
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Fig. 3.11 Inhibition ELISA to show specificity of Ml\tIP-l antiserum for different

forms of MMP-l.

MMP-l antiserum was tested against the immunizing peptide~ pro, actived, or TIMP-l

complexed MMP-l and pro ~trv[P-13 (1: 1 mo[ar ratio. YlMP:TIMP-l). AIl antigens

exhibited similar inhibition curves except pro-~Ir-v[P-13 which did not inhibit the

antisera. Graph A: % inhibition vs competing antigen. j.1g/ml, Graph B: % inhibition vs

competing antigen. j.1~1.
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Fig. 3.12 Inhibition ELIS..-'\ to show specificity of lV1MP-13 antiserum for different

forms of l\'IMP-13.

MMP-13 antiserum was tested against the immunizing peptide, pro! active! or TIMP-l

complexed M~(P-13 and pro-ivUvIP-l (1: 1 mo[ar ratio. MMP:TIMP). AlI antigens

exhibited similar inhibition curves except pro-~lrvlP-l which did not inhibit the

antiserurn. Graph A: ~~ inhibition vs competing antigen. Ilg/mL Graph B: ~'O inhibition vs

competing antigen. !-LJ\f.
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Fig. 3.13 Western blot analysis to show specificity of l\tIMP-l and ~IMP-13

antibodies

Human recombinant pro MMP-l. pro ~1~IP-8. and pro Nl~[P-13 were probed with eirher

antï-i\JIMP-I (A) or anti-Nl~lP-13 (8) antiserum. Bath antisera bound only to the:r

respective antigens. Both enzymes undenvent autolysis during storage and therefore there

are immunoreactive bands of these products. These recombinant enzymes are slightly

smaller (pro MMP-l = 55 kD. pro ~H\tlP-13 = 60 kD) in molecular weight than their

native forms due to different glycosylation pattern in insect cells versus mammalian cells .
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Fig. 3.14 Western blot 30alysis of MJ\llp.. 1 in conditioned medium from IL-la

stimulated bovine fetal skin fibroblasts.

MMP-l antiserum (1 :250 dilution) was used ta prabe conditioned media from control

(lane 2), 1 ng/ml IL-la stimulated (lane 3). and lO ng/ml IL-la stimulated (1ane 4) fetal

bovine skin fibroblasts. Fibrobasts were stimulated for 2-1- hr. Lane 1 contains 100 ng of

recombinant human pro ~livIP-I. Native enzyme: is larger than recombinant due to

differences in glycasylatian in insect cells versus mammalian cells.
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3.7 Cloning of bovine MMP-13 lCollagenase-3)

Full length bovine MMP-l and rvUv1P-13 cDNAs were obtained by PCR

(Fig. 3.15). cDNAs were cloned into a commercial cloning kit (pCR-Script SK (+)

which aJlowed quick sub-cloning and sequencing. The complete coding sequence

was obtained by DNA sequencing using specifie primers as sho\\'TI in Table 2.2 or

the Ml3 universal primers.

3.7.1 Sequence analvsis of bovine MlV1P-13 cDN.-\. and protein

The complete cDNA sequence obtained by sequencing of PCR products is

sho\Vfi in Fig. 3.16. The deduced prorein sequence is aIso sha\vn in Fig. 3.16.

Sequence alignment of MMP-13 cDNAs (Fig 3.17) sho\ved bovine MMP-13

cDNA ta have 920/0 sequence homology to human \-fMP-13 cDNA and 82%

hamalogy to mouse and rat MMP-13 cDNAs. Sequence alignment of MMP-13

protein sequences (Fig 3.18) showed bovine ~1~IP-13 protein to have 900/0

sequence homolagy ta human MMP-13 prorein and 85% homology to mouse and

rat M~IP-13 protein.

Comparison of bovine rvnvlP-I and rvlrvlP-13 cDNA sequences showed

only a 280/0 homology (Fig. 3.19). Comparison of bovine MMP-I and MMP-13

protein sequences showed a homology of 48% (Fig. 3.20).

3.8 Analvsis of MMP-l and MMP..13 mRNA and protein expression in fetal

growth plate chondrocvte cultures during maturation

3.8.1 PCR analysis

Type X collagen, MMP-I and M!'.1P-13 mRNA expression were examined
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Fig. 3.15 Agarose gel of PCR products for fuillength bovine ~IMP-l and MMP-13.

cDNAs of l\tIMP-I and MlVIP-13 that were generated by PCR (conditions from tables 2.2

and 2.3) were electrophoresed on a 1010 Tris/acetic acidJEDTA. (TAE) agarose gel. Lane 1

(PCR product). Larre 2 (100 bp ladder). ~lrv(P-13 (A). ~UvlP-l (B)
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ATGCACCCAAGGGTCCTGGCTGGCTTC:TCTTCT7:AGCTGGACGGCTTGTTGGTeTeTG
M H P R V L AG. ~ ~ ~ 5 W TAC W S L
CCCCTTCCC.GTGA7GGAGATTCTGAAGACTTGT: :~AGGAAGACTTCCAGTTTGCAGAG
P L P S D G 0 S ~ ~ L S _ EDF Q F A E

AGCTACCTGAAA7::ATAC7ACTATC:7:AGAATC::73CTGC;AATCCTGAAGAAAACTGCA
S y L K S y y y ? ~ N ? ~ G ! L K K T A
GCAAGCTCTGTGA77~ACAGGCTTAGAG;"AATGC;"G7:ATTTTTTGGCTTAGAGGTGACT

A S s v ! R M Q G L E V T

GGCAGACTTGATG;"7AACACCTTAGA::A7CATG~~CCAAGATGTGGGGTCCCTGAT

G R L D D ~ T L D M K ~ P R C G V P D
GTGGGTGAATACAA7GT7T7T::CT:GA;":TCTCAAG7~GTCCAAAATGAACTTAACCTAC

V G E Y ~ V . ? R L K ~ S K M N L T Y
AGAATTG7GAAT7.;7AC.;CCTGAT:73A:TCATTC73A.AG7GGAAAAGGCCTTCAGAAAA

A P K V ~ 3 ~ V T ? L ~ T R ! H N G T
GCTGATATCA7GA7:TC777T';GAA,:7.;;"AGAGCA73GTGACTTCTACCCATTTGATGGA
;" D _ M S G ~ EH:; D ~ Y P F 0 G

CCCTCTGGTC7G773:::;CTCACGCTTT:::TCCTGGA::AAATTATGGAGGAGATGCTCAT
? S G LA •• A -:?? G? NY G GOA H

TTTGATGATGA73;";"ACCTGGACAAG7A~TTCCAAA3GCTACAACTTGTTTCTTGTTGCT

D D D _ - W T S S S K 3 Y N L F L V A
GCC:A7GAGTTT~G:CA77:CTTAGGA77GGACCA:7CCAAGGACCCAGGAGCACTCATG

GGGA7TCAGTC7C7:7ATGvTC::AG~A3ATGAAGA::CCTAC7CTAAAeATCeCAAAACG

C7::;A7:7TTAAAG.;·::AGA7T'C':'TC7GG:::iGCTGCA7::TCAGCAGGTTGAAGCAGAGeTG

G ~ S y G ? G : E 0 Y S K H P X T
CCAGACAAATGT3A::CTTCCTTAT=:C7TGATGC=ATAACCAGTCTCCGCGGAGAAACA
? ~ K C : ? S ~ S 0 A T S L R G E T

v Qoo

GAL M?

oEl:.! L

HD

:?

• L F K ~ R ~ F W R L H ? Q Q V E A E L
TTTT7AACAAAA7:::iTTTGGGCCAGAACTTCCCAACCGTATTGATGCCGCCTATGAGCAC
F L T K S -: W ? E ? N _ ! 0 A A Y E K
CC7TC:CATGACC77ATCTTCATCTT7AGAGGCAG~~T7TTGGGCACTTAGTGGTTAT

? S R D F ! F R G R ~ F W A L S G y

o : L E 8 : ? K K S E G = ? K H V K
AAGA7:AGCGCAvC:CTTCACTTTGAG3ATTCAGGGAAGACGCTCTTCTTTTCAGAAAAC
K S A A : n F E D S G K T L F F SEN
CAAGTCTGGAGCTA7GATGACAC':'AAC:ATG7GAT::iGATAAAGACTACCCGAGACTCATT
Q V W S YOD T N H V M ~ K 0 Y P R L l
GAAGAGGTCTTCC:AGGAA7TGG7GA7AAAGTAGA7::iCTGTCTACCAGAAAAATGGTTAT
E Co V F ? G ! G 0 K V D A V 'l Q IC N G Y

ATC':'ATTTTTTCAATGGACCCATACAG7TTGAATACAGCATCTGGAGTAACCGTATTGTT
! Y F F ~ G P l Q _ E Y S l W S N R l V
CGAGTCATGACAACAAATTCCTTATTG7GGTGTTAAAAGTGTTTTTAAAATATTGTTATT
R V M T T N S L L W C
TAAA7CCTGGAAAGCATTTGAGATAACACTTCCAGACATTTGGGGGGTGAGTTATGGGAG

AAGGAGAGATATC::iGGGGTTCTGTGAACAAGCTT:;"::iTAAGTTATCTTTTGAATATGCAG

•
TATCTATATGAC7ATGCGTGGCTGGAA:CACAT

Fig. 3.16 COlllplete coding sequence and deduced amino acid sequence for
bovine \.'IP-13.
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Fig. 3.17 Alignment of mammalian MlV1P-13 cDNA sequences.

Uppercase letters represent regions of homology. Shaded areas are identical nucleotides.

The sequences are from Freije el al.. 1994 for human ~1l\'lP-13; Quinn et aI.~ 1990 for rat

M!vlP-13; and Henriet el aI.. 1992 tàr mouse ~nvlP-13.
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TGCT TCATGAT~'ICTTT'I'GG~A~T~'\~GA~CATGG~JACTTCTACCCATT7GATGG~CC~rCTGG~ TGGC
TGCT - TCATGAT.TCTTT'I'GG'~lA 'IMre rCATGG-GACTTCTACCCATTTG,\TGGc-CC_reTGG_ .'rGGC

GTTTe - TCT.A~CCTACACUGGCAAAJ\çCC'\Q r ~.: \TGCT~cqjJ'\ :G;\Q';j\~':Q .",\l;c A r~':j\GT~rCT~rA

'l'GTTTC .. TC'l'.A~CCTACACs.2GGCAIv'\AGCC.i~r:- a:i\TGCT'; :C~u;\TGl\Q ;/1.; ;:-~' ;\,,\CCQ,\7': :"\GT~rCTIorA

TG'TTTC ~TCT~CCTACAC~GGCAAAJ'\GCCj\~r7~\TGC71,rC~;'\7G;\~ ;j\~:;:-~':"\J'\GG~\7~;AGT"rCT~rA
TarTTC 'l'CT" CCTACAC_GGCAAAAGCCA_.T ATGCT CC ';~TGA.'A ;:- :AAGG~~T.CAGT CT~TA

Mt. -~ATmrmc~'·t· •

:.~~ :t.:: :~
Tc· ~ . ·t· .. _

Tif' l;AGTCTCC GAGAAAC !'GATCTT1'J\AAGAC'\G.\T1'CTTCGGCG:CTGCA~.:C'rCl\GCAGGTTG

t'aACJrGTcrcc~G~GGAGAAA~t'GATCTT'TAfv\G''\G'''G'\TTCTTC7GGCGl.2':7Gc,'\:i':C7C.'\GC.\GGTTGQAc- GTCTe GAGAAA GATC1'TTAAAGACAGATTCTTC:GGCG'CTGCA~:C7CAGCACGTTG
T GTCTC GAGAAA GATCTTTAAAGACAGATTCTTCTGGCG.CTGCA CCTCAGCAGGTT
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eata~aatCdateatatttatatmactqaatB9tetttacaa~a9tataaaettaga-actt9.aaat~tgaggagt
aata~att=tatttatataactq~attqtctatacaa••••goata.ae~~aca.9cat~a.etgt99~q~tcatc
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TG~<LDO - LD iIiri' PRCGVPDVG FPRTLKWS~ LTYRIVNYTPD ~ lSEVEKAF~~ArKvHSDVTPLNFTIl

Gla!LOO' LD .rr"PRCGVPDVG PRTLKWS - ~LTYRrVNYTFCm ISE:VEl'i.J\F~-:J\FKVHSDVTPLNFTR
Td~ILOO LD +<KPRCGVPDV FPRTLKWS • 'lLT'iRrVNYTPD~ 1:..l:.:VElv'Uijj-:AFKV'<ISDVTPLNFTIl

TG 'LOC I.D fKPRCGVPOV TLKilS • ~LTYRIVNYTPC !1S~VE:KA -'J':Jl.FKVtYSDVTPLN

160
160
159
159

Meuse
Rat
Bovlne
Human

DIMISFG HGOFYPFDGPSGLLAliAFPPGP GGOAHFDDDET\;Ts::;~I(GnlLF J,;AHlèl :;USLGLDHSKDPGAL

IMISFG EHGDFYPFDGPSGLLA.HAIfPPGPNI GGOAHFDODEn;TS:::::;KGYNr.~ /t\f-rld'GHSLGLDHSKDPGAL

IMISFG HGOFYPFDGPSGLLAliAFPPGP ::;GDAUFDOOETI:TS:: ~I' GnILF~!MIlE GHSLGLDDSRDPGAL

DIMISFG HGDFYPFDGPSGL.U\HAFPPGP ->GOAHFDOOETV:TS$SKGYNLF""JiV\HE GH5LGLDHSKDPGiU.
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HPKTP~~COP.LSLDAITSLRGET.IFKDRFFWRLHPQQ _
PKTP~ CDpnLSLDAIT$LRO~T IFKORFFWRLHFoO

HPKTP' COP~~SLDAIT5LFGET~rFKDRFFWRLBPQO
HPKTP'KCOP~LSLDAITSLRGET·IFKDRFFWRLaPQQ•
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C':' - -

320
320
319
319

400
400
399
399

472
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•

Fig. 3.18 Alignments of mammalian MMP-13 amino acid sequences.

Uppercase letters represent region of homology. Shaded area are identical amino acids.

The sequences are from Henriet et al., 1992 for mouse MMP-13; Quinn et al., 1990 for

rat MMP-13 and Freije et al., 1994 for human MMP-13.

110



• s-~_

Alignment

HKP-l
iI~~~eatqecq.&;~~~~c:a.*=~=:a·U10

HKP-U • d q~c. cCqqe -t tc t· ccqt C9 t '1 cq 10

KHP-l .q.a~t~aqa~q~••a~~t~.ectqa4ca,,~q44"=&:::I::..qIJC 160
KHP-LJ ttctq . c . cccq . a ette: t • tqa.4teata tc:ct. tjJctq 160

HHP-l a~.4.eqqtqqeecca~cqaa.aq~B~q~~tc~~t;.;.~.ct999:B:cca":I240
)OoŒ-13 q . tect:;~o1q.a••ctq j,jIaaqe:tet tt t •• cattt t99etta 9t94 240

KHP-l e;tq:S;e:eetq~t~qaaq~C~4tqtq9qqtqCCC9~~~::I;ctcca999aa~320
KHP-LJ ca ttq.t • ecta • cq••••••eca.q.t t tg ..tacaat'lt t 320

~P-L =:'S~q·q·~a••eet~ct.~qa~q••~.~ece.~t~1J4t;tv~~ca 400
HMP-U tce: . actc qtqqtc a.tq ct acc 9 ttqtq tta tct'l4ct tt 4" 400

HHP-l !ti:~Ba~tetqqa~ac:a$ttq.cct#a*t.=-.qC::S::l9480
HMl'-l3 J' • 9 ••qcct tqq tqatqtql tc • ttca tlV t 480

.,.. ,

HHP-l atatcct~q~qqq.q~ate~~t~e:ctttqatqq~q~•••~~ 56O
HHP-1J qct9ata -a tctct~ 'la. . ca qtqacttcta t t'lI V 560

.;... ':;i .:~-.
HHP-l tilcaq~~t.Uq~atct~..tqqtlJq.ccaqft::t~v:t 6CO
HHF-1J . ttcc cc· tt. qaqga·· tttqatlJ.tqat;4 Va".· t' 1 t 640

HH1'-l qqqtqqCo1qC~~at~tc:c:~~cattctac~tqq99ctct;.tqta~qttac720
HH1'-13 .1C:.ucttc;ttt!t . ttq· 149" ttaqq.tt· ctccaa9vaccca;v& ctcatq 720

HKP-l acet~'JtqqtqatqttcaqcttteteaqSa3tqa~qq.tC:.c:II~:$.cccaaa.tcccac.00
HHP-1J ttte tC~o1cacctac.etqqcaa••qc: tt· )et ctqat t 4 qtctctetatlJ9 '00

• HHP-L i"qC~t~;c:c3..u~tqiJtqtqt~t~c ..qctlt.~ta·~t 880
HHF-1J -":o1qq • d~aq ceta ta· ca t c:c:c:ae.;!cqc:caql a . ttcctta 4 8&0

HMP-1 t~q~t~~4BCqq~t~!~cqc:ac:ttc:.:t:qa49t994:t;:t*=tat* 960
HKl'-LJ c t -; ~q. aca a t t.uqa 4t qctqcatcc 9 tIJ.. 9 i60

HKP-l l~qC~~tc~··ititt3~l~qaq.ttqq~tt~.41040
KiP-lJ tett a. tt·· cac; ct· a cqta· cc cat tt 1040

HKP-l qt$lqqC:llttqqqCJcaqqll:tS~~CC~CJq.C&tc:S:q~t=*·a1120
HMP-LJ ca . ~taqa~ aa••ttttq ~~~ tCJ. ttctlJ9.. tt&... CV. 1120

HMP-l tqa.qllq~c~ceqctqtttctqa~ta~qqaa.a~ttt9tt~~.~1200
HKI'-l3 9"ttteca •. ·tt•••••qatcaq· . 'cc ·aetttq 999••' t t " 1200

HKP-1 ~~~t~.~tec:.tq9~eaq~atce~q.t.qcaq••9.C~c~t~~t9. 1280
IolKP-LJ • t q e tqatqaca acca tqatq aCJactacccqa9a t li: .. ..t 1280

lolKP-l i~8ttce.q:t.~tttc;tttctte~qaaq.aq9ea~lttIJ~:m136O
HHP-1J . . oI4&qt. . t ceaqa utqqt tetatttttt tIJ cca 'ltUV.. . 13'0

HKP-l l1Ut~$~<1.u~~t~c:tqC:.9.a*aZcca9t9tttacaa~••"t$ lUO
KHP-LJ . 4 t CCJ.q C ...ttcct tt • tqttaa..9tvttt ttqt t UCO

HHP-1 ~ttqt.ca.qtctqtqqa.~qttt~l.qa~~~~qtta~9c~:l:lJtCCl::IB:~.1520
HH1'-L3 aate:etqq•••qeatttqa. ta.e tccaq t . tqaq t9 .'4'. tt 1520

Fig. 3.19 Alignments of bovine M~IP-l and MMP-13 eDNA sequences.

• Shaded area represent identical nucleotides.

Tamura et al., 1994.

The bovine MMP-l sequence 15 tram
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Alignmenl
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!'!MP-:'J

!'!MP-:
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!'!MP - •
HMP-:'J
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!":MP-tJ

!":MP- :.
!'!MP- t J

~-PRLpll-LLLLWqtq5hq!paat6ETO-----~o~-J.1MtISNI--llverqrn991IT~0Mq~
~PRVlaq:LFFSWtacw51plp--BDGD5ed15gEDFOFAES~~PClPAlilllt.a8S----VIDRlREKGSI

C!G.\Ui,!p--SnFSGDVOlisdIDGl~!dlSONPTQ~.""I~TNgz.
DPGALMFPl.yr't'rGKSHEl!IPDlür'~sLIYIGDEDPYS~D.'.~I_J'NBLHlo

!'!fT:ANKÇWR'!Di:'tKos8lA~D~VFClGa~PQTIlIILT~rk

't:'FFSENCVWS't~Nli\1liIKDIIJU.CE~D~ttCINIYl"Plln:Ys~~--
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74
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J88
393
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•

Fig. 3.20. Alignment of bovine MMP-l and MMP-13 proteiD sequences.

Uppercase characters represent regions of homology. Shaded areas represent identical

amino acid residues. The bovine M1vfP- Lsequence is from Tamura et al., 1994.
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by PCR using reversed transeribed total RNA from hypertrophie fetaI bovine

growth plate chondrocytes and IL-la stimulated feraI bovine skin fibroblasts (Fig.

3.21). MMP-13 rnRNA was only expressed in type X collagen expressing

chondrocytes ( C subpopulation~ fetai age = 206 days). MNIP-l was expressed

only in IL-la stimulated fetal bovine skin tibroblasts.

3.8.2 Northern blut analvsis

Total RNA from cultured bovine gro\\1h plate C subpopulation

chondrocytes (fetal age = 106 days) was probed with MMP-l and MrvlP-13

cDNAs (Fig. 3.22). ~IMP-13 mRNA expression \Vas only seen when cel1s

synthesized type X collagen. days 12-14. and increased till days 20-22. MMP-l

was expressed only in IL-I a stimulated tètai bovine skin fibroblasts. MMP-13

mRNA showed two transcript sizes of 1.8 and 2.0 kb. This is consistent with

human MMP-13 rnRNA seen in human adult cartilage (Nlitchell et al.~ 1996:

Reboul et al.. 1996).

3.8.3 Western blot and immunoprecipitation

Conditioned media (500 ~l) trom cultured bovine grO\vth plate C

subpopulation chondrocytes (fetai age = 106 days) were separated by SOS-PAGE

and transferred to nitrocellulose membranes. Membranes were probed with either

anti-MMP-l or anti-MMP-13 affinity purified IgG (1 :150 dilution) (Fig. 3.23).

Dnly anti-MMP-13 affinity purified IgO showed a positive reaction ta a band of

65 kD that corresponds ta pro MMP-13 at 16-18 and 18-20 days of culture. Cells

fust synthesized type X collagen at 12-14 days. There was aIso a band for MMP-
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Fig. 3.21 PCR analysis oC MMP-l, ~1l\'IP-13 and type Il collagen mRNA in bovine

Cetal growtb plate chondrocytes and fibroblasts.

PCR products were analyzed on a Tris/acetic acidJEDTA (TAE) 1% agarose gel. MrvIP-I

mRNA expression is only detectable in IL-la stimulated fibroblasts (1 ng/ml for 24 hr).

Type X collagen and MMP-13 mRNA are expressed only in hypertrophie ehondroeytes (

C subpopulation., days 16-18 in culture. fetai :lge = 206 d:lYs).
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123 45 6 7

Lane 1: 100 b.p. DNA ladder
Lanes 2-3: Type Xcollagen 337 bp
Lanes 4·5: MMP-1 295 bp
Lanes 6-7: MMP-13 291 bp
Lanes 2, 4,6: (IL-1 a stimulated fetal bovine skin fibroblasts)
Lanes 3, 5, 7: (Fetal bovine growth plate chondrocyte Csubpopulation,
days 16-18)

115



Fig. 3.22 Northern blot of Ml\'IP-l and ~IMP-13 expression during

maturation in culture of bovine fetal growth plate chondrocyte C

subpopulation.

IL-la (1 ng/ml. 24 hr) stimulated bovine tètal tibroblasts are positive for MMP-l

rnRNA. Ml\rlP-1 mRNA is undetectable in bovine fetal growth plate chondrocyte

cultures during maturation. Nl~ilP-13 m~~A expression is tirst detected on days

12-14 and increases until days 18-20. This is also the:: time period when cells are

synthesizing type X collagen (Fig. 3.5). Bovine ~"nvIP-13 rnRNA showed t\vo

transcript sizes of 2.0 and 2.8 kb. Total ~'1:\ was e::xtracted trom bovine fetal

gro\\th plate chondroc)'te C subpopularion e::very 2 Jays. 5 Jlg of RNA was loaded

per lane. The membrane was probed with 32P-Iabeled MMP-l (295 bp) and

Ml\rIP-13 (291 bp) cDNAs. The blot was exposed for 24 hr. (Fetai age =206 days)
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Membrane was probed with cDNAs of bovine MMP-1 + 13
MMP-1 mRNA =1.8 kb
MMP-13 mRNA =2.0, 2.8 kb
Exposure =24 hr

Ethidium bromide Stained Gel
1 2 3 4 5 6 7 8 9 10 11

Days
Lane 1: IL-1 a (10 U/ml) stimulated bovine fetal skin fibroblasts
Lanes 2-11 : Csubpopulation fetal growth plate chondrocytes
5 fJg total RNA loaded
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Fig. 3.23 Western blot of MMP-I and Ml"IP-13 protein during maturation of

bovine Cetal gro\vth plate chondrocyte C subpopulation.

Conditioned medium was collected every 2 days from growth plate chondrocyte

cultures. Conditioned media (500 ~1) \Vere precipitated with :2 volwnes of 1000/0

ethanol and analyzed by SOS-PAGE. Proteins were stained v.ith Coomassie blue

or blotted onto nitrocellulose and probed with anti-~t~(P-I and NIMP-13 affiniry

puritied IgG. Recombinant M~IP-l or MNIP-13 (Lane 1). MMP-I protein is

undetectable throughout the culture period in bovine fetaI gro\Vth plate

chondrocyte C subpopulation. rvlrvlP-13 is detected at days 16-18 and 18-20.

Type X synthesis is shov~n in Fig. 3.5. (Fetai age = 206 days)
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13 at 30 kD at days 18-20. This band is probably an autolytic fragment of MMP-

13.

Immunoprecipitation was performed on conditioned medium from bovine

growth plate C subpopulation chondroCy1eS (tètal age = 206 days) cultured with

35S methionine. pro MMP-13 protein (65 kD) was detected in medium of cells that

synthesized type X collagen (Fig. 3.24 b and d). There are also smaller bands

around 30 kD at days 12-14. 14-16 and 16-18 which are probably an autolytie

fragment of MMP-13 (Fig 3.24b). There is also a 200 kD protein that is

precipitated throughout the culturing period (Fig. 3.24 b and c). This is probably a

non-specifie reaction with tibronectin. ~1~lP-1 protein was only

immunoprecipitated from IL-I a stimulated bovine tètal skin fibroblast 35S

methionine-Iabeled conditioned medium.

MMP-13 antisera was generated against a conserved epitope found in

mouse. rat and human MMP-13. This epitope: PNPKHPKTPEK. is slightly

different in bovine. PYSKHPKTPDK. There are 7/11 residues that are identicaL

which still confer reactivity of antiserum against bovine ~IMP-13.

3.S.... Collagenase activitv during fetal growth plate chondrocvte maturation

Total and active collagenase activity was measured in media from bovine

f'etai growth plate C subpopulation chondrocytes (fetai age = 206 days) grown in

culture (Fig 3.25). Total and active collagenase activity was frrst detected when

cells synthesized type X collagen (Fig. 3.24d). Both total and active collagenase

activity increased as chondrocytes matured. Collagenase activity was present only
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Fig. 3.24 Immunoprecipitation of ne\vly synthesized MMP-l and MMP-l3

during maturation of bovine fetal growth plate chondrocyte C subpopulation

Bovine fetal grO\vth plate chondrocyte C subpopulation conditioned media were

labeled with 35S-methionine for 48 hr and changed every 2 days. 500 JlI of

conditioned medium was used for analysis. Proteins \Vere analyzed by SDS-PAGE

and visualized by Jutoradiography. TotJI protein synthesis (A). ~1edium was

immunoprecipitated with either atlïnity purified anti-NHvlP-13 IgG (B) or NUv!P-l

CC) IgG. IL-l a stimulated (l ng/ml. 24 hr) mouse chondrocyte line MC615 was

used as a positive control for wUvlP-l3 IgG (Lane 2. conditioned medium was

immnunoprecipitated with anti-~!N1P-l3 IgG only). IL-l cr. (l ng/mL 24 hr)

stimulated fetai bovine skin fibroblasts was used as a positive control for MMP-l

IgG (Lane 1. conditianed medium \Vas immnunoprecipitated with anti-MMP-l

IgG only). 3H praline incorporation inta collagens (0) revealed that cells first

synthesized type X collagen and became hypertrophie at days 12-14.
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Lane 1: IL·l Cl stimulated bovine fetal skin fibroblasts (10 ng/ml)
Lane 2: IL·lu stimulated mouse chondrocytes (10 ng/ml)
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Fig. 3.25 Collagenase activity during maturation of bovine Cetal growth plate

chondrocyte C subpopulation.

Conditioned medium was collected every 2 days from gro\\1h plate chondrocyte C

subpopulation cultures. Condition media (100 J.ll) \vere added to 14C-Iabeled

human type n collagen and assayed for collagenase activity. Collagenase activity

was detected at the same time as type X collagen synthesis (fig. 3.24d) and MMP­

13 protein synthesis (fig. 3.23 and 3.24b). There \Vas always more pro lV1MP-13

than active lVIMP-13 in the conditioned media.
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in the medias that \vere first positive for rvlMP-13 protein as determined by

Western bIot (Fig 3.23) and immunoprecipitation (Fig. 3.24b). There was always

more tarent than active yHv[P-13 in the medium.

3.9 The effects of an inhibitor of ~IMP-13 activitv on (etai growth plate

chondroc,,'tes during maturation

3.9.1 Cleavage of l''C-Iabeled tvpe Il collagen bv MMP-l, MMP-S and

~1~IP-13

Activated human recombinant wUv[P-l (1 Ilg), MIvlP-8 (1 Ilg), and ~lNIP­

1J (l00 ng) \vere incubated with 14C-Iabeled collagen (Fig. 3.26). 1 ~I and la

nivl RS 1020481 was added ta sorne of the reaction mixtures to test inhibition.

Only ~INIP-13 was inhibited by RS 102.481 at 1 nM and 10 ~. MMP-S was

slightly inhibitcd at 10 n~l.. ~HvlP-l was net inhibited at either concentration.

Ail collagenases produced the typical TCr\ and Tes fragments with time in the

absence of the inhibitor.

3.9.2 [(feers of inhibitor on tvpe Il collagen and tvpe X collagen svnthesis

Type X collagen synthesis was inhibited when fetaI growth plate C

subpopulation C chondrocytes (fetai age = 206 days) were cultured in the presence

of 10 n~t RS 1020481 (Fig. 3.27). Type X collagen was fIfst synthesized in control

cells at days 14-16 te 20-22 (Fig 3.27). In a separate experiment, (fetaI age = 221

days) type X collagen synthesis was also shown ta be inhibited by 1 nM as weIl as

10 ru"I RS 102~481 (Fig. 3.28). Type X collagen was tirst detected in controis cell

conditioned media at days 8-10 and persisted ta days 20-22 (Fig 3.28). Type II
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Fig. 3.26 Time course of cleavage of triple helical human l-te labeled type II

collagen by recombinant humao Ml\'IP-l, l\'IMP-S and MMP-13 with or

without a synthetic prefereotial inhibitor of MMp·13, RS 102,481.

Purified 14C-labeled type II collagen \vas digested with APMA-activated human

recombinant MMP-l (1 J.1g)~ rvnvlP-8 (1 j.lg), and MrvIP-13 (100 ng), in the

absence or presence of 1 or la ru\-! concentrations of preferential MMP-13

inhibitor RS 102. 481 (Roche 8iosciences). Proteins were analyzed by SDS­

PAGE and visua1ized by autoradiography. Lane 1('" 1~1 102.481,1 br). Lane 2

(+ la nM 102.481. 1 hr). Lane 3-9 (without inhibitor) at times, 1 br. 2 br, 4 hr, 12

br, 24 hr. 48 hr~ 72 hr.
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Fig. 3.27 The effect of RS 102,481, a synthetic preferential inhibitor of MMP­

13, on collagen synthesis in bovine (etai growth plate chondrocytes C

subpopulation during maturation.

3H-proline Iabeled collagens were precipitated from conditioned medium (500 ~l)

every 2 days. Collagens were analyzed by SDS-PAGE and visualized by

autoradiography. 10 nM of RS 102,481 inhibited type X collagen synthesis in C

subpopulation cells as compared \-vith contraIs. Type II collagen synthesis was

unaffected. Inhibitor 102~481 was present throughout culture period. (Fetal

age=206 days)
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Fig. 3.28 The effect of RS 102,481, a synthetic preferential inhibitor of MMP­

13, 00 collagen syothesis in bovine fetal growtb plate chondrocyte C

subpopulation during maturation.

3H-proline labeled collagens were precipitated from conditioned medium (500 J.ll)

every 2 days. Collagens were analyzed by SDS-PAGE and visualized by

autoradiography. At 1 and 10 ru\'l of inhibitor. RS 10:!A81, inhibited type X

collagen synthesis in C subpopulation cells as compared with control. Type II

collagen synthesis was unaffected. 50 ~1 inhibited bath types II and X collagen

synthesis. (Fetal age =221 days)
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Fig. 3.29 The effect of RS 102,481, a synthetic preferential inhibitor of MMP­

13, on JSS methionine-Iabeled culture medium from bovine Cetal growth plate

chondrocyte C subpopulation during maturation.

358 methionine-labeled cultured media (500 J.ll) were collected every 2 days and

analyzed SOS-PAGE and visualized by autoradiography. No effects on newly

synthesized proteins can be seen at 1 and 10 n~r of RS 102~ 481 inhibitor as

compared ta control. There is however~ inhibition of nev·.;ly synthesized proteins at

50 ~l. (Fetai age:: 221 days).
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collagen synthesis did not appear to be effected by RS 102, 481 using 3H proline

labeled collagen analysis. At 50 ~1 RS 102.481 may have had a toxic effect on

ceUs resulting in a loss of type II collagen synthesis.

3.9.3 Effects of inhibitor on total protein svnthesis

Ne\vly synthesized protein was measured using 500 ~l of 35S methionine-

labeled conditioned media from bovine fetai growth plate C subpopulation

chondraC)leS (fetai age = 221 days) (Fig 3.29). Total protein synthesis was

visualized by Coamassie blue stained gels of 500 JlI of conditioned media from

bo\'ine fetai gro\\lh plate C subpopulation chondrocytes (fetaI age :;:; 221 days)

(Fig. 3.30). The amaunt of newly synthesized proteins increased with maturation in

the control cultures and cultures grovvn in the presence of 1 and 10 nNI RS

102.481. There \vas no significant detectable differences in total protein synthesis

or newly synthesized proteins with RS 102. 481 except at 50 nM when both nev.ily

synthesized and total protein content was inhibited. This inhibition did not accur

until days 12-14 and persisted ti11 days 18-20. This is probably due a toxie effect

of the inhibitor on the ceUs.

3.9.... Effects of inhibitor on gelatinase svnthesis

Total gelatinase synthesis in bovine fetai growth plate C subpopulation

ehondroC)leS (fetal age = 121 days) was measured by gelatin substrate gel

zymography (Fig. 3.31) using 20 J,LI of conditioned medium. AlI cultures

produced bath the 92 kD and 72 kD gelatinases. There were no significant

di fferences in gelatinase svnthesis bet\veen control cultures and cultures with 1. 10- - .
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Fig. 3.30 The effect of RS 102,481, a synthetic preferential inhibitor of l.\'lMP­

13, on secreted proteins in culture medium from bovine Cetal growth plate

chondrocyte C subpopulation during maturation.

Cultured media (500 Jll) were collected every 2 days and analyzed by SDS-PAGE.

No changes can be seen at 1 and 10 nNI of RS 102. 481 inhibitor on secreted

proteins as compared ta control. There is however. inhibition of secreted proteins

50 ~1. (Fetai age =221 jays)
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Fig. 3.31 The effect of RS 102,481, a synthetic preferential inhibitor of~Ip...

13, on gelatinase activity in culture medium from bovine fetal growth plate

chondrocyte C subpopulation duriog maturation.

Conditioned media (20 Jll) collected every 2 days were examined for gelatinolytic

activity. AlI cells produced 92 kD and 72 k.D gel'lrin'lses during culture in the

absence or presence of RS 102. 481 inhibitor. Th~re is however more active 72

kD gelatinase in control cultures vs. 1. 10 and 50 ruvL A band at 65 kD is present

in control cultures at days 18 and 20 which are absent in the athers. There is a

high amount of gelatinolytic activity in 50 n~l cultures as compared with total

protein content (Fig. 3.30). (Fetai age = 221 d'lYS).
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or 50 nM RS l02~481. However~ due to decrease in total and newly synthesized

proteins in cultures at 50 nM~ one would expect a decrease in gelatinase activity.

This is not so, and therefore gelatinase activity is higher in the 50 nM cultures.

The active forro of 72 kD gelatinase can be seen throughout the culture period in

control cultures. There is a decrease of this foern in the cultures with 1, 10 and 50

n1vl RS 102~481. There is also another 65k.D band present only in control cultures

at days 18- 20. This band is probably ynvlP-13 in vie\v of its size and the time at

which it is first detected.

3.9.5 Effects of inbibitor on collagenuse c!eavage and total tvpe II collagen

content

Type II collagen denaturation was measured in a-chymotrypsin digests of

bovine fetal growth plate C subpopularion chondrocyte celllayers (fetaI age = 221

days) by the CS Il B immunoassay (Fig 3.32a). The denatured type II collagen

epitope increased in content when chondrocytes started to synthesize type X

collagen in control cultures (days 8-10). The generation of this epitope was

inhibited with 1, 10 and 50 Mtt RS 102_ 481. The amount of denatured type II

epitope was inhibited in a dose dependent manner with the inhibitor. An increase

in this epitope can be observed at days 20-22 in cultures grown in the presence of

1 and 10 Mt! RS 102,481. The inhibitor may have caused a delay in hypertrophy

and therefore degradation \Vas seen later. There \Vas essentially no release from

cultures grown in the presence of 50 ~t 102_481. This is probably due to toxicity

of the inhibitcr on the cells at this concentration.
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Fig. 3.32 The effect of RS 102,481, a synthetic preferential inhibitor of MMP­

13, on the generation (cell layer) of the COL2-3/4m epitope during the

maturation of bovine fetal growth plate chondroc)'te C subpopulation.

CeH layers were assayed for denatured collagen (COL2-3/4 m epitope) using the

CB Il B assay (A). Epitope is first detected in the control cultures al days 8-10.

No increase in epitope was detected in 1. 10 or 50 nl'vl cultures until day 20-22.

Inhibition of this epitope followed a dose-dependent inhibition. Total type II

collagen content was also assayed using the CB Il B assay (B). Total type II

collagen content in celllayers increased with time in culture. Total type il collagen

content was less in the inhibitor containing cultur~-. RS 102, 481 had a dose

dependent inhibition on total type II collagen content in the celllayers. Each data

point represents the mean ± standard deviation of triplicate wells. (FetaI age::: 221

days)
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Total type II collagen content was determined by addition of the CB Il B

epitope measured in the a-chymotrypsin and proteinase K digests of bovine fetai

gro\'v1h plate C subpopulation chondrocyte cell layers (fetaI age = 221 days) (Fig.

3.32b). Total type II colIagen content increased with time in celllayers of control

cultures. Ho\vever. there was a time dependent delay in the increase in total type II

collagen content in celI layers that were cultured in the presence of l, 10 and 50

n~lRS lü2A81.

3.9.6 Effects of inhibitor on proteoglvcan release

Proteoglycan release inta culture medium from bovine fetaI growth plate C

subpopulation chondracytes (tetai age =221 days) was measured with the OtvlMB

assay (Fig. 3.33). An increase in proteaglycan release was frrst observed in control

medium when chondrocytes tirst expressed type X collagen (days 8-10).

Proteoglycan release remained constant during maturation (days 20-22). The RS

102A81 inhibitor reduced proteoglycan release at 1 and 10 nM in a dose

dependent manner. There was much reduced proteoglycan release at 50 nM of

inhibitor. probably due ta toxicity of the inhibitor on the ceUs.

3.9.7 [ffeet of inhibitor on matrix calcification

rvfatrix calcification was measured in bovine fetaI growth plate C

subpopulation cell layers (fetai age = 221 days) utilizing 4SCa2+ incorporation

(Fig.3.34). ~5Ca!~ accumulation occurred ooly in the control cell layers. 4SCa2+

incorporation started at days 14-16 and persisted till days 18-20 in the control ceU

layers. This incorporation is maximal when cells are synthesizing type X collagen.
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GAG release in Bovine Growth Plate
Chondrocytes

(C subpopulation) +/-102,481 (MMP-13)
Inhibitor

0.3
-Control
-1nm

e -10nmc 0.2
0 -SOnmM
~

cft
~ 0.1

O.O+---"'---r---r---r--'---~--r---r---r--

2-4 4-6 6-8 8·10 10-12 12-14 14·16 16-18 18-20 20-22

Days in Culture

Fig. 3.33 The effect of RS 102,481. a synthetic preferential inhibitor of MMP-

13, on the release (media) of proteoglycans during the maturation of bovine

Cetal growth plate chondrocyte C subpopulation.

GAG release was measured by the DMMB assay. 10 J.11 of conditioned medium

were assayed. GAG release was highest in the control cultures vs the inhibitor

cultures. GAG release began when cells started to synthesize type X collagen

(days 8-10). GAG release remained constant throughout the rest of the culturing

period (days 10-22). GAG release was inhibited in a dose-dependent manner in

cultures with l, 10 or 50 nM of inhibitor RS l02,481. Each data point represents

the mean ±standard deviation oftriplicate wells. (Fetal age =221 days)
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Fig. 3.34 The effect of RS 102,481, a syntbetic preferential inhibitor of MMp·

13, on 4SCa1+ incorporation during the maturation of bovine fetal growth )llate

chondrocyte C subpopulation.

Mineralization was followed by 4SCa2. incorporation into eeH Iayers. CelIs

cultured in the presence of RS 102, 481 exhibited a dose-dependent reduction in

45Ca2+ incorporation. Mineralization was initiated in contra1cultures at dsys 14-

16. This is after the initiation of type X eollagen synthesis and type II col1agen

and proteoglycan degradation. Each data point represents the mean ± st~dard

deviation oftriplicate wells. (petaI age =221 days)
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Cell layers grown in the presence of 1 and 10 nM of MMP... 13 inhibitor RS

102,481 had little or no accumulation of -ISCa:!"'. At 50 nM there was essentially

no incorporation. Mineralization was initiated in control cells after they became

hypertrophie and after proteoglycan and type II collagen los5 had started.

3.9.8 Histological aoalvsis of chondrocvte celliavers

Bovine fetaI grO\vth plate C subpopulation chondroC}1e cell layers (fetai

age = 221 days) at the end of the culturing period (22 days) were examined by

histologicaI analysis (Fig. 3.35). There was no pronounced differences in cell size

bet\Veen the control ceUs and ceUs gro~n in the presence of 1 or 10 ~1 RS

102,481. Calcification was detected in the control cells by staining with Von

Kossa's reagent, whereas ceUs grown in the presence of inhibitor were negative for

mineraI. Cells grown in the presence of 50 oNI RS 102,481, were irregular in

shape and had large intracellular vacuoles (data not shawn). This morphology is

typical for a celI under toxic stress.
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Fig. 3.35 Histological analyses of chondrocyte C subpopulation ceU layers

cultured witb or without RS 102,481.

Chondrocyte morphology (toluidine bIue: a, c and e) and mineraI deposited ( Von

Kossa's: b, d and t) in the extracellular matrix of celllayers grown in the presence

(a and b, 1 nM:; c and d,ID n!vt) or absence (e and t) ofRS 102,481 inhibitor. C

subpopulation cells have enlarged after 20 days in culture. There is no significant

difference in cell size in ceIls lrown in the presence (a~ b, c, and d) or absence (e

and t) of inhibitor. There is however, no matrix mineralization in cells grown in

the presence of 1 nM (b) or 10 nM (d) of RS 102.481 as compared to control (t).

Arrows indicate areas ofmineral in control cultures (e and t). FetaI age=221 days.

Bar=50J.lI!l.
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4.DISCUSSION

4.1 Optimization of total RNA extraction (rom bovine cell layers and

cartilage

An efficient method of RNA isolation from cell layers and cartilage was

required to study gene expression. This can be hindered due to low celluIarity.

high amounts of RNAases and the extensive extracellular matrix produced by

chondrocytes. A common method of chaice for total RNA extraction is the direct

guanidine isothiocyanate/phenollchlarofann method of Chomczynski and Sacchi,

(1987). This is, however, ineffective with cartilaginous tissue or chondrocyte cell

layers grown in long term cultures due ta the synthesis of large proteoglycans such

as aggrecan which contain many highly negative charged GAGs. l have produced

a simple method that involves sorne important modifications to the direct

guanidine isothiocynate/phenoUchlorofonn method (Chomczynski and Sacchi,

1987) that allows us to extract increased amounts of contaminant-tIee total RNA.

In this method, proteins and nucleic acids are precipitated with 100% isopropanol.

The protein and RNases are digested with proteinase K. This allows an efficient

separation of nucleic acids into the aqueous phase during the phenol-chloroform

extraction. Subsequently, aIl contaminating GAGs are removed with 4 M LiC!.

The etrect of GAG contamination was measured with the addition of shark

CS into purified bovine fetai skin fibroblast total cellular RNA. Northem blot

analysis was performed on these RNA preperations. Signal intensity of GAPDH

by Northem blot analysis was inhibited with increasing concentrations of shark
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CS. However, MMP-l signal intensity was not as greatly affected. This

interference with certain mRNA species and not athers, May be due to the

molecular weight and migration of the GAGs in the agarose gel. The fluorescence

of the 18S ribosomal RNA is more inhibited than that of the 28S ribosomal RNA.

This observation suggests that rnRNAs migrating in the region of 18S would he

affected more than the higher molecular weight mRNAs. Methylene blue staining

of the nylon membrane which contains the transferred cotai cellular RNA is aiso

affected by GAG contamination. This could lead to misinterpretation of the

mRNA Ievels in these sampIes. If GAPDH was used as a housekeeping gene in

these geIs~ it could [ead to a faise interpretation of MMP- 1 mRNA Ievels.

Therefore it is essential that these GAGs be removed from the total cellular RNA

preparations. These simple modifications result in large amounts of intact RNA

which can be used for analysis of gene expression in cartilage.

4.2 MMP- t expression in bovine (etaI growth plate chondrocvtes

The presence of a " collagenase" has been documented in the rat (Blair et

al., 1989, Dean et al.~ 1989, 1990), mouse (Mattot et al., 1994; Gaele, et al., 1995),

and rabbit (Brown et al., 1989, Ballock el al., (993) growth plates. With the

cIoning of NI~IP-13 and the recognition [hat rodents possess only one collagenase

(Shapiro, 1997), it was unclear which collagenases are present in non-rodent

growth plates. The antisera previously used to investigate collagenases were made

using whole recombinant or purified MMP-l. These reagents could cross react

with the different collagenases. Therefore the results of these earlier studies,
o'
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concerning the presence of collagenases are inconclusive. Furthennore~ earlier

studies in rat (Dean et al., 1989,1990), revealed only the presence of collagenase

activity. and not the identity of the collagenase(s). AIso, in the rabbit studies~ the

identity and function of collagenase(s) during endochondral ossification were

never identified (Brown el al..~ 1989).

When these studies were initiated tvlMP-l was the only enzyme thought to

present in cartilage (Matrisian. 1992~ Birkedal-Hansen, et al., 1993). To study

NltvlP-1 expression during the progression of cellular maturation in the bovine

gro\\th plate. we used an in vitro cell culture system that had been developed in

the laboratory (Alini el al.. 1994, 1996). It was shown that isolated subpopulations

would undergo the same maturation to the hypertrophie phenotype as in vivo

(Alini et al.. 1994) and could be cultured in serum-free conditions (Alini et al.,

1996). There was aiso evidenee that in this system that there was type II collagen

denaturation (Alini et al.. 1992, 1994). This was aIso observed in sitll (Alini el

al.. 1992) suggesting the presence of a collagenase when cells became

hypertrophie and calcification \Vas initiated.

We showed that Ml'v1P-l mRNA expression was not detectable by Northem

blot analysis. l'vlivlP-l mRNA was undetectable in growth plate chondroc)'1e

subpopulation at isolation and during culture. Type II collagen mRNA was sho'Ml

to be expressed at ail times in these cultures and type X collagen mRNA was

expressed when the chondrocytes became hypertrophie in culture. MMP-l protein

was also not detectable in conditioned media of cultures analyzed by Western blot.
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To mie out the possibility of low expression of l'v1MP-l in these chondrocytes, IL­

la was used in these cultures. IL-l has been sho\\,n to be a patent stimulator of

M~tP-l in chondrocytes (Schnyder et al.. 1987; Smith et al., 1989) and in both

skin and synovial tibroblasts (Birkedal-Hansen et al., 1993; Benbow and

Brinckerhoff, 1997). However. expression of ~ll\IIP-l mRNA and protein

synthesis could still not be detectable in bovine tètal growth plate or epiphyseal

chondrocytes when cultured with 1 or lOng/ml of IL-l Q. However, bovine fetal

skin fibroblasts that were stimulated with IL-l a were sho\VO to express MMP-l

mRNA and synthesize protein. Although Ml'vlP-l mRNA and protein was

undetectable in these chondrocyte cultures. a collagenase activity could be

detected in the conditioned media using I~C-Iabeled type II collagen as the

substrate in a tibril assay. It was apparent therefore that another collagenase was

likely produced by these chondrocytes. 1then went on to identify this as MMP-13

as the collagenase (see below). Recently. this tinding has been confinned in

human fetal growth plate in vitro (Johansson et al.. 1997). These autbors aIso

could not detect MMP-I mRNA in cultured primary human fetaI chondrocytes by

Northern analysis.

4.3 Cloning and expression of bovine collagenase-3 {MMP-13} in bovine fetal

growth plate chondrocvtes

A novel collagenase, cloned from a human breast carcinoma~ was reported

at the end of 1994: it was called collagenase-3 or MMP-13 (Freije et al., 1994) It

was shown to be the homologue of rat and mouse interstitial collagenases. lbis
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collagenase was also detected in human adult normal and osteoarthritic

chondrocytes (Borden et al., 1996; Mitchell et al.~ 1996; Reboul et al., 1996).

MMP-13 was also shown to degrade type n collagen about 6-10 fold more

effectively than type 1 and III collagen (Knauper et al.. 1996a; Mitchell et al.,

1996). It also displayed a 50-fald stronger gelatinolytic activity than MMP-l and

MMP-S (Knauper et al.. 1996a; Mitchell et al.. 1996). This collagenase was

therefore a goad candidate for the bovine t~tal gro\\lh plate collagenase. Hence 1

decided to deterrnine whether the bovine homologue of this collagenase was

present in the bovine fetaI growth plate. By using PCR with conserved sequences

found in human. rat. and mouse NIMP-13. [was able to clone the entire coding

region of the bovine MMP-13 using mRi'iA isolated tram bovine hypertrophie

chondrocytes. The cDNA sequence showed a 92%. 820/0 and 82% homology to

human. mouse and rat cDNA. respectively. The deduced amino acid sequence

showed a 900/0. 85%, and 85% homology to human. mouse and rat protein

respectively. A comparisan of the MMP-13 amino acid sequences of all the

characterized M!vIP-13s perrnitted the identification of highly homologous

domains. The sequence PRCGVPD located between residues 95-101, which is

thought to be characteristic of the propeptide domain of MMPs, is highly

conserved and may play a raie of enzyme activation mechanism (van Wart and

Birkedal-Hansen, 1990). The zinc binding region located between residues 220

and 230 identifies the Il residue consensus sequence VAAHE LIF GH S/A LIM

G which is considered to be a part of the active site of these enzymes (van Wart
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and Birkedal-Hansen, 1990). The three putative N-glycosylation sites at amino

aeids; 117, 152, and 409 are also conserved. On Northem analysis, there are two

mRNA of2.0 and 2.8 kb in size. The human M~[P-13 mRNA has three different

size transeripts of 3.0, 2.5 and 2.0 kb. (Freije el al.~ 1994). These different

transcripts are due to different polyadenylation sites in the 3' untranslated region.

This may be aise be the reason for the t\VO transcript sizes in bovine Ml'vIP-13

mRNA.

Expression of MMP-13 mRNA was sho\vn to be restricted to cultured

bovine tètal hypertrophie gro\\th plate chondrocytes. Only ceUs that were

synthesizing type X collagen expressed NINIP-13 mRJ.~A. This is in agreement

with in situ hybridization studies in mouse (l\lattot el al.. 1994: Gack et al.~ 1994)

and human (1ohansson el al.• 1997: Stâhle-Backdahl el ai., 1997) gro\\'th plates

where NI~fP-13 rnRJ.'\IA expression was aIso restricted to hypertrophie

ehondrocytes.

The presence of MMP-I and MMP-13 protein in bovine fetai growth plate

chondrocyte cultures were analyzed using specifie anti-peptide antibodies that 1

prepared. These antibodies were coUagenase specifie. Anti-MMP-l antiserum

recognized only bovine and human fOnDS of pro-MrvIP-1 and the aetivated

molecules in the presence or absence of bound TlrvIP-l. Anti-MMP-13 antiserum

only recognized mouse. bovine and human forms of pro-MMP-13 and the active

molecules in the presence or absence of bound TIMP-l. Western blot and

immunoprecipitation revealed the presence of the pro-MMP-13 (65 kD) but not
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the active forro (55kD) in these cultures. This is surprising since collagenase

activity was measured from conditioned medium when cells expressed MMP-13

at hypertrophy and this activity increased \vith time. The activation mechanism of

MMP-13 in these cultures is unknavm but. conditioned medium from these

cultures contained active 72 kD gelatinase (M!v[P-2). reveaIed by gelatin

zymagraphy, which has been ShO\\'l1 ta be able to activate ~lMP-13 in vitro

(Kniiuper et al., 1996b). However. there \vere proteoly1ic fragments that aIsa

shawed reactivity with the anti-MwlP-l3 antibody (30kD). These may be autalytic

fragments of the kind describ~d for ivUvtP-l (Clark and Cawston, 1989).They may

have arisen from active enzyme that had undergone autolysis. That ~lMP-13 is

the sole callagenase synthesized by hypertrophie chondracytes of the growth plate

makes good sense since this is the mast patent collagenase and gelatinase with

respect ta cleavage of type II collagen. Recently. NUvlP-13 rnRNA and protein

has been shoMl by in situ hybridization and immunohistochemistry ta be present

in human hypertrophie ehondrocytes (Stâhle-Baekdahl ft! al.. 1997) during fetal

development. The collagenase provides the chandrocytes in the growth plate with

the opportunity to rapidly remodel ils extracellular matrix by quick effective

removal of type II collagen fibrils.

4.4 Inhibition of collagenase..3 (MMP..13) activitv and the expression of

hvpertrophv in bovine fetal growth plate chondrocvte cultures with a

preferential inhibitor of MMP-13, as 102,481.

Since, MMP-13 protein is synthesized by hypertrophie chondrocytes and is
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active, we wanted to see if inhibition of the enzyme would have any affect on

chondrocyte hypertrophy. At low concentrations (l and la nM), the sYfithetic

inhibitor RS 102~ 481 is very selective against ~[~IP-13. It belongs to the class of

small peptide inhibitors that can bind and chelate the zinc moiety in the active site

of M:NIP-13. It's active component is a carbcxylic add \vhich exploits the deep

SI' pocket of ~nvIP-13. In these studies. we did not have to be concerned with

M:NIP-l because of its demonstrated absence in this system. There were

pronounce effects on chondrocyte maturation at the concentrations tested: 1. 10

and 50 ~l. The chondrocytes that were grown in the presence of 50 n1t1 of

inhibitor exhibited evidence of cellular toxicity. These chondrocytes contained

large intracellular vacuoles and protein synthesis was inhibited. This inhibitor

may have also inhibited other classes of metaIIoproteases at this concentration and

affected other cellular functions. This toxic effect was not observed at 1 and 10

nM:. The results obtained at 50 nM will therefore not be discussed further.

The amount of type II collagen denaturation in the cell layers as measured

by the COL2-3/4m assay (Hollander et al.. 1994) was decreased in a dose

dependent manner \vith RS 102. 481. In the control culture denatured type II

collagen \vas detected at days 8-10 and increases until the end of the culturing

period at 10-22 days. In the ceH layers grown in the presence of 1 and 10 nM of

102,481 there was an absence of denatured collagen until days 20-22. The

inhibitor thus prevented the generation of this epitope in these cell layers. This

denaturation likely retlects collagenase activity since only this can knowingly
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produce denaturation by enzymatic means. This shows that this inhibition

decreases type II collagen degradation. ret1ected as denaturation, as well as

retarding synthesis. Only \vhen sufficient degradation has occurred, can the

degradation cascade and maturation continue. This denaturation measured by the

COL2-3/4m assay. has been sho\vn to be a directIy correlated with type II collagen

cleavage bv colla!o!enases in human normal and osteoarthritic cartilage.... - .... '-"

(Billinghurst et al., 1997).

Aithough type II collagen synthesis was not detectably affected. total type

II collagen content was reduced in the cell layers cultured in the presence of

inhibitor. These observations raise the question of whether the degradation

products from the remodeling of the extracelllliar matrix may play a role in

chondrocyte maturation and matrix turnover. Fibronectin fragments have been

shown ta induce collagenase and stromelysin gene expression in fibroblasts

through engagement of integrin receptors (Werb et al.. 1989: Huhtala et al., 1995).

Type [ collagen synthesis is also modulated by integrins on fibroblasts (Langholz

et al.. 1995). Although. the integrin expression pattern is not kno\\'n in these fetai

bovine growth plate chondrocytes. it is possible that type II collagen fragments

which are generated in the initiation of chondrocyte hypertrophy signal back to the

chondroc}te to produce MtvlP-13 and stimulate type II and initiated X coUagen

synthesis. MMP-13 mRNA and protein has been shawn to be synthesized when

hypertrophie chondrocytes express type X eollagen in the absence of inhibitor.

MMP-13 mRNA expression and protein synthesis were not measured in cultures

156



•

•

•

grown in the presence of inhibitor due to limited number of ceUs recovered for the

analysis. These experiments would be very important in answering if l\1MP-13

mRNA expression and protein synthesis were affected by this inhibitor. If the

production of these fragments is inhibited either by the lack of~IP-13 protein or

activity, this may explain the inhibition of type II and X synthesis. Recently,

concanvalin A (con A) was sho\vn to promote chondrocyte hypertrophy and

matrix calcification in rabbit gro\\th plate chondroC)leS in vÎlro (Yan et al., 1997).

Con A has been shawn ta be a potent stimulatar of yUv[Ps in fibroblasts (Overal1

and Sodek4 1990). Con Amay ligate integrins or other receptors mat stimulate

Ml\tlP-13 production and thus create a cascade of degradative events that Ieads ta

chondrocyte hypertrophy and mineralization.

The most dramatic effect of the inhibitor was on type X collagen synthesis.

At both 1 and 10 n1tl, type X collagen synthesis was comp[etely inhibited.

although the synthesis of type II collagen and other proteins measured by 3H

proline and 35S methionine incorporation into secreted proteins were generally

unatfected. Although4 measurement of total type II collagen content with the

COL2-3/4 m immunoassay revealed a decrease in total type II collagen in the celI

layers of chondrocytes grown in the presence of the inhP)itor at all concentrations,

this difference could be due to the difference in the sensitivity of the two assays.

The difference in type II collagen synthesis could not be detected by

autoradiography at the exposures time used. Perhaps different exposure times

would allow differentiation between the different cultures. However, it is
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possible that inhibition of hypertrophy leads not only a decrease in type II collagen

cleavage but a reduction of synthesis as weIl. Theretorc this may lead to a drop in

total type II content because synthesis could detennine content more than

degradation. This inhibition of an ~lwlP leading to the suppression of the

hypertrophic phenotype is reminiscent of the recent study where doxycycline was

shawn ta inhibit type X eollagen synthesis in chick hypertrophie chondrocytes

(Davies et al.. 1996). Doxycycline has been sho\vTI to inhibit collagenase and

gelatinase activity (Yu et al.. 1992) and inhibit resorption of chick embryonic

tibias in vitro (Cole et al.. 1994). The mechanism of its inhibition of Ml\IP activity

or production is not clearIy understood. but it is coneeivable that it may have

inhibited synthesis and/or aetivity of yUv1P-13 in chick hypertrophie chondrocJ1e

cultures. Although the exact tùnction of type X collagen is still unknown. ilS

location in hypertrophic chondrocytes suggests that it may be important during

endochondral ossification. The onl1' other tissue in which the presence of the type

X collagen has been reported is in human osteoarthritic (OA) cartilage (Hoyland

et al.. 1991; von der Mark el al.. 1992: \Valker et al.. 1995). Ml'vIP-13 mRNA and

protein have also been shawn ta be highly expressed in human OA cartilage

(Borden et al.. 1996: Mitchell et al.. 1996: Reboul et al.. 1996). It would seem

that the expression of these t\vo molecules are related to one another and therefore

excessive degradation of type II collagen in osteoarthritis may cause a feedhack of

type Il collagen fragments to the chondrocyte that leads to upregulation of MMP­

13 and type X collagen. Type X eollagen expression could be linked to a
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chondroc)'1e that is highly collagenolytic. It would be interesting to see if RS

102~ 481 could inhibit type X collagen synthesis in human osteoarthritic cartilage.

Matrix mineralization was completly inhibited in the celllayers cultured in

the presence of RS 102. 481. Mineralization in control cell layers \vas observed

only after type II collagen and proteoglycan degradation. ln all cultures.

proteoglyean release began at days 8-10 and continued for the duration of the

culture period. Proteoglyean release oecurs slightly ahead of type II collagen

denaturation. This supports the theOl"Y that the molecular status of proteoglycans

must be changed for matrix mineralization ta occur (Poole. 1991; Howell and

Dean~ 1992). MMp·l3 has been sho\vn ta be able ta degrade aggrecan in vitro

(Fosang et al.. 1996) Cell layers grown in the presence of Ml'vIP-l3 inhibitor. RS

102. 481 had lower proteoglycan release into the conditioned media whieh may

have resulted in an inhibition of matrix mineralization. Histological analysis of

the ehondrocytes eultured in the presence or absence of RS 102~ 481 sho\ved that

matrix mineralization oecurred only in the cell layers cultured without the

inhibitor. Interestingly. ehondrocyte eell shape was similar in the eell layers

grO\\'TI in the presence or absence of inhibitor. This is surprising since this

suggests normal cellular enlargement yet the ehondrocytes did not produce type X

eollagen and thus were not "hypertrophie". This observation may indicate that

there was enough degradation in the presence of the inhibitor to allow for cellular

hypertrophy. but not enough for complete progression to the full hypertrophic

phenotype.
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Gelatinolytic activity, measured by gelatin zymography was not affected in

the conditioned medium from grO\vth plate chondrocytes grown in the presence of

rvllvIP-13 inhibitor 102,481. Cultures contained both 92 and 72 kD gelatinase

activity irrespective of the iIÙ1ibitor being present. There was also active 72 kD

gelatinase activity in the control and inhibitor containing cultures. Recently it was

been shown in vitro that TIMP-free 1'2 kD gelatinase can degrade type 1collagen

(Aimes and Quiqley. 1995). It is not kno\vn that if this gelatinase possesses the

ability ta degrade type II collagen. .-\lthough active Tl kD gelatinase activity

appears early on in these cultures. we are unable ta detect denatured type II

collagen using the COL2-3/4m assay at the same time period in these cultures.

Therefore. it is probably unable ta cleave type II collagen in the growth plate cell

layers and not a collagenase in this system.

The inhibition of ~lN[P-13 activity Ln bovine fetal growth plate

chondrocytes leads ta an inhibition of the hypertrophie phenotype. These results

suggest that ~[N[P-13 is essential for normal chondrocyte maturation and

endochondral ossification. The lack of its degradative properties during nonnal

turnover in the hypertrophie zone.. could lead ta disruption of bone formation.

lnterestingly, tibial dyschondroplasia (TD) in poultry (Orth.. and Cook, 1994) is a

disorder of growth plate cartilage that fails to resarb. It has been shawn that ID

results tram a decrease of collagenolytic and gelatinolytic activity (Rath et al.,

1996). Although the exact MMP responsible for this disorder has yet to be

identified, evidence demonstrated in our studies in the bovine fetal growth plate
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suggest it may be MMP-13. It is also conceivable that sorne human

chondrodysplasias could arise from a defect in ~IMP-13. In summary, a

diagrammatic representation of the proposed involvement of MMP-13 in the

maturation of growth plate chondroC)1eS is sho\\TI in fig. 4.1.
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S.CONCLUSIONS

In this study, the identity of the collagenase that is involved in the

degradation of the extracellular matrix during hypertrophy of bovine fetal growth

plate ehondroeytes was established. A novel eollagenase was cloned from fetaI

bovine growth plate chondroeytes and was shov"n ta be the bovine homologue of

human eollagenase-3 (l'vIl'vIP-13). This study also provides molecular and

bioehemieal data to indieate that rv[~(P-13 is the collagenase that is required by

bovine tètal growth plate chondrocytes to mature from the prehypertrophie to the

hypertrophie phenotype. As a resuIt of this study the following conclusions ean be

made:

• The interstitial collagenase (~t~(P-l) gene is not expressed nor is MMP-l

synthesized by bovine tètal growth plate chondroeytes in vitro.

• IL-la does not stimulate MMP-l mRNA expression or protein synthesis in

bovine fetai ehondroeytes in vitro.

• ~lP-13 mRNA is expressed and rvlMP-13 protein is synthesized in bovine

fetal growth plate ehondroe)'1es when eells become hypertrophie as defined by

synthesis of type X collagen.

• Type II eollagen denaturation and proteoglycan release oeeurs at the time when

MNIP-13 is expressed and synthesized.

• MNIP-13 may be required by bovine fetai gro\vth plate ehondroeytes to

progress through hypertrophy and endochondrai ossification. Inhibition of

MNIP-13 activity resuJts in suppression of expression of the hypertrophie
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phenotype characterized by type X coHagen synthesis, mineralization, type II

collagen degradation, and proteoglycan release.
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6. STATEMENTS OF ORIGINAL CONTRIBUTIONS

1. Optimization of a simple and rapid method for efficient extraction of total

RNA from bovine chondrocyte celllayers and cartilage.

2. Interstitial collagenase (MMP-l) mR.J.~A and protein are absent from bovine

fetaI growth plate chondrocytes.

3. Cloning ofa novel bovine collagenase that is the homologue ofhuman, rat, and

mouse M~lP-13.

4. Preparation of specifie cDNA probes and specitic antisera to MMP-l and

MtvlP-13 that will allo\v for more detailed studies on these collagenases.

5. MrvlP-13 is expressed in bovine fetal gro\vth plate chondrocytes in vitro during

hypertrophy and is probably responsible for type II collagen degradation.

6. Analysis of mRNA.. protein and activity of NHvlP-13 in bovine fetal growth

plate chondrocytes in vitro.

7. Inhibition of MMP-13 activity in bovine fetal gro\VÙ1 plate chondroC}1eS in

vitro results ln inhibition of expression of the hypertrophie phenotype

characterized by type X collagen synthesis. matrix mineraiization, type n

collagen degradation and proteoglycan release.
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7. PUBLICATIONS
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this thesis:
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• Wu, C.W. and Poole, A.R. MlVIP-l is absent in fetal bovine cartilages.

Canadian Connective Tissue Conference. tvlontreal. QC. June, 1995.

• Wu, C.W.. Billinghurst.. R.C.. Pidoux. 1.. Tanzer. ~L. Brooks, E. and Poole,

A.R. .Irru"llunolocalization of collagenases MtvlP-l and 13 in human nonnal

and arthritic articular cartilages in relationship (Q c1eavage of type II collagen.

Canadian Orthopeadic Research Society ~feeting. Quebec City, QC. May,

1996.

• Wu. C.W.. Billinghurst.. R.C., Pidoux. L. Tanzer. ~l.. Brooks, E. and Poole,

A.R. Immunolocalization of collagenases MMP-l and 13 in human normal and

arthritic anicular cartilages in relationship to cleavage of type II collagen.,

Canadian Connective Tissue Conference. Toronto. ON. June, 1996.

• Wu, C.W., Hasty, K.A. and Poole. A.R. MivlP-13 but not MMP-l IS

synthesized in fetaI bovine gro\\'lh plate chondrocytes., 43rd Orthopedie

Researeh Society Annual Meeting, Vol. 22 pp.618, San-Francisco, CA,

February, 1997.

• Wu, C.W., Hasty, K.A. and Poole. A.R. MlVIP-13 but not MMP-l is

synthesized in fetaI bovine growth plate chondrocytes, Matrix

Metalloproteinases, Gordon Research Conference. New London, NH, July,
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105-113.

2. Wu. C. W.. Billinghurst, R.C., Pidoux. I.. Tanzer. M.• Brooks. E.. and Poole.

A.R.. lmmunolocalization of Collagenase MrvlP-l and 13 in Human Nonnal

and Arthritic Articular Cartilages in Relationship to Cleavage of Type II

Collagen.. manuscript in preparation.

3. Wu, C.W.. Hasty. K.A. and Poole. A.R. Ntrv1P-13 but not MMP-l is
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