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THESIS SUMMARY

Mucopolysaccharidosis type Vl (MPS Vl) is a lysosomal storage disorder,

characterised by a deficiency in N-acetylgalactosamine 4-sulphatase (4S), which is

required for the degradation of glycosaminoglycans (GAGs). lndividuals affected with

MPS Vl accumulate undegraded GAGs within the lysosomes of connective tissue

cells and display both soft connective tissue and skeletal abnormalities.

The skeletal pathology has been characterised in the naturally occurring MPS Vl cat,

which displays severe osteopenia. The osteopenia manifests as a reduction in both

the trabecular bone number and thickness. Further studies have revealed that MPS

Vl animals display a chronic reduction in the rate of bone formation throughout life,

contributing to the decreased bone mass.

The link between the failure to degrade GAGs and the skeletal pathology in MSP Vl

is not known. GAGs are key components of PGs, and in bone PGs are implicated in

functions known to be important for bone formation such as, extracellular matrix

(ecm) organisation, ecm mineralisation, modulating ecm function and bone cell

differentiation. Both the number of osteoblasts and their ability to produce and

elaborate an ecm capable of mineralising influences bone formation rate. As recent

evidence suggests normal osteoblast number in MPS Vl, the production of organic

matrix by MPS Vl osteoblasts was investigated, with the hypothesis that "the failure

to turnover GAGs in MPS Vt alters the ability of osteoblasfs fo elaborate a functional

ecm in bone."

Cultures were established from trabecular bone of normal and MPS Vl cats and

yielded a multilayer network of cells displaying morphological similarities to

osteoblasts. The MPS Vl phenotype was displayed throughout the culture period with
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MPS Vl bone cells displaying a 41.6 fold decrease in 45 activity, a 15.2 fold decrease

in 45 protein and a 13.9 fold elevated intracellular storage of undegraded GAGs.

Both normal and MPS Vl cultures also produced major osteoblast phenotypic

markers collagen type I and alkaline phosphatase.

MPS Vl cultures produced normal amounts of type I collagen (measured by the

amount of 3H proline labelled collagen as a percentage of total protein), were

produced by MPS Vl cultures - 20.03 t 2.95 % when compared to normal - 28.76 x

3.07 %. Normal levels of the osteoblast maturation marker, alkaline phosphatase

were also observed in MPS Vl cultures up to culture day 4. However day 5 cultures

displayed a potentiation in alkaline phosphatase levels in contrast to the normal

reduction suggesting a lag in MPS Vl osteoblast maturation. The rate of cellular

proliferation in MPS Vl cultures was also significantly elevated to 1.5 fold above

normal, in agreement with a departure in MPS Vl, from the normal processes

controlling the timely sequence of osteoblast maturation.

To further characterise osteoblast pathology, PG synthesis and turnover were

investigated. Normal and MPS Vl bone cells produced PGs of similar molecular

weight and composition, however a 1.9 fold and 1.75 fold decreased trend in the

rates of total PG synthesis and turnover were displayed by MPS Vl cultures. MPS Vl

cultures also secreted the GAG storage product into the culture medium.

The results strongly support the involvement of osteoblasts in the skeletal pathology

of MPS Vl and suggest that the reduced bone formation rate may partly arise from

the reduced ability of MPS Vl osteoblasts to mature and thus elaborate a functional

ecm. These results also support the importance of normal PG synthesis and turnover

mechanisms, which may function to maintain an ecm environment suited to modulate

cellular function in the skeletal system.
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Literature review and thesis aims

1.1 GENERAL INTRODUCTION

Mucopolysacchar¡dosis type Vl (MPS Vl) is an inherited lysosomal storage disorder in

which there is a deficiency in the lysosomal hydrolase N-acetylgalactosamine 4-

sulphatase (aS) (Neufeld and Muenzer 1995). This enzyme is necessary for the

catabolism of chondroitin sulphate (CS) and dermatan sulphate (DS)

glycosaminoglycans (GAGs) (Neufeld and Muenzer 1995) and patients with MPS Vl

exhibit a buildup of these undegraded GAGs within a range of connective tissue cells

including the osteoblasts and osteocytes of bone (Byers et al., 1997). MPS Vl

manifests itself clinically as a multi-tissue disorder, affecting both skeletal and soft

connective tissues. The skeletal pathology in MPS Vl includes short stature, joint

contractures, dysostosis multiplex, facial dysmorphia and epiphyseal dysplasia.

Although not life threatening, skeletal pathology has a major impact on the quality of

l6e experienced by patients and presents a significant challenge to the clinical

management of the disorder (Neufeld and Muenzer 1995).

ln bone, GAGs are present in the form of proteoglycans (PGs), consisting of a core

protein attached to one or more GAG chains (Fisher et al., 1987). Experimental

findings support the role of extracellular matrix (ecm) PGs as regulators of ecm

organisation and mineralisation, modulators of ecm function and regulators of bone cell

differentiation. Their mechanisms of action are thought to occur in part through their

interactions with other bone matrix components (lozzo and Murdoch 1996). The link

between the impeded GAG degradation in MPS Vl and the skeletal pathology remains

to be elucidated, but implies the PGs as key regulators of bone physiology.
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Research towards defìning MPS Vl skeletal pathophysiology has been greatly assisted

through the establishment of a large animal model of this disorder, the MPS Vl cat.

This animal model displays a similar biochemical and clinical profile to human MPS Vl,

most notably in the development of severe skeletal pathology (Haskins et al., 1980;

Konde et al., 1987). Histomorphometric analysis has shown MPS Vl bone to be

osteopenic, arising due to a decrease in the rate of bone formation (Byers et a1.,1997).

The work presented in this thesis was performed to further understand the skeletal

pathology in MPS Vl, by investigating the ability of normal and MPS Vl osteoblasts to

synthesise and also turnover components of bone organic matrix, in particular the

PGs.

ln view of the experimental approach, this chapter will examine the current

understanding of bone biochemistry with respect to tissue structure, composition, and

the regulatory mechanisms that influence its organisation and function. ln particular,

the role carried out by the osteoblast cells and the matrix PGs they produce will be

examined in detail.

3
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1.2 ANATOMY OF BONE

The fundamental role of bone is to provide not only structural support and protection to

the body's organs, but to also serve as a reservoir for calcium, magnesium and

phosphate, elements critical to the maintenance of normal cell and tissue function

(Glimcher 1992).

1.2.1 CORTICAL AND TRABECULAR BONE

All bone tissue composing the skeleton exists as either cortical (compact) bone or

trabecular (cancellous) bone (Singh 1978; Martin and Burr 1989). Cortical and

trabecular bone have the same composition, however the density and structure differs

conferring specifìc mechanical properties to each bone type (Buckwalter et a1.,1996a;

Einhorn 1996). Cortical bone, which forms approximately 80% of the mature skeleton

has four times the density of trabecular bone and is capable of resisting bending and

torsional forces as well as compressive loads (Nottesdad et al., 1987; Martin and Burr

1989; Recker 1992). Conversely, trabecular bone, which comprises approximately

2O% of the skeleton (Nottesdad ef al., 1987', Recker 1992) forms a threedimensional

branching lattice network oriented along lines of stress and is structurally suited for the

resistance of compressive loads (Goldstein et al., 1990). Trabecular bone also has

approximately 20 times more surface area per unit volume compared to cortical bone

and thus contains a higher proportion of bone cells (osteoblasts, osteoclasts and bone

lining cells) per unit volume (Singh 1978). lt also undergoes a higher metabolic

turnover rate compared to cortical bone (Buckwalter et al., 1996b) (Figure 1 .1).

4



Figure 1.1: A human proximal tibia showing the major anatomical regions of a

long bone.

Picture kindly provided by Dr. B. K. Foster
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1.2.2 WOVEN AND LAMELLAR BONE

The structure of cortical and trabecular bone can be either woven (primary) or lamellar

(secondary) (Sevitt 1981; Buclarualter 1994). Woven bone shapes the embryonic

skeleton and is then resorbed and replaced by mature (lamellar) bone as the skeleton

develops (Sevitt 1981). The normal adult human skeleton rarely contains woven bone

except in the case of bone laid down following tissue injury, treatments stimulating

bone formation and metabolic and neoplastic diseases or inflammation (Turner 1992).

Woven and lamellar bones differ in their composition, organisation and mechanical

properties. Woven bone has a rapid rate of deposition and turnover and it also shows

an irregular pattern of tissue organisation and contains approximately four times as

many bone cells per unit volume (Burr et al., 1989). The deposition of mineral is also

irregular and collectively these characteristics lead to a form of bone that is more

flexible, easily deformed and rather weak compared to lamellar bone (Martin and Burr

1989). ln contrast, lamellar bone contains a highly organised tissue structure with a

uniform distribution of mineral (Buckwalter et a\.,1996a; Einhorn 1996).

1.2.3 STRUCTURE OF BONE

The cortical and trabecular elements of bone are specifically arranged in order to

confer optimal resistance to mechanical loading (Gray 1995). The diaphysis region of

long bones predominantly consists of cortical bone and small amounts of trabecular

bone. lt also contains a central marrow core, which provides a source of osteoclast

and osteoblast cells as well as being the site of haemopoeisis (Buckwalter et al.,

1996a). The metaphysis region holds a greater proportion of trabecular bone

compared to cortical bone and is adjacent to the cartilagenous growth plate (Gray

5
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1995). The grovuth plate is a transitory tissue responsible for longitudinal bone growth

during childhood and at skeletal maturity, is resorbed by osteoclasts and becomes

continuous with the metaphyseal region (Howell and Dean 1992). The region beyond

the growth plate is a secondary growth center and collectively with the growth plate

forms the epiphysis.

The inner surface of cortical bone (endosteal layer) connects to the trabecular bone

and the surfaces of both bone types come into direct contact with the bone marrow

(Gray 1995). Furthermore, the endosteal layer and trabecular bone surface are lined

with cells that are either metabolically inactive or involved with bone synthesis and

resorption activities (Buckwalter ef a/., 1996a). The periosteal layer lining the outer

surface of cortical bone consists of two layers: an outer layer that is dense and fibrous

and an inner layer that is looser, more vascular and contains cells that may develop

into osteoblasts (Buckwalter et a1.,1996a) (Figure 1.1).

1.2.4 BLOOD SUPPLY TO BONE

Mature bones have an elaborate vascular system that supplies the cells of the marrow,

bone matrix and periosteum. The blood supplied to the diaphysis and metaphysis of

long bones comes from three sources: nutrient arteries, arteries that penetrate the

epiphysis and metaphysis and the periosteal arteries (Chung 1976; Gray 1995).

Nutrient arteries pass through the diaphysis, branch proximally and distally within the

cavity, and join to multiple capillaries arising from the periosteal and metaphyseal

arteries resulting in the medullary arterial system. The periosteum also contains a

second vascular network covering the outermost fìbrous layer, which connects to the

6
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vessels in the skeletal muscles and also to the medullary network, resulting in a dual

bone circulatory system (Chung 1976; Gray 1995) (Figure 1.2).

1.2.5 COMPOSIflON OF BONE

Bone is a composite material consisting of an organic and an inorganic matrix (Triffit

1g80; Glimcher 1992). By weight, approximately 70% of the tissue is inorganic,

composed of an analogue of the geologic mineral hydroxyapatite, Ca,''(PO4)6(OH),

(Glimcher 1992\. The organic matrix constitutes 22% to 25% of bone and the

remaining 5o/o to 8% is water (Carter and Spengler 1978) (Figure 1 .3)'

1.2.5.1 TNE ORCRNIC MATRIX OF BONE

Collagen type I is the predominant component of the organic matrix, constituting 90%

by dry weight. Small amounts of other collagen types (lll, V, Xl) together with non-

collagenous glycoproteins, PGs, and other regulatory factors such as growth factors,

cytokines and serum derived proteins constitute approximately 8% of the organic

matrix (Triffit 1980; Einhorn 1996). Collectively, these components are arranged into a

structure termed the extracellular matrix (ecm) (Robey and Boskey 1996). Bone cells;

osteoblasts, osteoclasts, osteocytes and bone lining cells, make up the remaining 2%

of the organic matrix (Buckwalter et a1.,1996a; Einhorn 1996) (Figure 1.3).

The ecm proteins of bone are predominantly synthesised by osteoblasts and may be

subdivided into structural and non-structural components (Robey 1996). The major

structural proteins in bone matrix are the collagens. These proteins are arranged into

7



Figure 1.2: The blood supply to bone.

The diaphysis, metaphysis and epiphysis of a long bone and their connections with the

periosteal, epiphyseal, metaphyseal and nutrient vessels are shown.

Adapted from Gray 1995.
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Figure 1.3: The composition of bone.

The matrix of bone is composed of numerous components including, various structural and regulatory proteins, water and hydroxyapatite

mineral
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extensive fìbrous bundles termed collagen fibrils, and function to provide a scaffold for

the housing of other matrix constituents (van der Rest and Garrone 1991). Collagen is

also the site of initial mineral deposition during bone mineralisation (Christoffersen and

Landis 1991) (Section 1.2.5.2). Non-structural matrix components such as those

belonging to the glycoprotein, phosphoprotein and the y-carboxyglutamic acid

containing class of proteins, serve regulatory roles integral to the bone formation

process (Robey and Boskey 1996). Their function and importance to bone has been

documented and will be reviewed in Section 1.5. Equally important to the presence of

the ecm constituents in bone, is their organisation within the matrix, a function which is

largely mediated through the ecm PGs (lozzo and Murdoch 1996). The major bone

matrix PGs are decorin and biglycan (lozzo 1999) although other PGs of less

abundance are also present in bone (Figure 1.3).

The synthesis and organisation of the organic ecm of bone, creates a

microenvironment conductive to the deposition of mineral, the final stage of bone

formation.

1.2.5.2 THC INOROANIC MATRIX OF BONE

The mineral deposited into the ecm of bone constitutes the inorganic matrix and is

composed of a calcium and hydroxide deficient apatite containing numerous impurities,

the most abundant of which is carbonate (Posner 1985; Rey ef al., 1991; Rey et al.,

lgg5). Magnesium, potassium, fluoride, acid phosphate and citrate are also common

substituents (Posner 1985; Rey ef al., 1991; Glimcher 1992: Rey ef a/., 1995).
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1 .2.5.2.1 MnrRtx MtNERALISATIoN

The initial deposition of apatite-like mineral in the ecm occurs at specific sites along the

collagen bundles, referred to as the gap regions (Glimcher 1984; Miller 1984). Gap

regions form as collagen monomeric units are arranged longitudinally in a quarter

stagger array, resulting in the formation of voids between and within adjacent lateral

aggregates (Hodge and Petruska 1963). lt has been postulated that the initiation of

mineralisation is supported by specific mineral nucleators present in the ecm. The

matrix proteins osteopontin, osteonectin and bone sialoprotein are potential candidates

as they have a high affìnity for collagen type I (Termine et al., 1981a; Fujisawa and

Kuboki 1992) and bind Ca2./hydroxyapatite strongly (Glimcher 1989; Boskey 1996).

Matrix vesicles (plasma-membrane derived organelles) have also been implicated in

this process (Christoffersen and Landis 1991). Matrix vesicles have been shown to be

secreted by osteoblasts rn vitro (Dean et a\.,1994; Montessuit et al., 1995) and in vivo

have been identified at the mineralisation front in developing bone (Christoffersen and

Landis 1991). Matrix vesicles contain several molecules that bind free calcium and are

thus though to serve as nucleators in apatite crystal formation (Anderson 1995; Boskey

1996; Boskey et a1.,1997).

Once mineralisation is initiated at the gap regions, it progresses along the collagen

fibrils in a controlled manner, extending to include the zones between the gap regions

(Christoffersen and Landis 1991). The exact mechanism(s) regulating apatite growth

are not known, but the matrix vesicles as well as ecm proteins in bone such as PGs

and osteocalcin have been implicated. The matrix vesicles are thought to provide a

source of phosphate during mineralisation as they contain several enzymes involved

with generating free phosphate such as alkaline phosphatase, adenosine triphosphate,
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and triphosphate pyrophosphohydrolase (Bonewald ef al., 1992: Hsu and Anderson

1996). Several observations support the role of PGs in actively modulating apatite

grovuth along the collagen fìbrils (see also section 1.6.4.2). ln vitro, they display an

ability to inhibit hydroxyapatite crystal growth (Chen and Boskey 1985) and have been

localised at the gap regions of collagen fìbrils (initial sites of mineral deposition) (Scott

and Haigh 1985). Furthermore, studies have identified changes in PG composition

during bone mineralisation (Tian et al., 1986; Prince et al., 1983; Sauren et al., 1992;

Takeuchi et al., 1990; Salter et al., 1994). Osteocalcin is also thought to serve a role

during matrix mineralisation, as revealed by the recent osteocalcin mouse knockout

model displaying a phenotype of excessive mineralisation (Ducy et al., 1996). The

observations suggest osteocalcin to be an inhibitor of mineralisation and processes

regulating its appearance or removal from the ecm may modulate the progression of

apatite crystal deposition (Ducy et a1.,1996).

It is evident from the above findings, that processes regulating the organic composition

of the ecm during mineralisation may play an important role in controlling the rate of

apatite crystal grovuth during mineralisation. Matrix vesicles contain a variety of

proteolytic enzymes that are thought necessary for the modification of the ecm during

mineralisation and thus have also been implied in regulating the mineralisation process

(Dean et al., 1994).

1.2.6 MECHANISMS OF BONE SYNTHESIS

Bone is a dynamic tissue that is continuously reshaped during growth and maturity,

thus there is a continual requirement for bone synthesis throughout life (Robey 1992).
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Although there is no basic difference in osteoblast mediated deposition of ecm at

various sites in the skeletal system, the precursors to the mechanism originate from

three distinct routes: endochondral, intramembranous or appositional mechanisms

(Buckwalter et al., 1 996b).

1 .2.6.1 EruoocHolrrDRAL osstFtcATloN

Endochondral ossification occurs at the growth plate region and is characterised by the

production of new bone by osteoblasts, on a cartilaginous template (synthesised by

chondrocytes) (Reddi 1981). This type of bone synthesis activity is responsible for the

development of the vertebral column, the base of the skull and the appendicular

skeleton during embriogenesis (Hall 1988). During childhood, longitudinal bone growth

and creation of trabeculae also arise through this mechanism (Buckwalter 1994).

Endochondral ossification begins with chondrocyte proliferation and maturation,

followed by hypertrophy of chondrocytes in the growth plate and their arrangement in

columns spanning the width of this tissue (Howlett 1980). They secrete a collagenous

matrix that becomes calcified, which is then followed by vascular invasion from the

metaphyseal area and subsequent partial degradation of the cartilage template by

osteoclasts (Schenk et al., 1968). ln its place, an ecm is synthesised by osteoblasts,

which adhere to the remaining cartilage template. The osteoblast secretes a unique

set of collagenous and non-collagenous proteins, which are organised into a structure

suitable for the deposition of mineral, and thus results in the synthesis of bone

(Buckwalter et al., 1 996b).
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1 .2.6.2 I ¡¡IRRN¡ET¡ARANOUS OSSIFICATION

lntramembranous ossification arises from the aggregation of undifferentiated

mesenchymal cells into layers or membranes where they synthesise a loose organic

matrix that contains blood vessels, fibroblasts and osteoprogenitor cells. The

osteoprogenitor cells further differentiate into osteoblasts and deposit an organic matrix

that becomes bone. This mechanism leads to the creation of cortical bone during

grovuth and maturity and is responsible for the synthesis of flat bones of the face, vault

of the skull and the pelvis in addition to bone synthesised during the healing of some

fractures (Reddi et al., 1987).

1.2.6.3 ApposlloNAl BoNE FoRMATIoN

Synthesis of bone by osteoblasts during appositional bone formation is initiated with

the alignment of osteoblasts (usually of periosteal origin) on an existing bone surface

resulting in the synthesis of osteoid that subsequently mineralises to form bone

(Buckwalter et al., 1996b). During skeletal development and growth, the bone

synthesised during endochondral and intramembranous ossification is covered by

periosteum. The periosteal osteoþlasts then add new bone by secreting osteoid on the

outer surface, thereby enlarging the bone layer by layer (Buckwalter et a\.,1996b).

1.2.7 MODELLING AND REMODELLING OF BONE

During growth and maturity, bone is in a constant dynamic state where its removal by

osteoclasts is followed by new bone synthesis through the action of osteoblast cells

(Parfìtt 1995). During growth, more bone is synthesised than removed and results in
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the net formation of bone. As it grows, bone is remodelled into a new shape, a

process referred to as bone modelling (Sevitt 1981). For example, during

endochondral ossifìcation, the metaphysis must be reshaped continually to form a

smooth transition between the newly deposited bone in the metaphyseal region and

bone in the diaphysis (Sevitt 1981). This modelling is accomplished by osteoclast

mediated bone resorption on the endosteal surface and by the synthesis of new bone

at the periosteal surface, through appositional bone synthesis mechanisms (Ruff and

Hayes 1982). This modelling results in an increase in diaphysis diameter and a

decrease in cortical thickness in the long bones (Ruff and Hayes 1982).

ln contrast, the removal and subsequent deposition of bone during early adult hood is

equivalent and in the absence of disease results in bone that is unaltered in shape

(Sevitt 1981). This remodelling process occurs through a sequence of events that

include osteoclast activation, resorption of bone, osteoblast activation and synthesis of

new bone at the initial site of resorption (Parfitt 1995). The two principal functions of

bone remodelling are maintenance of mechanical strength by continuously replacing

fatigued bone with mechanically sound bone and mineral homeostasis by providing

access to skeletal stores of calcium and phosphorous (Dempster 1999).

Thus, modelling and remodelling are physiological processes that characterise bone

formation and enable bone to function as a tissue responsive to both homeostatic and

physical demands. ln turn, the effectiveness by which bone carries out these functions

is determined by the activities of osteoblasts and osteoclasts, the activities of which are

13
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modulated by numerous factors both present ¡n the ecm and systemically derived

(Frost 1986; Recker 1992).

1.3 OSTEOBLAST BIOLOGY

Osteoblasts are the skeletal cells responsible for bone synthesis. The ability of an

osteoblast to synthesise the organic matrix of bone, both during grov'rth and maturity, is

a function that is tightly controlled by local and systemic factors, which modulate both

cellular differentiation and function / activity (Aubin 1998a).

1.3.1 ORIGIN OF OSTEOBLASTS

Osteoblast cells arise from pluripotential mesenchymal stem cells contained in the

bone marrow stroma, as reviewed in Owen 1988; Friedenstein 1990 and Aubin 1998b.

The stroma itself consists of a heterogeneous mixture of vascular and connective

tissue-type cells (Dexter 1982). The earliest putative stromal cell precursors have

been identified in bone marrow, from a variety of species including humans, by their

ability to generate from single-cell suspensions of fibroblast-like clonogenic

progenitors, termed colony forming unit-fibroblasts (CFU-F) (Friedenstein et al., 1970:

Castro-Malaspina et al., 1980). ln support of a pluripotent stromal stem cell, ectopic

transplantation of marrow-derived CFU-F into diffusion chambers in the murine system

have shown that a minor proportion of CFU-F demonstrate the capacity to develop into

marrow organs containing the full spectrum of stromal elements including osteoblasts,

smooth muscle cells, reticular cells, adipocytes and a number of different types of

vascular endothelial cells (Friedenstein 1980; Friedenstein et al., 1987). ln human
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studies, the ectopic transplantation of human bone marrow cells in diffusion chambers

into nude mice has failed to provide evidence for the existence of cells with osteogenic

potential (Owen 1988). However, CFU-F purified with the STRO-1 antibody from

normal human marrow have been shown to form an adherent stromal layer in vitro,

and depending on culture conditions, differentiate into a number of distinct stromal cell

types including fibroblasts, smooth muscle cells, adipocytes (Simmons and Torok-

Storb 1991 ) and cells with an osteogenic potential (Gronthos et al., 1994).

1.3.2 THE OSTEOBLAST LINEAGE

The process of osteoblast differentiation from their stromal cell precursors is a complex

and multistage event that is regulated by transcriptional elements, cytokines, growth

factors and hormones, reviewed in Aubin 1998a, 1998b. lt occurs via a series of 4

major transitional stages which have been characterised by morphologic, biochemical

and molecular criteria to comprise the: pre-osteoblast, osteoblast, osteocyte and bone

lining cell (Holtrop 1975; Doty and Schofield 1976; Marks and Popoff 1988; Bonucci

1990; Aubin 1998a, 1998b). The location of the 4 major osteoblastic lineage cells

within bone, along with the osteoclasts are depicted in Figure 1.4. Each cell carries out

a distinct and important role that contributes to the overall process of bone matrix

synthesis. The specific functions of these cells will be discussed in the subsequent

sections.

The differentiation events prior to the expansion of the pre-osteoblast however, remain

less well defined but development of antibodies that recognise early osteoblast

differentiation stage-specific cell surface antigens, are providing a further insight. For

15



Figure 1.4: The location of bone cells.

The osteoblasts originate from stromal cell precursors and line the bone surface at active sites of bone formation' They can further

differentiate into either bone lining cells or integrate into the osteoid (unmineralisaed bone matrix) during bone matrix synthesis and become

osteocytes. The osteoclasts are derived from the haematopoietic precursors and function to degrade the mineralised matrix of bone'

Adapted from Marks and Popoff 1988.
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example, antibodies generated against the STRO-1 antigen, have shown the antigen

to be present in a subset of cells from CFU-F (the earliest osteoblast precursor cells)

that can differentiate into osteoblasts under a defined set of culture conditions

(Gronthos et a1.,1994). The SB-10 antibody recognising ALCAM (activated leukocyte

cell adhesion molecule) (Bruder et al.,1997), and the human osteoblast -26 (HOB-26)

antigen recognising antibody (Joyner et al., 1997) have allowed identification of a

subset of human osteoblast cell populations further down-stream of STRO-1 but do not

recognise alkaline phosphatase positive cells (presumably pre-osteoblasts and

osteoblasts). Numerous other down stream cell surface antigens have also been

identified and are depicted in Figure 1.5, reviewed in Aubin and Liu 1996. With

continued effort to identify osteoblast-specific cell-surface antigens, it is hoped that

they may provide further information on the differentiation stages in osteoblast

development.

1 .3.2.1 PRe-osrroBLAST

Following differentiation to a committed osteoprogenitor, is the development of pre-

osteoblasts (Aubin 1998a). ln vivo studies have identified the pre-osteoblasts in part

by their localisation in the adjacent few cell layers distant from the active osteoblasts,

which line bone surfaces (Cooper et al., 1966). These cells resemble osteoblasts

histologically and ultrastructurally but have not yet attained some of the differentiated

features of fully mature cells such as the expression of matrix protein osteocalcin, a

marker for fully mature osteoblasts (Aubin and Liu 1996).
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1.3.2.2 OsreoalRsr

Osteoblasts are post-proliferative, cuboidal, strongly alkaline phosphatase positive

cells lining bone matrix at sites of active matrix production (Aubin 1998a).

Biochemically, the mature osteoblast phenotype is characterised by its ability to

synthesise an ecm, which mineralises and is recognised as bone (Aronow ef a/., 1990;

Malaval et al., 1994). ln vrTro, osteoblasts are characterised by their ability to

synthesise a set of bone ecm proteins in a temporally regulated manner (Section

1.3.4). Of all the cells in the osteoblastic lineage, mature osteoblasts have been the

most extensively characterised and shown to play a central role in bone formation.

The role of osteoblasts during bone formation together with elements that control their

function will be discussed in Section 1.3.4. Osteoblasts may also further differentiate

into osteocytes and bone lining cells. Their roles are slowly being elucidated and they

are becoming increasingly recognised as impoftant components of the bone formation

process.

1.3.2.3 Osreocvte

During ecm synthesis, a small proportion (10 to 20%) of osteoblasts incorporate

themselves within the newly formed matrix and these embedded cells, the osteocytes

are considered the most mature differentiation stage of the osteoblastic lineage (van

der Plas' et al., 1994; Nijweide et al., 1996). Osteocytes are defined as

postproliferative, smaller than osteoblasts, lost many of their cytoplasmic organelles

and are considered to be relatively metabolically inactive due to the decreased

production of ecm proteins compared to osteoblasts (Nijweide ef a/., 1996). ln

mineralised bone, osteocytes are located within ellipsoidal cavities termed lacunae and
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are extensively connected to one another as well as to osteoblasts, bone lining cells,

and the pericytes of capillaries and sinusoids. They supply nutrients to osteocytes and

other bone cells, by cytoplasmic processes, which contain gap junctions (Menton et al.,

1984; Palumbo et al., 1990).

Current experimental evidence indicates that osteocytes are sensory cells capable of

(1): detecting the local mechanical and biochemical environment and (2): conveying

the signal to one another and to osteoblasts and osteoclasts, thereby influencing

bone's remodelling response (Aarden et al., 1994; Burger et al., 1995; Turner and

Forwood 1995; Noble and Reeve 2000). The strongest candidate mechanism

whereby the osteocyte can register a mechanical loading signal is through shear-

generated forces applied across the plasma membranes of their cell bodies within

lacunae and across their cell processes within canalicular channels (Duncan and

Turner 1995). This is thought to occur when the extracellular fluid within the

canaliculae is displaced by mechanical distortion of the surrounding matrix (Klein-

Nulend et al.,1995a). Recent experiments have indicated that distortion of the plasma

membrane, (such as that which occurs due to hypotonic swelling) increases Ca2* influx

into osteocytes by a mechanism involving stretch activation of Ca2* channels located

on cytoplasmic processes (Miyauchi ef a1.,2000). Such findings provide a mechanism

whereby mechanical loading is transferred into an intracellular chemical response.

The intracellular chemical response in osteocytes may be further elaborated through

the upregulation of various candidate signal mediator genes. This was suggested by

the ability of both mechanical loading of bone or stretching of osteocytes in vitro to

cause a rapid induction in osteocyte mRNA expression of various candidate signal
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mediator genes such as insulin-like growth factor I (Lean et a1.,1996), prostaglandins 6

to B and cyclooxygenase-2 (Kawata and Mikuni-Takagaki 1998), nitric oxide synthase

(Klein-Nulend ef al., 1995a; Klein-Nulend ef a/., 1995b) and c-fos (Lean et al., 1996;

Kawata and Mikuni-Takagaki 1998). ln turn, these signal mediators may participate in

the pathway destined to elicit a suitable response in osteoblasts and is supported by

the recent finding of functionally coupled gap junctions between osteocytes and

osteoblasts (Yellowley et al., 2000).

1.3.2.4 Borue LTNTNG cELL

Following bone matrix production, an osteoblast may become quiescent and develop

into a bone lining cell, which lines the surface of the newly formed matrix (Marks and

Hermey 1996). The bone lining cells contain cytoplasmic extensions that penetrate the

matrix and come into contact with the osteocytes (Lian and Stein 1996). Their function

remains controversial and they have been reported to both re-activate into matrix

synthesising cells (osteoblasts), following mechanical loading (Chow et al., 1998) and

to initiate osteoclastic resorption of bone. The latter occurs by partially dissolving the

collagenous bone matrix, which appears to permit osteoclast attachment and

subsequent bone resorption (Recker 1992; Bord ef a/., 1996)

1.3.3 REGULATION OF OSTEOBLAST DIFFERENTIATION

As the osteoblast is a key mediator of bone formation, the regulation of its

differentiation from the stromal progenitors to a fully mature and active cell is a major

determinant of the bone formation rate. Osteoblast differentiation is regulated by a
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Figure 1.5: The osteoblast lineage.

Osteoblast differentiation is shown together with cell surface and matrix protein markers identified at those stages. The major molecular

regulators of cellular differentiation are also presented, which are thought to act at specific stages of osteoblast development - depicted by the

solid blue vertical guide lines.

Adapted from Lian and Stein 1999.
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multi-step series of integrated events including gene transcription, growth factor and

hormonal control mechanisms (Figure 1.5).

1 .3.3.1 TRNXSCRIPTIONAL CONTROL OF OSTEOBLAST DIFFERENTIATION

Numerous transcription factors have been shown to control osteoblast differentiation

(Figure 1.5), however to date, the earliest and most specific transcription factor known

to affect osteoblast differentiation is Cbfa1. This regulatory element plays a role

apparently not redundant with the function of any other gene during osteoblast

differentiation (Karsenty 1998; Komori and Kishimoto 1998; Franceschi 1999).

Functional studies have shown that the full length transcript of Cbfa 1, osteoblast

specific transcription factor-2 (OsÊ2) is a cis-acting element that binds to the

osteoblast-specific cis-acting element-2 (Ose-2) and regulates the expression of

multiple genes in osteoblasts (Ducy et a\.,1997). During development, Osf-2 is initially

expressed in every mesenchymal condensation. lts expression marks a cell that

appears to be a common progenitor for osteoblasts and chondrocytes (Ducy et al.,

1gg7). However, as development progresses, Osf-2 expression is restricted to the

cells of the osteoblastic lineage and cannot be detected in chondrocytes, fibroblasts or

any other mesenchymal cell types to any appreciable level (Ducy et al., 1997; Otto ef

at., lgg7). Thus Cbfal is a positive and central regulator of osteoblast differentiation in

early embryogenesis (Komori and Kishimoto 1998; Ducy et al., 1999). The non-

redundant function of Osf-2 during skeletal development was recently demonstrated

genetically in both humans and in mice. Mice deficient in Cbfal have a normally

patterned skeleton, but all the skeletal elements are either made of cartilage, if formed

through endochondral ossification or mesenchymal cells, if formed through
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intramembranous ossification (Komori et al., 1997; Otto ef al., 1997). No osteoblasts

were present leading to a total absence of osteogenesis. Furthermore, the phenotype

displayed by a heterozygous Cbfal deficient mouse in one of these models is identical

to humans with cleidocranial dysplasia (CCD) (Otto ef al., 1997). Further analysis

revealed mutations in the Cbfal gene in humans with CCD confirming the paramount

importance of this transcription factor during osteoblast differentiation (Lee et al., 1997:

Mundlos et al., 1997). The transient expression of Cbfal in early embryogenesis,

followed by an upregulation in the late stages of bone development suggests that this

factor may play a sustained role in the final stages of osteoblast differentiation (Ducy ef

al., 1gg7). Experiments with transgenic mice have shown that Cbfal regulates the

level of bone matrix deposition by already differentiated osteoblasts, suggesting an

additional role in regulating osteoblast function (Ducy et a\.,1999)'

Bapxl and Msx2 are other transcription factors, which may act upstream or down

stream to Cbfa-1, but unlike Cbfa-1, they are not osteoblast specific (Gehring et al.,

1gg4). These are members of the homeodomain gene family of transcription factors

and their importance for normal bone formation has been realised by skeletal

abnormalities that result from mutations or misexpression of these factors in human

and mouse models (Lufkin et al., 1992; Jabs ef a/., 1993; Tribioli and Lufkin 1999)'

Bapxl null mice are affected by a perinatal lethal skeletal dysplasia and asplenia, with

severe malformation or absence of specific bones of the vertebral column and cranium

(Lufkin et al., 1992). Mutations in the Msx2 gene in humans has been shown to be

associated with automosal dominant craniosynostosis, an abnormal skull shape (Jabs

et a1.,1993). Bapxl (Tribioli and Lufkin 1999) and Msx2 (Satokata et a1.,2000) have
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been localised to preosteoblasts and are thought to positively regulate the expression

of Cbfa-1. Other transcription factors include the fos (c-fos, fra1, fra2) and jun (c'jun,

jun-D, jun-B) oncogene-encoded families, which also exhibit developmental, stage

specific expression and activities during osteoblast development ln vivo (\Aachwate ef

a/., 1gg5) and in vrlro (McCabe ef a/., 1995). ln vivo immunohistochemical staining has

localised c-fos in osteoprogenitor cells (Machwate et a1.,1995) whereas fra2 andjun-D

expression has been observed in differentiated osteoblasts (McCabe et al., 1996).

Osteoblast cultures established from mice over-expressing the c-fos gene exhibit

perturbations in growth control and express decreased levels of osteocalcin (a marker

of mature osteoblasts) indicating the importance of c-fos in establishing the osteoblast

phenotype (Grigoriadis et a1.,1993). Furthermore, the specific repressor and enhancer

activities of c-fos/c-jun and fra2ljun-D respectively on the expression of osteocalcin,

have demonstrated their importance in regulating progressive maturation of the

osteoblast phenotype (McCabe et a\.,1996)'

1.3.3.2 GNOWTH FACTOR, CYTOKINE AND HORMONAL CONTROL

Numerous growth factors, which act to support osteoblast differentiation, have also

been identified (Figure 1.5). The secreted molecule lndian hedgehog (lhh) is a growth

factor that has a great impact on osteoblast differentiation in vivo (St-Jacques et al.,

lggg). Misexpression experiments in the chick first identified lhh as a regulator of

chondrocyte differentiation (Vortkamp et al., 1996). Unexpectedly however, lhh

deficient mice that survive to birth lack osteoblasts in bones formed through

endochondral ossification in addition to the chondrocyte phenotype (St-Jacques ef a/.,

l ggg). Osteoblasts appear to be present in bones formed via intramembranous

22



Literature review and thesis aims

ossification suggesting that other growth factors control osteoblast differentiation in

these tissues (St-Jacques et al., 1999). To further understand the pathway of lhh

action in osteoblast differentiation, hedgehog interacting protein (HlP), was

overexpressed in the chondrocytes of model mice. HIP antagonises the action of lhh

and its overexpression in chondrocytes produced the expected disorganised

chondrocyte phenotype (Chuang and McMahon 1999). However, osteoblast formation

was normal (Chuang and McMahon 1999). To date, it is not known whether this

results from a direct or an indirect consequence of the absence of lhh signaling.

Furthermore, it is not known if this is a result from a delay in osteoblast generation or

an irreversible arrest of differentiation (Chuang and McMahon 1999). What seems

clear however is that the failure of osteoblast differentiation in bones forming through

enchondral ossification in the lhh deficient mice is not a consequence of the defect in

chondrocyte differentiation as demonstrated by the phenotype produced in HIP

overexpressing mice (Chuang and McMahon 1999)'

The bone morphogenetic proteins (BMPs) are members of the transforming growth

factor B 11GF-B) superfamily, a large family of secreted signaling molecules (Kingsley

1gg4). Localisation of members of the BMP family to the developing skeleton has

provided strong evidence of an important role for individual BMPs in mediating skeletal

patterning as well as skeletal cell differentiation. Of the 13 BMP subtypes, the in vivo

osteogenic capacity of BMP2 (Wang et a1.,1988), 4 (Hammonds ef al., 1991), 5 (Cox

et al., 1991), 6 (Gitelman et al., 1994), 7 (Sampath et al., 1992) and I (Celeste et al.,

1gg4) has been demonstrated by the formation of bone following ectopic implantation

in the rat. Heterodimeric forms of known osteogenic BMPs, including B¡\AP-417, BMP-
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217 and BMP-2/6 have also been shown as osteoinductive (Aono et al., 1995; lsrael et

a/., 1996). ln vitro, the most striking and characteristic activity of osteogenic BMPs

(such as BMP2) is their ability to stimulate the differentiation of adult or embryonic

mesenchymal precursor cells in an osteoblastic or chondroblastic direction (Yamaguchi

et al., 1991).

Other growth factors include, basic fibroblast growth factor (FGF-2) and TGF-8, which

are both potent mitogens for periosteal osteoprogenitors and marrow stromal cells

(Noda and Camilliere 1989; Hock et al., 1990; Nakamura et al., 1995). In vivo

administration of FGF-2 results in an increase in the number of osteoblasts and new

bone formation (Mayahara et al., 1993; Nakamura et al., 1995; Nagai et al., 1995). In

vivo, overexpression of TGF-p2 function in mice results in an osteoporosis-like

phenotype characterised by an overall increase in bone resorption, a large increase of

osteocyte numbers and the presence of a hypomineralised matrix (Erlebacher and

Derynck 1996). An increase in osteocyte number was also reported in a mouse model

overexpressing a dominant negative form of the type ll receptor for TGF-p in

osteoblasts (Erlebacher ef a/., 1998). These observations suggest that TGF-B may

control the steady-state rate of osteoblast differentiation. Both FGF'2 and TGF-B are

produced by the cells of the osteoblast lineage and are stored in the ecm, thus

providing a local mechanism for stimulating proliferation of osteoprogenitors in the

bone microenvironment (Hauschka et a1.,1986; Long ef a/., 1995).

Leukemia inhibitory factor (LlF) has also been implied in enhancing differentiation of

pre-osteoblasts (Cornish ef al., 1993), whereas both platelet derived growth factor
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(PDGF) and epidermal derived growth factor (EGF) have been identified as important

stimulants in the proliferation of CFU-Fs (Owen et al., 1987).

Hormones such as parathyroid hormone (PTH) and PTH-related peptide (PTH-rP)

have been implied to stimulate the growth of osteoprogenitor populations (Fitzpatrick

and Bilezikian 1999). lnterestingly, heterozygous PTH-rP null mice, exhibit an

osteopenic phenotype soon after birth and their marrow contains an abnormally high

number of adipocytes most likely arising from an alteration in stem cell differentiation

(Amizuka et al., 1996). The effect of glucocorticoids such as dexamethasone have

been shown to both stimulate the growth and differentiation of CFUs and

osteoprogenitors in many marrow stromal cell cultures (Shalhoub et a1.,1998).

1.3.4 REGULATION OF OSTEOBLAST FUNCTION

The complex processes controlling osteoblast differentiation represent one level at

which the bone formation rate is modulated. As the osteoblast differentiates into a

mature bone synthesising cell, its activity is also subject to modulation by a variety of

elements including growth factors as well as other ecm components and represents a

further level at which the rate of bone formation is regulated.

1.3.4.1 GNOWTH FACTOR MODULATION OF OSTEOBLAST FUNCTION

As the osteoblast attaches to the surface of bone during ecm synthesis, it inevitably

becomes exposed to a growth factor rich matrix. The growth factors within the ecm

are thought to be released/activated by osteoclastic action during bone modeling or
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remodeling providing a mechan¡sm by which bone cell activity may be modulated

(Canalis et al., 1988b). The growth factors within the ecm are mainly produced by the

osteoblasts and become incorporated into the ecm during bone synthesis (Hauschka

et al., 1986), however small amounts originating systemically from serum may also be

incorporated into the matrix (Lind 1996). A summary of the major growth factors

secreted by osteoblasts and their major affect on bone cell function is presented in

Appendix 1 - Table 1. ln general, growth factors act on osteoblast cells to affect

cellular replication and promote their metabolic functions. Their actions generally lead

to an overall stimulatory effect on bone synthesis and thus promote bone formation

and include insulin-like growth factors I and ll (lGF-l & -ll), FGF-2 and TGF-B

(Appendix 1 - Table 1). The growth factor, TGF-B is particularly important to bone

synthesis and is thought to be the most potent multifunctional regulator of osteoblast

cell activity (Centrella et al., 1994b). Bone contains 100 times more TGF-B than any

other connective tissue and osteoblast cells bear the highest amount of TGF-

p receptors (Bonewald and Mundy 1989; Robey et a1.,1987). TGF-B is stored in bone

in a latent form (Jennings and Mohan 1990), is thought to be released and activated

during osteoclastic bone resorption (Oreffo et al., 1989) and to play an important role in

the regulation of bone metabolism (Centrella et a1.,1994b). ln primary osteoblast cells,

it has stimulatory effects on osteoblast proliferation, collagen type l, PG and fibronectin

synthesis (Wrana et al., 1988; Hock et al., 1990), but inhibits differentiated function

(Centrella et al.,'1987; Chen et al., 1991). TGF-B is also a strong chemotactic agent

for these cells (Centrella ef al., 1994b). ln vivo, TGF-B stimulates bone formation

(Noda and Camilliere 1989).
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1.3.5 OSTEOBLAST GULTURES AND REGULATION OF FUNCTION BY THE

EXTRACELLULAR MATRIX

Osteoblast differentiation and activity are major determinants of bone formation and

are modulated by multiple integrated transcription and growth factor mediated events

during the bone formation process (Sections 1.3.3 and 1.3.4). Additionally, as a cell

primarily devoted to matrix production, the osteoblast must have the ability to monitor

the composition of the ecm it is secreting as well as being able to modify matrix

production to accommodate the changing mechanical needs of bone. An increased

awareness has been placed on the ecm as a key modulator of osteoblast proliferation

and activity. With the advent of being able to culture cells displaying osteoblast-like

properties, the function of osteoblasts has further been elucidated along with the

numerous matrix components implemented in the control of their activity (reviewed in

Section 1.3.5.3). The subsequent sections will therefore focus upon the use of

osteoblast cultures in defining osteoblast function and the identity of and mechanisms

by which the ecm components of bone are thought to modulate osteoblast function.

1.3.5.1 IN wTnO CULTURE OF PRIMARY OSTEOBLAST CELLS

The ability to culture cells obtained from bone tissue that display vast phenotypic

similarities to osteoblasts rn vivo was first reported by Peck et al., 1964. Since then,

ultrastructural and histochemical analysis has shown that osteoblast populations

derived from primary cultures of calvarial bone cells produce bone tissue-like

properties in culture, characterised by the formation of cellular multilayers (either

uniform or in nodule-like arrays) and the production of copious amounts of ecm which

becomes mineralised (Ecarot-Charrier et al., 1983; Whitson et al., 1984; Gerstenfeld ef
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al., 1987: Pockwinse et al., 1992). Using primary bone derived cell cultures or cultures

established from osteoblast-like cell lines, a reproducible temporal pattern representing

the developmental expression in genes related to osteoblast cell grovrrth control and

bone matrix protein production has been documented (Gerstenfeld ef al., 1987: Owen

et al., 1990; lbaraki et al., 1992). Furthermore, the temporally controlled gene

expression pattern is analogous to osteoblast maturation in vivo and is thus thought to

define the developmental stages of osteoblast maturation (Dodds et al., 1994; Mundlos

1994; de Pollak et al., 1997; Nefussi et al., 1997). The identification of temporally

controlled growth and matrix associated genes produced by osteoblast-like cultures,

has assisted investigations into defining the regulatory elements which support

progression of osteoblast growth and function (Bellows et al., 1987: Antosz et al.,

1989; Owen et al., 1991 ; Shalhoub et al., 1992; Breen et al., 1994; Harris et al., 1994).

1.3.5.2 THe OSTEOBLAST DEVELOPMENTAL SEQUENCE OF GENE EXPRESSION

By combined application of northern blot analysis, rn sffu hybridization, nuclear run-

on transcription and histochemistry, the sequential expression of cell growth and

tissue-specific genes has been mapped during progressive development of the bone

cell phenotype in fetal rat calvarial cells and in cultures of osteoblasts from several

species and several sites (Owen et al., 1990; Stein et al., 1990). With the most

extensive studies being conducted in rat calvarial derived cultures, three principle

developmental periods have been defined, each characterised by the restricted

expression of specific subsets of cell growth and tissue related genes (Owen et al.,

1990; Stein et al., 1990) (Figure 1.6). This expression of bone related genes has

also been shown to resemble the expression pattern of bone matrix proteins in vivo
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Figure 1.6: The osteoblast maturation sequence

Long-term fetal rat calvarial derived osteoblast-like cells undergo a maturational sequence of events in culture" This is characterised by the

restricted expression of several osteogenic markers to distinct commitment periods in the osteoblast developmental pathway. The

commitment periods are matrix synthesis / cellular proliferation, matrix maturation and matrix mineralisation.

The osteogenic markers characterising the osteoblast phenotype are shown, with the major ones being highlighted below:

FN - fibronectin OP - osteopontin

PGs - proteoglycans MGP - matrix y-carboxyglutamic acid protein

TGF-P - transforming growth factor beta

H4 - histone H4

c-fos - transcription factor

Reproduced from Stein et a1.,1990

COL I -collagen type I

AP - alkaline phosphatase

OC - osteocalcin
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(Yoon et al., 1987; Nomura et al., 1988; Weinreb et al., 1990; Dodds et al., 1994;

Mundlos 1994; de Pollak et al., 1997; Nefussi et al-, 1997).

The first period is associated with earlydifferentiated osteoblast function and is

characterised by osteoblast proliferation and ecm synthesis. Specifically, proliferation

supports expansion of the osteoblast cetl population to form a multilayered culture. At

this tirñe, a set of cell cycle (histone H4) and cell growth (c-myc, c-fos and c-jun

transcription factors) related genes are expressed together with expression of genes

encoding growth factors (e.g., FGF, IGF-I), cell adhesion proteins (e.9., fibronectin)

and others implicated to support ecm deposition (e.g.,TGF-Þ, type I collagen, PGs,

osteopontin) (Owen et a1.,1990; Stein et a1.,1990). The second developmental stage

begins at the post-proliferative period, which is associated with ecm maturation'

During this time, the matrix undergoes modification in composition and organisation,

rendering it competent for the ordered deposition of mineral (Owen et a1.,1990; Stein

et al.,1996). The production of proteins synthesised during ecm synthesis phase is

down regulated and the production of alkaline phosphatase (a progressive

maturational marker for osteoblasts) and matrix GLA protein reach maximal levels prior

to their down regulation (Owen et al., 1990; Stein et al., 1990)" During the third

developmental period, expression of proteins related to the accumulation of

hydroxyapatite in the ecm is maximal. Specifically, the expression of genes encoding

proteins with mineral binding properties such as osteopontin (which is upregulated

once again to higher levels) osteocalcin and bone sialoprotein is expressed at maximal

level. During this period the ecm also undergoes mineralisation (Owen et al., 1990;

Stein et al.,1gg0). The collective production of these proteins by osteoblast cells in
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cu¡ture, their restricted express¡on and the ability of the ecm to mineralise defines the

osteoblast phenotype (Owen et a1.,1990; Stein et a1.,1990).

1.3.5.2.1 SPECICS AND SITE SPECIFIC OSTEOBI.AST DEVELOPMENTAL PATTERNS OF GENE

EXPRESSION

Atthough, the strict temporal regulation of bone matrix protein synthesis events

observed during the cultivation of fetal rat osteoblastlike cells has also been shown to

occur in osteoblast cells derived from other species including fetal chicken (Gerstenfeld

et al., 1989) fetal bovine (lbaraki et al., 1992), adult human (Siggelkow ef a/., 1999),

ovine (Collignon et al., 1997) and rat tibial cultures (Stringa et al., 1995), there are

differences observed in the timing of the maturation events, most likely as a

consequence of species differences, variation in bone sample location and changes in

culture conditions. These differences occurring between rat and other species have

been best characterised and compared in the human osteoblast cultures derived from

adult spongiosa (Siggelkow et a1.,1999). The cultures derived from adult human bone

synthesise all the major noncollagenous proteins and predominantly collagen type l,

with results showing a similar time dependent expression of alkaline phosphatase and

procollagen I expression (Siggelkow et al., 1999). However, the quantitative changes

of expression are attenuated in human cultures compared to the rat system (Siggelkow

et a1.,1999). ln addition, human osteoblast cultures continue to proliferate as opposed

to the plateauing of growth in the rat system, and mineralisation along with an increase

in basal osteocalcin expression is not observed (Siggelkow ef a/., 1999). These

observed differences may be due to age and site specificity of the sample since the

expression pattern related to rat calvarial derived osteoblasts was partially reproduced
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in human calvarial cells (de Pollak et al., 1997). Additionally, mineralisation in human

cultures has only been observed under the permissive conditions using B-

glycerophosphate (a phosphate source) and ascorbate (which allows collagen cross

link formation) (Gundle and Beresford 1995). The nodule formation observed in rat

(Nefussi et al., 1985; Bellows et al., 1986), chicken (Gerstenfeld et al., 1988) and

human calvarial cultures isolated from newborns (de Pollak et al., 1997) could not be

reproduced in primary human osteoblasts from adult spongiosa in vitro (Ashton et al.,

1985; Gundle and Beresford 1995). Nevertheless, since all the major noncollagenous

proteins and predominantly collagen type I are produced in these cultures, these

explant systems have proven invaluable to study osteoblast function in normal and in

pathological conditions (Section 1.3.6). Thus regardless of species differences, the rn

vitro model of osteoblast development represents a reliable biological system for

studying osteoblast function.

1.3.5.3 RCCUUTION OF OSTEOBLAST FUNCTION BY ECM COLLAGEN AND FIBRONECTIN

Several studies have shown that the maturational progression of osteoblast-like cells in

culture is enhanced and accelerated when cultured on a type I collagen substrate.

Fetal rat calvarial osteoblast cells cultured on a type I collagen substrate show

increased levels of osteonectin and alkaline phosphatase (indicative of enhanced

osteoblast-maturation) and an accelerated temporal expression of osteocalcin and

osteopontin (indicative of an accelerated maturational sequence of events) (Lynch ef

a/., 1gg5). Similar results were obtained for osteoblast cell lines Masi et a1.,1992; Shi

et a1.,1996). ln further support of the importance of collagen type l, ascorbic acid (an

essential co-factor for collagen fibril formation) was found to be an essential factor for
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osteoblastic maturational progression and mineralisation of primary osteoblast cultures

and non-transformed osteoblast cell lines such as murine MC3T3-E1 cells (Gerstenfeld

eta1.,1987; owen etal., 1990; lbaraki etal', 1992; Quarles etal', 1992)' Culturing

osteoblastlike cells in increasing concentrations of ascorbate-2-phosphate (ascorbic

acid) also resulted in increasing levels of ecm accumulation, alkaline phosphatase and

mineral deposited into the ecm (Franceschi and lyer 1992', Franceschi et al., 1994)'

The enhanced maturational effects of ascorbic acid on osteoblasts were shown to be

mediated by the collagenous matrix, as disruption of matrix secretion with specific

inhibitors or enzymatic digestion of secreted collagen blocked the induction of

osteoblast-related matrix proteins and mineralisation of cultures (Franceschi ef a/.,

1gg4). These in vitro results indicate the importance of collagen type I in supporting

and modulating the function of osteoblasts and is further supported by in vivo evidence

exemplifìed by reduced levels of alkaline phosphatase and osteocalcin levels in

animals fed ascorbic acid deficient diets (Togari ef a/., 1995; Mahmoodian ef a/., 1996).

Fibronectin is an additional component of bone ecm that has displayed an ability to

promote progressive maturation of osteoblasts in culture. Addition of anti-fibronectin

antibodies to osteoblasts derived from fetal rat calvaria resulted in decreased levels of

alkaline phosphatase, and osteocalcin demonstrating that osteoblast maturation is

dependent on the presence of fìbronectin (Moursi et a\.,1996). ln addition, fibronectin

has also displayed properties of regulating the survival of osteoblasts, since >95% of

fully mature osteoblast cells in culture showed signs of apoptosis (regulated cell death)

upon administration of a fibronectin antagonist (Globus et a\.,1998).
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These results show evidence that non-growth factor components within the ecm can

modulate the maturational progression / activity and survival of osteoblasts. The

mechanism by which the ecm carries out this function is not clear, however cell surface

adhesion molecules are thought to be integral to this process.

1.3.5.4 RECUMTION OF OSTEOBLAST ACTIVITY THROUGH MATRIX ADHESION MOLECULES

The majority of osteoblast-matrix interactions are mediated by cell surface adhesion

molecules, which are able to interact with specific proteins in the ecm (Ruoslahti and

Obrink 1996). Numerous adhesion molecules in osteoblasts have been identified such

as cadherins, cell su¡.face PGs and immunoglobulin family members, however the

integrin class of adhesion proteins remains the most characterised to date, reviewed in

Helfrich and Horton 19g9. lntegrins are transmembrane heterodimers consisting of

covalenly associated a and p-subunits that are responsible for mediating cell-cell and

cell-matrix interactions in a wide variety of cell types and tissues including bone

(Gumbiner 1996). Most integrins can bind more than one ligand and often this is

through recognition of a common sequence. ln many ecm molecules this is an RGD

(Arginine-Glycine-Asparagine) peptide sequence, although in other proteins

sequences such as DGEA (in collagen) or LDV (in fìbronectin) are additional

recognition sites for integrins (Clark 1995). Signals from the ecm are thought to be in

part, transduced via integrins to the intracellular machinery controlling cell growth,

function and differentiation through an intricate biochemical signal transduction

pathway consisting of kinases, phosphatases and various other adaptor proteins which

are linked to the cytoskeleton (Clark and Brugge 1995)'

33



Literature review and thesis aims

Osteoblasts in vivo express p, and Bu integrins, but there are controversies regarding

the a subunits associated with p,, in addition to the expression of auB, (Clover et al.,

1gg2; Hughes et a1.,1993; Grzesik and Robey 199a). Recently, Gronthos et al., 1997

identified a series of integrin heterodimers present on the cell surface of normal human

bone cells by flow cytometry including cr,B,, crp,, o3B¡, oaB¡, cruÞr and ouBr. Binding

studies indicated that the B,, integrins, particularly a,Br, arp, and crrp,, were involved

with mediating osteoblast attachment to major ecm proteins such as collagen and

fibronectin (Gronthos et al., 1997). A similar study has also shown the presence of

arB, and aup' in addition to a.p. in osteoblast cultures and their involvement with

attachment to fibronectin (Moursi ef at., 1997). ln addition, the p' integrins mediate

osteoblast attachment to other bone matrix proteins such as osteopontin, bone

sialoprotein, and vitronectin (Puleo and Bizios 1991; Majeska et a1.,1993).

A considerable amount of evidence has accumulated supporting a role for integrins in

regulating non-growth factor ecm mediated osteoblast maturation as disruption of

integrin-ecm interactions, specifically, those involving collagen and fibronectin blocks

osteoblast maturation and mineralisation of cultures. The addition of antibodies

against ø, integrin or a peptide which blocks the cell binding domain of type I collagen

results in a blockage of ascorbic acid dependent induction of alkaline phosphatase in

osteoblast cultures (Staatz et al., 1991). Similarly, the addition of a peptide containing

the RGD cell-binding domain of fibronectin was shown to inhibit both bone formation

and resorption in a mineralising bone-organ culture system (Gronowicz and DeRome

1gg4). The addition of function-perturbing antibodies against GsÞ,, GaÞr and grp''

integrins reduced the ability of long-term calvarial osteoblasts cultures to form
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mineralised nodules indicating a reduct¡on in osteoblast maturation (Moursi et al.,

1ee7)

Taken together, these results strongly support a role for the ecm in regulating

osteoblast activity. Of major interest is linking the pathway of signals transduced by

ecm components to changes in osteoblast function and to determine how this pathway

is regulated by changes in matrix synthesis, turnover/degradation and organisation.

Although the synthesis of a functional ecm by the osteoblasts is dependent on

regutatory signals modulating their differentiation and maturation, the ability of

osteoblasts to synthesise the correct proportions of matrix proteins together with their

organisation within the ecm also plays an important and additional role in ensuring a

functionally coherent ecm is maintained. Much of what is known about the importance

of maintaining a correct ecm structure comes from characterising osteoblast function in

several disease states where an abnormal matrix constitution has been associated

with intrinsic osteoblast abnormalities in ecm synthesis.

1.3.6 OSTEOBLAST CULTURES AND SKELETAL DISORDERS

Osteogenesis imperfecta is a family of inherited diseases in which the skeletal system

is a major site of pathology (Byers 1995). Virtually all patients possess mutations in

one of the two genes encoding type I procollagen resulting in both quantitative and

qualitative abnormalities of collagen type l. Patients with osteogenesis imperfecta

display a generalised osteopenia (Prockop et al., 1994; Rowe and Shapiro 1995) and

are classified into one of 4 different subtypes, ranging from lethal abnormalities

(characterised by defective mineralisation) to relatively mild osteopenia or normal
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stature with a lifelong absence of skeletal associated symptoms (Byers 1995). The

principle biochemical abnormality in the majority of patients involves diminished

synthesis of type I collagen often associated with a structurally defective heterotrimer

(Byers 1995). Bone histology in osteogenesis imperfecta patients has revealed an

abnormat skeletal matrix characterised by disorganised woven bone in place of the

normal lamellar tissue and irregular collagen fibril diameters (Cassella and Ali 1992;

Fedarko et al., 1992). Furthermore, apatite crystal in osteogenesis imperfecta bone

appears smaller than in normal bone and the synthesis of noncollagenous proteins by

osteoblasts isolated from these patients is also reduced, such as osteonectin, biglycan,

decorin and the large CSPG (Termine et al., 1984; Fedarko et al., 1992; Fedarko et al.,

1995; Fedarko et al., 1996). These results suggest that the inabiliÇ of the ecm to

sustain normalfunction is associated with both an imbalance in ecm composition and a

disorganised ecm structure.

Otosclerosis is a genetic disorder involving the otic capsule, in which an initially

spongiotic bone stage resulting from osteoclastic bone resorption is followed by a

sclerotic stage, where bone is replaced by a structurally altered osseous tissue

(Thalmann et al., 1987). Osteoblasts isolated from otosclerotic patients show an

alteration in the profile of GAGs synthesised in addition to a decrease in their

accumulation in the ecm. These results suggest that the abnormal sclerotic tissue in

these patients may be associated with alterations in the composition of bone matrix

elements (Locci et al., 1992; Locci et al-,1996).
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Similarly, osteoblasts isolated from patients with Paget's disease display an abnormal

secretory profile of ecm proteins, with some being upregulated while others are

downregulated (Hankey ef a/., 1993). The increase in osteoclastic resorptive activity in

Paget's disease subsequently stimulates a compensatory increase in osteoblast bone

formation (Krane and Simon 19S7). The resulting bone appears disorganised and is

expanded in size, less compact, more vascular and more susceptible to deformity or

fracture than normal bone (Krane and Simon 1987). Thus it appears that the inability

of osteoblasts to secrete the correct proportions of ecm components is associated with

an alteration bone matrix structure and thus function.

ln summary, osteoblast cultures have permitted investigations into factors, which

control their activity. Of major importance are bone matrix components such as

collagen and fìbronectin. Supported by skeletal disorders in which abnormal

osteoblast matrix synthesis activity is associated with a disorganised and suboptimal

functioning tissue is the notion that ecm organisation plays a major role in determining

the ability to modulate osteoblast function and thus bone tissue formation. The

osteoblast is a central regulator of bone formation and is susceptible to numerous

regulatory elements that modulate its function. However, the osteoclast cell also plays

an important role in the maintenance of bone matrix.

1.4 OSTEOGLAST BIOLOGY

The bone resorbing activity of an osteoclast ensures the removal of old or damaged

tissue, in readiness for osteoblast mediated bone synthesis (Suda et al-, 1996).
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Morphologically, an osteoclast cell is identifìed as a multinuclear cellwith typically 10 to

50 distinct nuclei per cell. lt is rich in mitochondria and possesses a complex infolding

of the plasma membrane, termed the ruffled border (Teitelbaum et al., 1996).

Biochemically an osteoclast is defìned by the presence of the lysosomal enzyme

tartrate resistant acid phosphatase (TRAP) and plasma membrane receptors for

calcitonin, a hormone that inhibits osteoclast activity (Becker et a1.,1996; Teitelbaum ef

a/., 1996).

1.4.1 ORIGIN OF OSTEOCLASTS AND REGULATION OF THEIR DEVELOPMENT

Osteoclasts are derived from haematopoietic cells by the fusion of mononuclear

progenitors of the monocyte/macrophage family (Kurihara et al., 1990; Udagawa et al.,

1990). The ability to induce osteoclast differentiation in vitro lrom a variety of sources

such as marrow (Takahashi et al., 1988c; Akatsu et al., 1989a; Akatsu et al., 1989b),

spleen cells (Takahashi et al., 1988a; Suda et al., 1992), circulating monocytes and

tissue macrophages (Udagawa et a/., 1990), has provided the opportunity to better

understand the requirements of factors which are necessary for both osteoclast

differentiation and function.

Macrophage colony-stimulating factor (M-CSF) is a necessary element involved with

osteoclast formation, as shown by studies in the osteopetrosis mouse (op/op), which

displays an increased bone mass due to defective osteoclast formation (Yoshida et al.,

1990). The defective osteoclast formation in op/op is associated with a mutation in the

gene encoding M-CSF (Wiktor-Jedrzqczak et a1.,1990; Yoshida et a1.,1990). M-CSF

is produced by osteoblasts/stromal cells, but its receptor is localised to osteoclasts and

38



Literature review and thesis aims

their precursors (Kodama et al., 1991; Hofstetter et al., 1992). Numerous co-culture

experiments have shown that M-CSF plays multiple roles throughout the life of the

osteoclast including proliferation, differentiation, migration, chemotaxis and cell survival

(Takahashi et a1.,1991; Fuller et a1.,1993; Tanaka et a1.,1993; Jimi ef a/., 1995).

Several cytokines that are produced by osteoblast cells and a variety of hormones

have been shown to play a role in the differentiation of pluripotential osteoclast

progenitors into mature multinucleated osteoclasts. Their main actions are to stimulate

bone resorption and include interleukin-1 (lL-1) (Akatsu et al., 1991), lL-6, lL-11,

oncostatin M (osM), leukaemic inhibitory actor (LlF) (Tamura et al., 1993)

1a,25(OH)rD. (Takahashi et at.)1988c), prostaglandin E, (PGEr) (Akatsu et al., 1989a)

and pTH/PTHTP (Akatsu et a1.,1989b) (Appendix 1 - Tables 2 A & 28 and 3). ln all

cases, the target cell through which these osteoclastogenic factors mediate their

action, is the stromal cell/osteoblast and this occurs through three different signaling

mechanisms: the cyclic adenosine monophosphate (cAMP), vitamin D. receptor (VDR)

and gp130 plasma membrane receptor pathways (Suda et al., 1996). These different

signaling pathways are depicted in Figu re 1.7. Thus osteoblasts are also involved with

the activation of osteoclasts during bone formation.

1.4.1.1 ROIT OF STROMAL CELLS IN OSTEOCLAST DEVELOPMENT

All categories of signaling mechanisms transduced in osteoblasts/stromal cells

(illustrated in Figure 1.7) induce osteoclast formation through a proposed membrane

bound ligand in osteoblasts/stromal cells, named osteoclast differentiation factor (ODF)

or receptor activator of nuclear factor kappaB ligand (RANKL) (Tsukki et al., 1998)'
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Figure 1.7: Osteoclast differentiation.

Osteotropic factors such as 1,25,dihydroxy vitamin Dg (1,25(OH)z vitaminDg), parathyroid hormone (PTH) / PTH related peptide (PTHTP) and

interleukin-1, 6 and 11 (lL-1 ,6, 11) stimulate osteoclast formation in co-cultures of osteoblasts/stromal cells and haematopoietic cells. Target

cells for these factors are osteoblasts/stromal cells. Three different signaling pathways mediated by the vitamin D receptor (VDR), cyclic

adenosine monophosphate (cAMp), and gp 130 similarly induce receptor activator of nuclear factor -kappa B ligand (RANKL) as a membrane-

associated factor in osteoblasts/stromal cells. Osteoclast progenitors of the monocyte-macrophage lineage recognise RANKL through cell-to-

cell interaction with RANK, and then differentiate into osteoclasts. Macrophage-colony stimulating factor (M-CSF) produced by

osteoblasts/stromal cells is a prerequisite for both proliferation and differentiation of osteoclast progenitors. The receptor for M-CSF (c-FMS)

is located on osteoclast precursor cells. Osteoprotegerin (OPG) is a decoy receptor that binds to RANKL, and in turn, inhibits

osteoclastogen ic d ifferentiation.

Picture kindly provided by Dr. G Atkins.

Adapted from Suda et a\.,1999.
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The osteoclast precursors of the monocyte-macrophage lineage recognise

ODF/RNAKL by the expression of a receptor called RANK (Lacey et al., 1998).

lnteraction of RANKL present on osteoblasts/stromal cells with osteoclast RANK leads

to differentiation, fusion and activation of mature osteoclast function (Lacey et al.,

1998) (Figure 1.7). lt is not surprising therefore, to fìnd that there is a need for cell-to-

cell contact between stromal cells or their osteoblast progeny and osteoclast

precursors to support osteoclast differentiation and function. This has been

demonstrated in numerous systems including co-cultures of mouse spleen cells with

calvarial-derived osteoblasts (Udagawa et a1.,1990; Suda et al., 1992; Amizuka et al.,

1ee7).

Osteoprotegerin (OPG), a member of the tumor necrosis factor receptor family was

discovered simultaneously by numerous investigators, as a protein that inhibits bone

formation (Tsuda et al., 1997; Yasuda et al., 1998). OPG is produced by

stromal/osteoblast cells and acts as a soluble secreted receptor for ODF/RANKL, thus

its biotogical effects on osteoclasts are opposite to that of ODF/RANKL (Tan et al.,

1997; Vidal et al., 1998; Yasuda et al., 1998). ln vitro, OPG has been shown to inhibit

osteoclast differentiation and activation (Simonet et al., 1997; Hakeda et al., 1998;

Lacey et a1.,1998; Yasuda et al., 1998; Burgess et al., 1999). The specificity of the

function of OPG in inhibiting osteoclast differentiation was illustrated by the phenotype

of OPG (-Ê) knockout mice, where a severe osteoporosis resulted from enhanced

osteoclast formation and function (Bucay et a1.,1998). Growth plate destruction and a

lack of trabecular bone with an increase in the number of osteoclasts were detected in

long bones of adult OPG (-/-) mice (Bucay et al., 1998: Mizuno et al., 1998). These
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results indicated that OPG is a physiological regulator of osteoclast-mediated bone

resorption during postnatal growth and that osteoblasts can thus positively and

negatively regulate osteoclastogenesis and bone formation.

1.4.1 .2 TnRNSCRIPTIONAL CONTROL OF OSTEOCLAST DIFFERENTIATION

More recently, several mouse mutations, either naturally occurring or made by

homologous recombination, which result in osteopetrosis, have shed light both on the

relationship between the monocyte-macrophage and the osteoclast lineages and on

the importance of certain genes in osteoclast formation or function (Suda et al., 1999)'

These include the transcription factors proto-oncogenes c-src (Soriano ef al., 1991)

and c-fos (Wang et al., 1992; Grigoriadis et al., 1994), nuclear factor-kappaB

(Franzoso et al., 1997; lotsova et a1.,1997) and the transcription factor PU.1 (Tondravi

et al., 1gg7). The results from these mutations have also provided compelling

evidence that osteoclasts are derived from a myeloid progenitor that gives rise to both

the monocyte-macrophage lineage and the osteoclast lineage.

1.4.2 MECHANISMS OF BONE RESORPTION

As a prerequisite to initiating bone resorption, the osteoclast must first attach to bone

and form a polarised membrane (Teitelbaum ef a/., 1996). The interaction involves

contact between the membrane-bound receptors present on osteoclast surfaces and

matrix proteins in bone (Teitelbaum et a1.,1996). A number of surface markers have

been identified on osteoclasts and/or their precursors, but with the exception of RGD

recognising integrins, few have been characterised functionally with respect to
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attachment (Horton and Helfrich 1992). Several studies have shown the importance of

the aup3 integrin in osteoclast attachment to bone matrix RGD containing proteins

(Flores et al., 1992; Grano et al., 1994; van der Pluijm et al., 1994). The blocking of

PTH-stimulated bone resorption by the administration of either an RGD-containing

peptide or an antibody binding to the p3 integrin subunit confirmed the importance of

this integrin in mediating osteoclast activity (Fisher et al., 1993; Crippes et al., 1994).

The B. -/- knockout mouse confirmed the importance of auB3 in vivo as osteoclasts

from B. -/- mice do not form actin rings, have abnormal ruffled membranes and fail to

effectively resorb bone in vivo (McHugh et a1.,2000). B. -/- mice also display low blood

calcium levels and increased skeletal mass, consistent with retarded bone resorption

(McHugh et a1.,2000). Although the precise bone matrix protein(s) recognised by the

RGD sequence binding c¿vÞe integrin are not known, there are several candidates all of

which contain the RGD motif, such as osteopontin, bone sialoprotein, thrombospondin,

collagen type l, fìbronectin and vitronectin (Teitelbaum et a1.,1996).

Attachment of osteoclasts to bone generates intracellular signals that result in changes

to intracellular calcium levels as well as cytoskeletal reorganisation (Zimolo et al.,

1gg4; Chellaiah and Hruska 1996). These events are thought to play an important role

in osteoctast migration on bone surfaces. Membrane polarisation also takes place,

resulting in the formation of a clear zone (Silver et al., 1988). This structure is rich in

filamentous F actin, largely devoid of organelles and is organised as a ring surrounding

the ruffled membrane (Vaananen and Horton 1995). ln addition to F actin, the clear

zone membrane also contains proteins such as vinculin, talin and c¿-actinin, which link
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matrix-recognising integrins to the cytoskeleton (Marchisio et a1.,1984). lt is not known

however, whether the clear zone serves to isolate resorptive machinery from the

extracellular space or if it serves a role for integrins transmitting extracellular-initiated

signals prompting bone resorption (Stenbeck and Horton 2000).

Studies with osteoclasts have revealed that dissolution of the inorganic phase of bone

precedes that of protein (Blair et al., 1986). Mineral is dissolved by acidifying the

surrounding microenvironment from pH 7.0 to pH 4.0 by the osteoclast ruffled

membrane-bound vacuolar H* - adenosine triphosphatase (H.-ATPase) proton pump

(Blair et al., 1989). The extrusion of a single proton through the plasma membrane

requires the hydrolysis of one ATP molecule and electroneutrality is preserved by a

plasma membrane Cl- channel, coupled to the H.-ATPase (Schlesinger et al., 1997).

The result of these ion-transporting events is secretion of HCL into the resorptive

microenvironment, promoting a pH of approximately 4.5 (Silver et al., 1988). The

acidification of the isolated microenvironment solubilises the mineral and subsequently

the organic phase of bone by activating two families of osteoclast derived proteases,

namely the g2 kDa neutral cotlagenase (Wucherpfennig et a1.,1994) and a number of

cathepsin family members (B,C,D, L, H and K) (Ohsawa et a1.,1993; Goto ef al., 1994;

Gowen et al., 1999; Li et al., 1999). The neutral collagenase is activated with

proteolytic cleavage by plasmin and cathepsins, the later requiring a low pH for optimal

function (Eeckhout and Vaes 1977). Neutral collagenase has been implicated in the

early removal of osteoid, enabling subsequent osteoclastic bone resorption, whereby

the cathepsins carry out the major bone degrading roles since the pH in the isolated

microenvironment is within optimal range fortheir activity (Teitelbaum et aL.,1996).
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The functional cycle of the osteoclast consists of episodes of matrix adherence,

followed by matrix breakdown, whereby the products of bone degradation are

endocytosed by the osteoclast and transported to and released at the cells

antiresorptive surface (Nesbitt and Horton 1997). Osteoclasts then detach and move

to a new site of bone resorption (Nesbitt and Horton 1997). Although the events

initiating bone resorption are well understood, less is known about the signals that

arrest the process. Several proposals have been put forth including the involvement of

the plasma membrane receptors capable of sensing high calcium levels (Teitelbaum

2000).

1.5 THE EXTRACELLULAR MATRIX OF BONE

The formation of bone is a process that is heavily reliant on the coordinated activities of

osteoblasts and osteoctast cells" lnformation gathered to date seems to favour the

osteoblast as a key contributor in the bone formation process. The osteoblast not only

functions to synthesise bone (Section 1.3), but is also a key regulator in the process of

bone matrix degradation (Section 1.4). ln turn, bone ecm is a major modulator of

osteoblast activitY.

As illustrated in Figure 1.3, the ecm of bone is a complex composite material

composed of a wide range of proteins that may be divided into the collagens (types l,

lll, V & Xl), glycoproteins (alkaline phosphatase, osteonectin, tetranectin) the RGD-

containing glycoproteins (thrombospondin, fibronectin, vitronectin, osteopontin, bone

sialoprotein, bone acidic glycoprotein-7S, fibrilin), the gamma-carboxyglutamic acid
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(GlA)-containing proteins (osteocalcin, matrix gla protein) and the PGs (of which

decorin and biglycan are the major constituents) (Robey and Boskey 1996). With the

exception of osteocalcin, most of the proteins constituting the ecm of bone are also

present in numerous other connective tissues such as cartilage and skin, however their

high degree of post-translational modifìcation is thought to convey their tissue specific

functions (Robey and Boskey 1996).

The major properties of the ecm proteins (with the exception of the PGs) are displayed

in Appendix2 - Tables 1 - 4. The function of bone PGs will be discussed in Section

1.0. ln general, the in vitro properties of these ecm components of bone show

evidence of a highly interactive capacity between each other, with the osteoblasts and

osteoclasts and the hydroxyapatite-like mineral. This implies their roles in modulating

the bone formation process. With the recent generation of mouse knockout models

deficient in some of these ecm components, their roles have been further elucidated rn

VIVO

1.5.1 MOUSE KNOCKOUT MODELS OF THE MAJOR BONE MATRIX PROTEINS

Genetically modified mouse models have improved our understanding of the function

of several bone proteins (Table 1.1 A & 1.1 B). Osteocalcin was one of the fìrst matrix

proteins to be created as a knockout with mice showing a higher bone mass and

greater mechanical resistance to fracturing than wild type mice (Ducy et al., 1996).

Histomorphometric studies demonstrated an increased rate of mineralisation

suggesting that osteoblast activity was increased at the cellular level. Following

ovariectomy, the knockout mice showed an increase in bone formation with no change
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Table 1.1 A: phenotype of mouse knockout models of the maior bone extracellular matrix proteins.

Characteristics of skeletal pathology and other connective tissue pathology in the knockout mouse models of bone extracellular matrix proteins

are displayed, together with their proposed function in bone



References

(Narisawa et al., 1997)

(Delany et a1.,2000)

(Gilmour ef a/., 1998)

(Yoshitake ef a/., 1999)

(Aubin et a/., 1996)

Phenotype in other
tissues

Abnormal lumbar nerve
root development

Disturbances in intestinal
physiology

Severe eye pathology

N/A

Abnormalities in growth
plate and articular
cartilage

Proposed function in bone

Mineralisation

Critical in supporting bone
remodelling and bone mass

Bone remodelling

Regulation of osteoclast
function through the crups

integrin in the absence of
estrogen

Role in bone growth

Phenotype - bone

Hypophosphatasia

Growth imparimenet

Abnormal bone mineralisation

Spontaneous fractures

Osteopenia

ü bone formation rate

Large J in osteoblast & osteoclast numbers

Low turnover osteoporosis-like phenotype

Resistant to ovariectomy induced bone loss

I bone volume

J bone formation rate

l osteoclast number

Normal mineral apposition rate

Same bone diameter and length as wild type
littermates

Mouse knockout

Alkaline
phosphatase

Osteonectin

Osteopontin

Bone sialoprotein



Table 1.1 B: phenoÇpe of mouse knockout models of the maior bone extracellular matrix proteins.

Characteristics of skeletal pathology and other connective tissue pathology in the knockout mouse models of bone extracellular matrix proteins

are displayed, together with their proposed function in bone



Reference

(Ducy ef a/., 1996)

(Luo ,1se7)

et a1.,1

et
1ee7)

Phenotype in other
tissues

N/A

Calcification in soft
connective tissues
(aorta, arteries)

N/A

Alternations in collagen
fibrilformation

Skin fragility

Proposed function in bone

Normal osteoclast fu nction

Functions to limit bone formation
without impairing bone resorption
or mineralisation

Negative regulator of bone
formation

lnhibition of calcification of ecm

Regulates bone formation

Regulates bone mass

Regulates collagen fi brillogenesis

Phenotype - bone

1 bone volume

I bone formation rate

I osteoclast number

I bone resPorPtion following
ovariectomy

Normal mineral aPPosition rate

Abnormal growth plate calcification

Short stature

Osteopenia

Fractures

Osteopenia

J bone formation rate

Modest J in osteoblast numbers

No bone pathology rePorted

Mouse knockout

Osteocalcin

Matrix GLA Protein

Biglycan

Decorin
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in osteoclastic resorption (Ducy et a1.,1996). Thus these results imply that osteocalcin

modulates bone formation and normally functions to limit the bone formation rate

without impairing bone resorption or mineralisation" The molecular mechanism by

which osteocalcin controls bone matrix deposition is unknown, but the increase in bone

formation rate occurs without a comparable increase in osteoblast number indicating

that each osteoblast is laying down more matrix (Ducy et a1.,1996). This suggests that

osteocalcin may bind to a specific receptor and negatively modulate osteoblast activity

(Ducy et a1.,1996).

Matrix gla protein deficient mice were also generated by the same group of

investigators showing extensive arterial calcification responsible for fatal arterial

rupturing at approximately two months of age (Luo ef at., 1997)' Matrix gla protein

knockout mice also displayed calcification at various cartilaginous sites including the

growth plates, with slowing of the linear growth, osteopenia and fractures. These data

indicate that matrix GLA protein inhibits the deposition of calcium within arteries and

cartilage.

The two RGD containing proteins for which knockout mouse models have been

created are osteopontin (Yoshitake et al., 1999) and bone sialoprotein (Aubin et al',

1996). The RDG sequence present in these matrix proteins is a potential ligand for

integrin crvB3 of osteoclasts. Osteopontin knockout mice show increased trabecular

bone mass. ln addition, four weeks following ovariectomy, bone mass was unchanged

whereas it decreased in wild type mice by 40 o/o (Yoshitake et al-, 1999). These

findings support a pivotal role of osteopontin in modulating osteoclastic bone
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resorpt¡on. A deficiency of bone sialoprotein, a glycoprotein expressed at high levels

at sites of new bone formation produced mice that were fertile but smaller than wild

type counterparts (Aubin et a1.,1996). They had less extensive skull and bone marrow

space. At six weeks of age, their articular cartilage was thicker and they exhibited

abnormalities in long bone epiphyses, although the diameter and length of long bones

was the same as in the wild type mice. Their incisors were abnormally long also.

These fìndings suggest a role for bone sialoprotein in bone growth and are consistent

with the fact that bone sialoprotein expression has been demonstrated in fetal

epiphyseal cartilage (Galotto et a\.,1994).

Mice made deficient in osteonectin, the most abundant noncollageous protein of bone,

show marked osteopenia due to a decrease in the rate of bone formation (Delany ef

at., 2OOO). Histomorphometric analysis shows that the number of osteoblasts and

osteoclasts is decreased, compared to wild type littermates (Delany et a1.,2000). This

implies that osteonectin may function to support bone remodeling and bone mass.

As the functions of the various protein components of the ecm are slowly being

elucidated through both rn vitro and in vivo analysis, there is a greater understanding of

the importance of these proteins in the bone formation process. While the ecm

molecules themselves contain much of the information necessary to allow assembly

and promote the formation of the ecm network, there are also modulatory components

within the ecm that ensure a structurally coherent ecm is formed, a role chiefly carried

out by the ecm PGs (lozzo and Murdoch 1996). PGs are key regulators of the bone

formation process and in addition to their organisational role within the ecm, numerous
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other functions have been proposed for these complex ecm constituents (lozzo and

Murdoch 1996).

1.6 PROTEOGLYCANS

The PGs are a class of macromolecules characterised by the covalent attachment of

long chains of repeating disaccharide polymers to a protein core (lozzo and Murdoch

19g6; lozzo 1998). They are ubiquitous molecules, composing an integral part of

tissue ecm and have a wide variety of tissue specific structures and carry out

numerous functions including ecm organisation and modulatory roles (Ruoslahti and

Yamaguchi 1991;Yanagishita 1993; lozzo and Murdoch 1996; lozzo 1998).

1.6.1 THE GLYCOSAMINOGLYCAN COMPONENTS OF PROTEOGLYCANS

The repeating disaccharide polymers composing PGs are termed glycosaminoglycans

(GAGs), and are classified into four different types: chondroitin sulphate (CS);

dermatan sulphate (DS); keratan sulphate (KS) and heparan sulphate (HS) (Roden

1g80). Each disaccharide unit in a GAG chain contains an N-acetylhexosamine and a

hexuronic acid, although KS contains a galactose instead of a hexuronic acid (Roden

lgBO). ln addition, the long chain polymers all contain sulphate groups (Roden 1980)

(Figure 1.8). Hyaluronan (HA) is an additional and distinct GAG, with a primary

structure that contains no peptide nor is it sulphated and it also bears a much higher

Mr than the other sulphated GAGs (Fraser et al., 1997). HA is abundant in cartilage

where it associates with other ecm PGs and is thought to be involved with lubrication,

water homeostasis, filtering effects and regulation of plasma protein distribution (Fraser
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Figure 1.8 : The four classes of sulphated glycosaminoglycans.

Proteoglycans (PGs) contain four different types of glycosaminoglycan chains. The

chondroitin and dermatan sulphate PGs contain N-acetylgalactosamine (B-D-

GalNAc), with D-glucuronic acid (B-D-G|cUA) in chondroitin sulphate or L-iduronic

acid (a-L-ldoUA) in dermatan sulphate. Dermatan sulphate may also contain B-D-

GIcUA like chondroitin. However, chondroitin sulphate contains no o-L-ldoUA, which

is characteristic of dermatan sulphate. The heparans contain B-D-GIcUA or N-

acetylglucosamine (p-D-GlcNAc) and cr-L-ldoUA. The keratans like heparan

sulphate also contain p-D-GlcNAc and the unique D-galactose (p-D-Gal). Hyaluronic

acid (not shown) is similar in structure to the chondroitins containing D-glucuronic

acid and N-acetylgalactosamine.
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et al.,1gg7). Osteoblasts in vitro synthesise HA although very little is known about its

in vivo role in bone formation (Fedarko et a1.,1990). ln other tissues HA is speculated

to be involved with cell migration and differentiation (Toole 1991)'

1.6.2 PROTEOGLYCAN BIOSYNTHESIS

synthesis of pGs is lnitiated in the rough endoplasmic reticulum where the core

protein components are synthesised (Upholt et al., 1979)' The primary amino acid

sequence of the core proteins also contains information that directs the attachment of

the Olinked GAGs (Silbert and Sugumaran 1995). ln the trans-golgi network, CS

biosynthesis occurs by the sequential addition of hexosamine (N-acetylgalactosamine)

and hexuronic acid (glucuronic acid) to a characteristic xylose-galactose-galactose

linkage region, which is present on serine residues in PGs (Silbert and Sugumaran

1995). A typical cs chain is composed of 40 to 100 N-acetyl D-galactosamine

(GalNAc) i D-glucuronate (GlcUA) disaccharide repeats (lozzo 1998). The CS polymer

is modified by sulphation at the carbon-4 and / or 6 position of the GalNAc residues by

sulphotrasferases (sugumaran and silbert 1990). DS is synthesised as a cs chain, in

which some of the GIcUA residues in the chain are epimerised to L-iduronate (ldUA)

intracellularly by inversion of the carboxyl group at carbon 5 of the sugar ring and is

usually accompanied by the 2 sulphation of the ldUA (Malmstrom and Fransson 1975:

SilbeÉ et al.,19g6). HS is synthesised by the addition of hexosamine (N-acetyl D-

glucosamine) and hexuronic acid (GlcuA or lduA) to the same linkage region'

conversely, the GAG chains that form KS can be synthesised from extensions of an

oligosaccharide o-linked to threonine or as an extension of an Nlinked
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oligosacchar¡de attached to an asparagine and both are found in the PGs of bone

(Section 1.6.3).

1.6.3 PROTEOGLYCANS IN BONE

The major PGs present in the ecm of bone are decorin and biglycan (Fisher et al.,

1g83a; Fisher et al., 1987). Several other PGs which constitute only a minor

proportion of the total bone matrix PGs have also been isolated and include a large

chondroitin sulphate PG (CSPG) (Fisher et al., 1983a) and the recently described

osteoadherin and osteoglycin (Bentz et al", 1989; Sommarin et al., 1998). The bone

matrix PGs (with the exception of CSPG) belong to the small leucine rich PG (SLRP)

family (lozzo 1999). The large CSPG is thought to belong to the modular group of PGs

(Fisher et al.,19B3a). The following sections will outline the structure, distribution and

function of the bone matrix PGs"

1.6.3.1 THe cRouP oF SMALL LEUCINE RlcH PR9TEoGLYcANS (SLRPS)

The SLRP classes of secreted PGs are so named due the unique feature of leucine-

rich tandem repeats (LRR) in their core proteins that confer upon the PGs most of their

biological functions (lozzo and Murdoch 1996). To date, the SLRPs constitute nine

members, which include the related but genetically distinct fibromodulin, lumican,

keratocan, PRELP and epiphycan (PG-Lb) in addition to the 4 SLRPs mentioned

above (lozzo 1g99) (Figure 1.9). The SLRPs are further divided into three classes,

based on their characteristic evolutionary protein conservation, the presence of a
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Figure 1.9: The small leucine rich proteoglycan (SLRP) family.

Evolutionary and structural relationships of the SLRP genes and their proteins. The horizontal lines on the far left, denote the evolutionary

distances obtained with the CLUSTAL program. All the compared sequences of the SLRPs are human except for osteoadherin which is

bovine. The consensus sequences for the N-terminal cysteine-rich region is shown where C is the amino acid cysteine, and the x denotes any

other amino acid. The consensus sequences for the leucine-rich repeat (LRR) region is also shown where L dentones the amino acid leucine,

I dentones isoleucine, and x is any other amino acid. The structure of the protein core consists of three main regions: an amino-terminal

region which contains the negatively charged glycosaminoglycans; a central domain with varying numbers of leucine-rich repeats (white

ovals), flanked by cysteine rich clusters; and a carboxyl end region of poorly defined function. The exons (coloured rectangles) are indicated

by roman numerals and the 3' and 5' exons encoding the untranslated region are represented as black rectangles.

Adapted from lozzo 1999.
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distinct cysteine-rich cluster in the N-terminal region and their genomic organisation

(lozzo 1 999) (Figure 1 .9).

1.6.3.1.1 Ct¡ss I SLRPs

The pGs belonging to the class I SLRPs are decorin and biglycan (lozzo 1999).

Owing to their abundance in bone they remain the most well characterised PGs in this

tissue. Decorin and biglycan share 55 % amino-acid identity in their core proteins,

which have a Mr of 45147 kDa and 46 kDa respectively (Fisher et al., 1989). ln bone,

the N-terminal region of decorin and biglycan harbor one and two asparagine linked

CS GAGs respectively (Fisher et a1.,1989). These GAG chains have a Mr of 40 kDa

resulting in a total apparent Mr of 200 kDa and 350 kDa for decorin and biglycan

respectively, as determined by SDS-PAGE (Fisher et al., 19Bg). Following this is a

cluster of four highly conserved cysteine residues which are similarly spaced in a

stretch of about twenty amino acids with the following consensus sequence:

CxrCxCxuC, where x is any amino acid and the subscripts denote the number of

intervening amino acid residues (lozzo and Murdoch 1996). The common central

domain of the protein moiety is composed of 10-fold repeats of a 24-amino acid

residue LRR with asparagine (N) and leucine (L) residues preferentially in conserved

positions (LXTLXLXTNX(UI)) (lozzo and Murdoch 1996). Finally, the carboxyl ends of

decorin, biglycan and all other class I PGs contain a loop that is stabilised by intrachain

disulphide bonds between their two conserved cysteine residues in a stretch of

approximately 35 amino acids (lozzo and Murdoch 1996)'
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While decorin and biglycan are broadly distributed among the ecm of many tissues

including bone, tissue specificity is thought to be achieved by varying the degree of

glucuronic acid epimerisation in the GAG chains (lozzo 1997). ln most connective

tissues (excluding bone) the glucuronic acid contained in CS is epimerised at the

carbon-5 position to form iduronic acid, (contained in DS), through a C-5 epimerase

(Malmstrom and Fransson 1975; Malmstrom 1984). Glucuronic acid containing CS

chains are found attached to decorin and biglycan in bone (and rabbit annulus fìbrosis

from the intervertebral disk) (Fisher et a1.,1983a; Franzen and Heinegard 1984; Scott

and Haigh 1986; Fisher et a1.,1987), whereas the same PGs in skin, tendon, cartilage,

sclera and cornea contain varying degrees of both glucuronic and iduronic acids and

thus contain DS GAGs (Scott 1988; Choi ef a/., 1989). This difference is of interest

since mineralised bone may have different ecm requirements than the other soft

connective tissues" However, the factors that regulate whether a PG will bear CS as

opposed to DS are not known. With this in mind, both decorin and biglycan produced

by osteoblast cultures contain DS instead of CS, possibly reflecting differences in the

regulatory mechanisms of epimerisation in vitro (Fedarko et a\.,1990).

During bone formation, decorin has been localised in pre-osteoblasts and osteoblasts

but not osteocytes (Bianco et al., 1990) and biglycan is abundant in pre-osteogenic

cells and highly upregulated in differentiating cultures of osteoblast-like cells (Fedarko

et al., 1990). lmmunolocalisation of decorin and biglycan during embryonic

development shows that they have contrasting distributions in bone (Bianco et al.,

1gg0)" Decorin is most abundant in bone ecm whereas biglycan is pericellulady

distributed around osteoblasts and osteocytes, suggesting distinct roles for the two
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PGs (Bianco ef a/., 1990; Bosse et al., 1993). At the mRNA level, biglycan has also

been localised in osteocytic lacunae and in the canaliculae, which contain the

osteocytic cell processes, implying that biglycan may be important in osteocyte cell

metabolism (Bianco et a\.,1990).

1.6.3.1.2 Ct¡ss ll SLRPs

All the class two SLRP members share an identical cysteine-rich region consensus just

before the LRR (Figure1.9). ln contrast to the N-terminal region of decorin and

biglycan (class I SLRPs), class ll members contain clusters of tyrosine-sulphate

residues that most likely contribute to the polyanionic nature of the PGs (Sommarin ef

a/., 1998).

Osteoadherin, a recently described bone PG containing keratan sulphate is a member

of the class ll SLRPs (Sommarin et a1.,1998; lozzo 1999). lt is a minor component of

mineralised bone, and is rich in leucine and aspartic acid, and binds well to

hydroxyapatite (Sommarin et a1.,1998). lt constitutes a distinct subfamily with 37 % -

42 o/o protein identity to the other class two members (lozzo 1999).

Northern blot analysis revealed that osteoadherin is rich in bone. lts messenger RNA

was identifìed in both trabecular bone and osteoblast cells grown in culture but not in

cartilage, skin, kidney, liver, spleen and thymus (Sommarin ef al., 1998). In vitro

production of the protein by osteoblast cultures however has not been characterised.

ln vívo, osteoadherin message has been localised in osteoblasts superfìcially located

on trabecular bone surfaces with intensiÇ strongest at well developed bone surfaces
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indicating high expression in mature osteoblasts (Sommarin eú a/., 1998). No function

for osteoadherin has been proposed, but its ability to mediate cation-dependent cell

attachment of osteoblasts suggests that it may be required for their attachment to the

bone surface during ecm synthesis (Sommarin et a1.,1998).

1.6.3.1.3 Cuqss lll SLRPs

Class lll PGs are distinguished by a unique cysteine-rich region consensus

CXTCXCX.C and by the presence of only six LRRs (lozzo 1999) (Figure 1.9). The PG

belonging to the class lll SLRP known as osteoglycin (also called mimecan) was

originally isolated from demineralised bone and was given the name osteoinductive

factor (OlF) (Bentz et al., 1989). Later it was determined that co-purifying bone

morphogenetic proteins were the source of its growth stimulating activity and the PG

was renamed osteoglycin (Benlz et al., 1991). lt exhibits -40 % protein sequence

identity with the only other member of this group epiphycan (lozzo 1999) (Figurel .9).

The rn vitro production of osteoglycin by osteoblasts has not been characterised nor

has a function been proposed for this PG in bone.

1.6.3.2 OIHCN BONE PROTEOGLYCANS

A large CSPG has been isolated and characterised from fetal bone and displays

properties similar to versican, which belongs to the modular group of PGs (Sugahara ef

at., 1981; Fisher et al., 1983a). lt is also produced by osteoblasts in culture (Fedarko

et al., 1990). Modular PGs such as versican belong to a hyalectan subgroup, an

acronym for hyaluronan-and-lectin-binding PGs. This family is characterised by a
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Table 1.2: Characteristics of the proteoglycans isolated from bone matrix and

those produced by osteoblast cells in culture.

(A): The molecular weights for the proteoglycans and their components were

calculated by SDS-PAGE analYsis

(B): The molecular weight for the glycosaminoglycans was determined by size

exclusion chromatography using Bio-Gel P-10

(C): The molecular weight of hyaluronan was determined using HPLC with a TSK-

GEL HW 57-F column

(D): The molecular weight for the proteoglycan was determined using Sepharose CL-

28 size exclusion chromatography.

(E): The molecular weight of the Sepharose CL-68 size exclusion chromatography

(F): Determined by nucleotide sequencing of a cDNA clone from a primary bovine

osteoblast expression library

SLRP: Small leucine rich proteoglycan



Bone
proteoglycans

ln vivo characteristics ln vitro characteristics

Decorin

Class - SLRP I

M, intact protein 200kDa(A)

M, core protein 45 & 47kDa 
(A)

1 CS chain M,.40kDa @)

(Fisher ef a/., 1983; Fisher et al., 1987)

M, intact protein 135kDa 
(A)

M, core protein 52kDa 
(A)

1 CS chain M,42 - 45kDa 
(A)

(Fedarko ef a/., 1990)

Biglycan

Class - SLRP t

M.. intact protein 350kDa(A)

M, core protein 46kDa 
(A)

2 asoaraqine linked CS chains M.
4okóa G)-

(Fisher et al., 1983; Fisher et al., 1987)

M.. intact protein 270kDa(A)

M, core protein 52 & 49kDa 
(A)

1 CS chain M,42 - 45kDa 
(A)

(Fedarko eú a/., 1990)

Osteoadherin

Class - SLRP ll

M, intact protein 59kDa(A)

M, core protein doublet 45.9kDa &
46.9kDa(A)

KS chain(s) M..4OkDa 
(A)

Sulphated $rosine

(Wendel eú a/., 1998)

M, core protein 49kDa (E)

4 putative tyrosine sulPhation
sites

6 potential sites for N-linked
glycosylation

(Sommarin ef a/., 1998)

Osteoglycin

Class - SLRP lll

12kDa

(Bentz ef a/., 1991)

Uncharacterised

Chondroitin
sulphate

proteoglycan

(Versican?)

Class - Modular

M, intact protein l,000kDa (D)

CS chain(s) < 40kDa(B)

(Fisher ef a/., 1983a)

Uncharacterised

M, intact protein 60OkDa(A)

M, core protein 390 & 34OkDa(A)

CS chain(s) < 40kDa(A)

(Fedarko et a/., 1990)

M. intact protein 4OOkDa(A)

M,. core protein 82-83kDa 
(A)

CS chain(s) 55-65kDa 
(A)

(Fedarko ef a/., 1990)

Heparin sulphate
proteoglycan

(Syndecan?)

Hyaluronan Uncharacterised 1,400kDa 
(c)

(Fedarko et a/., 1990)



Literature review and thesis aims

similar amino acid terminat region that binds HA, an extended central domain that

harbors the GAG chains, and a carboxyl terminus that is homologous to the selectin

family of proteins (lozzo and Murdoch 1996). Although a function for the large CSPG

in bone has not been proposed, its presence in fetal bone and not mature bone

suggests that it may be involved with developmental osteogenesis (Fishe¡ et al.,

1983a).

Although not generally found in the ecm, HSPGs found associated with or intercalated

into cell membranes have been shown to be synthesised by osteoblast cultures

(Fedarko et a1.,1990). They have not been purifìed from bone matrix and no function

has been proposed in bone. However, in other tissues membrane bound HSPGs have

been shown to associate with the receptors for several growth factors such as TGF-p

and the FGFs, resulting in the modulation of receptor activity (Ruoslahti and

Yamaguchi 1991).

The characteristics of bone PGs isolated rn vivo and those produced by cultured

osteoblasts are shown in Table 1.2.

1.6.4 ROLE OF PROTEOGLYCANS IN THE EXTRACELLULAR MATRIX

Of all bone PGs, the function of class I SLRPs (decorin and biglycan) have been

studied in most detail. These PGs have been implied in playing roles in ecm

organisation, control of ecm mineralisation, modulating ecm function and bone cell

differentiation.
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1.6.4"1 ExTnnCEILULAR MATRIX ORGANISATION

The ecm in bone contains numerous proteins which have been implied in modulating

the bone formation process (Section 1.5). lt therefore follows that their organisation

within the ecm is an important determinant of their ability to carry out proposed

functions.

The PG decorin has been implicated in organising the ecm. Specifically, evidence

points to a role for decorin in regulating the assembly and spatial organisation of the

most abundant ecm protein, collagen type I (Vogel et al., 1984; Vogel and Trotter

1987). Collagen type I functions as a scaffold on which many other ecm components

are organised and consequently, correct collagen organisation within the ecm is of

great importance to the functioning of the ecm (Robey and Boskey 1996). Although it

is clear from in vitro fibril-reconstitution experiments that the main information to build

periodic collagen fibrils resides in the amino acid sequence of the collagen molecule

itself (Chapman 1989; Birk ef a/., 1990), it has been shown that members of the family

of SLRPs are one of the major regulators in this complex process (Vogel et al., 1984;

Vogel and Trotter 1987; Dell'Orbo et a1.,1995).

ln vÌtro, decorin has been shown to influence the formation of type I collagen fìbrils by

reducing both the rate of fibril formation and the overall diameter (Vogel et al., 1984).

ln contrast, biglycan and the large CSPG appear not to affect collagen fibril formation

and lack strong affinity for collagen (Vogel et al., 1984; Vogel and Trotter 1987). ln

yiyo, tissues rich in type I collagen such as skin (Fleischmajer et a1.,1991) and tendon

(Pringle and Dodd 1990) have shown localisation of decorin with collagen fibrils. ln
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bone, specific ultrastructural localisation of decorin to collagen fibrils has not been

reported, however its immunolocalisation to newly synthesised bone matrix in human

fetal tissues (Bianco et al., 1990) together with the colocalisation of small CS GAGs

with collagen in demineralised bone sections (Scott and Haigh 1985), is consistent with

the involvement of decorin in organising the structure of collagen during bone

formation"

The effects of decorin on collagen fìbril formation are evident in a mouse model in

which decorin expression was transgenically disrupted (Danielson et al., 1997). The

major phenotype was fragile skin with collagen fibers of irregular and abnormal

diameter (Danielson et a1.,1997) (Table 1.1 B). lt is however interesting to note that

bone (and cartilage) in these animals showed no gross defects given the abundance of

the pG in these tissues (Danielson et al., 1997). Any consequences of the lack of

decorin were either more subtle or its role in these tissues is compensated by other

PGs.

The effects of decorin on collagen fibril formation are mediated by its core protein

component, as removal of the GAG chain or the GAG chain itself has no signifìcant

effect on fibril formation (Vogel et a1.,1984). Decorin's interaction with collagen type I

has been characterised in detail showing that the central region of the LRR in the core

protein is responsible for the contact (Schonherr et al., 1995a; Svensson et al., 1995;

Kresse et al., 1997). The crystal structure of ribonuclease inhibitor (a leucine-rich

protein with structural homology to the SLRPs) permitted a model of decorin to be

proposed (Weber et a1.,1996). Results indicate that the decorin model is arch-shaped,
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Figure l.l0 A & B: lnteraction of decorin with collagen.

Schematic representation of decorin's interaction with collagen and its relationship to

the spacing of the collagen fibrils.

(A) Decorin (blue arch) interacting with two collagen triple helices (small green

circles) within a fibril of collagen composed of five triple helicies. Decorin is

proposed to interact with a primary sequence located near the amino terminal end of

collagen type l(between amino acid residues 158 and 198 in collagen type l). This

region is predicted to form ionic and polar interactions with the residues on the

concave surface of decorin and strengthens the proposition of decorins involvement

in regulating collagen fibrillogenesis (Weber et al., 1996). The model shows the

possibility of decorin interacting also with a second site within the collagen triple

helix. The first collagen molecule lies within the decorin arch and another interacts

with one arm of the arch (shaded small circle). (B) The glycosaminoglycan (GAG)

moieties are also positioned on one side of the arch-shaped molecule, and are

relatively free to protrude away from collagen fibril. The GAGs can align orthogonally

or parallel to the major axis of the collagen fibril, as previously observed in

ultrastructural studies of skin, cornea, tendon and bone (Scott and Haigh 1985). ln

this way the GAGs of collagen binding PGs have been proposed to regulate the

spacing between adjacent collagen firbils as proposed by Scott 1996

Adapted from Scott 1996 and Weber et a1.,1996.
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and the concave surface can accommodate one tr¡ple helix of collagen type l. The

model of decorin's interaction with collagen is illustrated in Figure 1.10 A.

Also arising from this model is the ability of the single DS/CS GAG chain to protrude

away from collagen, aligning orthogonally or parallel to the major axis of the collagen

fìbril (Figure 1.10 B) (Weber et al., 1996). In vivo, orthogonally arranged GAG

filaments of the small DSPG of skin, cornea and tendon have been shown to span the

distance between adjacent collagen fibrils (Scott 1980; Scott and Haigh 1985; Scott

1990). lt was proposed that they might be involved in controlling the spatial

arrangement between these filaments. Consequently a model of collagen-PG

interactions has been proposed whereby, the GAG chains (of the presumably collagen

bound PG), form antiparallel duplexes through hydrophobic and hydrogen bonds

(Scott 1980, 1995). ln this model, the length of the GAG chains of the small PGs

regulates the distance between adjacent collagen molecules. By analogy, it is thought

that the GAG chains of decorin in bone, may also function to regulate collagen spatial

arrangement by the same mechanism (Figure 108). Consistent with this hypothesis is

the occurrence of periodically arranged GAGs along the length of collagen fibrils in

non-mineralised bone (Scott and Haigh 1985; Zimmermann 1992).

1 .6.4.2 EXTNRCEILULAR MATRIX MINERALISATION

ln addition to regulating collagen spatial arrangement, the GAG components of the

SLRPs are thought to modulate ecm mineralisation. Supportive evidence includes

GAG localisation to the mineral nucleation region in collagen fibers (Scott and Haigh

1985), the abilíty of PGs decorin and biglycan to inhibit the formation of hydroxyapatite
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crystals in vitro (Chen and Boskey 1985), and their modifìcation during the

mineralisation process (Takeuchi ef a/., 1990). ln early studies it was recognised that

changes occur in the ecm PGs during mineralisation and it was thought that PGs

inhibit mineral formation and must be removed before mineralisation can proceed

(Scherft 1968)" However, in view of the biochemically and histochemically

demonstrated presence of PGs in mineralised tissues (Shepard and Mítchell 1985;

Prince et a1.,1983; Sauren et al., 1992), it seems unlikely that PGs must be completely

removed for mineralisation to commence. ln a recent study, it was found that the

mean labelling of CS GAGs with a monoclonal anti-CS antibody was markedly

increased in mineralising osteoblast cultures implicating that modifications of PGs may

be associated with the mineralisation process (Slater et al., 1994). Collectively, these

¡ndings suggest that the GAG chains of PGs may function to regulate the deposition of

mineral along the collagen fibers.

1.6.4.3 MoouurloN oF EcM FUNcrloN

Both decorin and biglycan have been shown to interact with numerous ecm

components present in bone and other connective tissues. ln vitro, decorin has been

shown to interact with collagen types l, ll, lll and Vl (Bidanset et al., 1992), fibronectin

(Schmidt et al., 1991 ) and thrombospondin (Merle et al., 1994). Biglycan, like decorin,

has also been shown to bind fìbronectin (Schmidt et al., 1991). Furthermore, both

decorin and biglycan have been shown to bind TGF-B ffamaguchi et al., 1990;

Hildebrand et al., 1994).
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The above interactions are mediated through the core protein component of PGs and

in some cases have been shown to result in the modulation of ecm function. For

example, the interaction of both biglycan and decorin with fibronectin resulted in

inhibition of its cell binding activity (Winnermoller ef a/., 1990). Decorin and biglycan's

interaction with TGF-B has been shown to negatively regulate the activity of this growth

factor in fibroblasts (Yamaguchi et al., 1990) whereas decorin strongly interacts with

the active form of TGF-B and potentiates its actions on osteoblastic cells (Takeuchi ef

at., 1gg4)" These in vitro results suggest that decorin and biglycan may carry out

similar modulatory roles in the ecm during bone formation.

1.6.4.4 BOruC CELL DIFFERENTIATION

Evidence for the involvement of PGs in bone cell differentiation comes from biglycans

colocalisation with osteoprogenitor cells in bone (Bianco et al., 1990). Furthermore,

biglycan appears to play a regulatory role in bone development, as patients with

Turner's syndrome (genotype 45, XO; i.e., females that are missing one or part of the

X chromosome) have decreased biglycan levels and present with short stature and

other skeletal deformities including early onset osteoporosis (Vetter et al., 1991)' ln

contrast, there is over-expression of biglycan in patients with Klinefelte/s disease in

which patients are excessively tall (Vetter et al., 1991). The recent knockout mouse

model deficient in biglycan resulted in mice that have osteopenic bones compared to

their control littermates (Xu et a1.,1998). This appeared to result from a decrease in

the rate of bone formation and a decrease in bone mass (Xu et al., 1998)

(Table 1.1 B).
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Clearly, these observations support the importance of PGs during bone formation, and

demonstrate their involvement at different levels during this process. Strong evidence

has been reported that implicate the contribution of PGs to matrix organisation,

mineralisation and as regulatory mediators that control processes important to bone

formation. The importance of such matrix components would suggest that processes

regulating their ecm concentration (biosynthesis and degradation) are of great

physiological importance in the maintenance of bone tissue homeostasis.

1.7 LYSOSOMAL DEGRADATION OF PROTEOGLYCANS AND

GLYCOSAMINOGLYGANS

1.7 .1 LYSOSOMAL STRUCTURE

Lysosomes are intracellular, membrane bound, acidic organelles rich in hydrolases

that degrade complex macromolecules into monomeric subunits for re-utilisation by the

cell (Hopwood and Brooks 1997). Lysosomes are also involved in a range of other

cellular processes including antigen presentation (Marks et al., 1995), bone

remodelling (Marks 1989) and the regulation of growth factors and hormones (Renfrew

and Hubbard 1991).

A number of membrane bound and luminal lysosomal proteins, which are vital to

lysosomal function have been characterised and are reviewed by Hopwood and

Brooks 1997. The lysosomal membrane contains numerous proteins involved in the

organelles acidification process, transport of degraded products, ion channels and

structural membrane components (Hopwood and Brooks 1997). lt also contains
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proteins implicated in organelle trafficking, membrane fusion events, regulation of

lysosomal function and proteases (Hopwood and Brooks 1997). Within the lumen of

the lysosome are at least forty distinct proteins that have been identifìed and

sequenced including proteases, glycosidases, sulphatases, phosphatases and lipases.

Many of these proteins have been recognised and characterised due to their

involvement with specific lysosomal storage disorders (LSDs) (Miekle et a\.,1999).

There are at least forty-one distinct LSDs in which a deficiency of a lysosomal protein

leads to the accumulation of undegraded or partially degraded substrate and

subsequent storage in the lysosomes as well as excessive urinary excretion (Miekle ef

al., lggg). The lysosomal storage disorder MPS Vl belongs to a subset of these

disorders where N-acetylgalactosamine 4-sulphatase is deficient.

1.7.2 ENDOCYTOSIS AND DEGRADATION OF PROTEOGLYCANS

The lysosomes are key mediators of PG degradation (Hopwood and Brooks 1997).

The tumover of HSPGs and the SLRPs decorin and biglycan have been extensively

studied. Less is known about the turnover of the other PGs. HSPG is the model

system of PG turnover and its metabolic fate follows two major pathways (Yanagishita

and Hascall 1992). Subsequent to its appearance on the cell surface, HSPG can

turnover via an extracellular pathway initiated by cell surface shedding, or through a

lysosomal pathway initiated through endocytosis (Kresse et al., 1975a; Glimelius et al.,

1977; Vogel and Peterson 1981; Johansson et al., 1985; Cowles et al., 1987)'

Following endocytosis, HSPG undergoes several sequential steps of pre-lysosomal

degradation including proteolytic separation of the core protein from the GAG chains
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(Brauker and Wang 1987), proteolysis of the core protein and heparanase cleavage of

the HS chains (Bai ef al., 1997; Bame and Robson 1997). The heparanases cleave

infrequently along the GAG chain, giving rise to several fragments that accumulate in

lysosomal or possibly prelysosomal compartments and are eventually degraded by

proteases, exoglycosidases and sulphatases in the lysosome (Yanagishita and Hascall

1984: Kjellen et a1.,1985; Yanagishita 1985; Yanagishita and Hascall 1985; Takeuchi

et a1.,1992; Yanagishita 1992; Bame 1993).

The lysosomal turnover of SLRPs decorin and biglycan begins with receptor-mediated

endocytosis (Hausser et a1.,1992). Binding studies together with the use of decorin in

competition assays suggest that biglycan and decorin share the same endocytosis

receptor (Hausser et al., 1992). Studies in fibroblast cultures indicate that the

endocytosis receptor is a 51 kDa and 26 kDa protein, which is localised to the

endosomes and plasma membrane (Hausser et al., 1989; Hausser and Kresse 1991;

Hausser et a1.,1996). A similar system has been described in other cell types such as

chondrocytes, which display decorin and biglycan binding proteins of 48 kDa and 25

kDa (Hausser ef al., 1992). Although the presence of these receptors has not been

investigated in osteoblasts, the above findings suggest that the regulation of SLRP

catabolism is similar in other connective tissues. The core protein of decorin and not

its GAG component is required for receptor recognition and endocytosis, as

demonstrated by studies utilising decorin core protein-binding antibodies and

deglycosylation enzymes (Glossl et al., 1983). Recently, the core protein region in

decorin responsible for receptor-mediated endocytosis was localised to the leucine rich
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repeats located between Leu125-Val230 (located within the fìfth to eighth leucine rich

repeats) (Hausser et a\.,1998).

Following endocytosis, the events characterising the intracellular degradation of the

SLRPs have been studied mostly with decorin in fibroblast cultures. These studies

show that decorins degradation is mediated by intracellular proteolytic processing of

the core protein and GAG chain (Glossl et a1.,1983; Hausser et al., 1989; Schmidt ef

al., 1990; Hausser and Kresse 1991; Hausser et al., 1992; Hausser et al., 1993;

Hausser et al., 1996). As degradation proceeds, the GAGs enter the lysosomal

compartment where they are further acted upon by specific exohydrolases

(glycosidases and sulphatases), which remove residues one by one from the non-

reducingterminal end of theGAG chain, reviewed in Hopwood and Morris 1990. This

results in the generation of monosaccharides and inorganic sulphate, which are rapidly

cleared from the lysosome via specific transport systems to be re-utilised by the cell

(Hopwood and Morris 1990).

The lysosomes contain specific exohydrolases for the degradation of all four classes of

sulphated GAGs. The group of genetically inherited MPS disorders arc each

characterised by a specifìc deficiency of an exohydrolase that participates in GAG

degradation. Consequently, each of the MPS show tissue accumulation and urinary

excretion of the particular GAG that is the substrate for the defective enzyme

(Hopwood and Morris 1990; Neufeld and Muenzer 1995) (Table 1.3).
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Table 1.3: Classification of the mucopolysaccharidoses.

The 11 classes of mucopolysaccharidosis are shown together with the corresponding enzyme deficiency and the type of intracellularly stored

glycosaminoglycan. The involvement of skeletal pathology is also indicated.

Adapted from Hopwood and Morris 1990.

(*): (Triggs-Raine et a\.,1999).



Stored
glycosaminoglycan

DS, HS

DS, HS

HS

HS

HS

HS

KS, CS

KS

DS, CS

DS, HS, CS

Hyaluronidase

Deficient enzyme

c¡-L-lduronidase

lduronate sulphatase

Heparan N-sulphatase

cr-N-Acety I g I ucosami n idase

cr-Glucosaminide acetyltransferase

N-Acetylg lucosamine 6-sul phatase

Galactose 6-sulphatase

o-Galactosidase

N-Acety lgalactosa m i n e 4-su lph atase

o-Glucuronidase

Hyaluronidase

Skeletal
pathology

Yes

Yes

No

No

No

No

Yes

Yes

Yes

Yes

Yes

MPS type

MPS l- Hurler

MPS ll - Hunter

MPS lll A - Sanfìlippo A

MPS lll B - Sanfilippo B

MPS lll C - Sanfilippo C

MPS lll D - Sanfilippo D

MPSIVA-Morquio

MPSIVB-Morquio

MPS Vl - Maroteaux-Lamy

MPS Vll - Sly

{+) ¡¡pg ¡¡
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1.8 MUCOPOLYSACCHARIDOSIS TYPE VI

MPS Vl is character¡sed by the inability of lysosomes to degrade 4-sulphated GAGs

such as chondroitin 4-sulphate (C4S) and dermatan 4-sulphate (D4S). The

degradation of CS (the major GAG present in bone), takes place by the repeated and

sequential action of the lysosomal exoenzymes: N-acetylgalactosamine 6-sulphatase,

B-hexosaminidase, p-D-glucuronidase and N-acetylgalactosamine 4-sulphatase

(Hopwood and Morris 1990; Neufeld and Muenzer 1995) (Figure 1"11). The defective

enzyme in MPS Vl, N-acetylgalactosamine 4-sulphatase (4S), cleaves the carbon-4

position sulphate group on the terminal N-acetylgalactosamine residue in CS. This

monosaccharide is also present in DS and hence results in the buildup of both CS and

DS in the tissues and excess urinary excretion of DS in MPS Vl (Table 1.3).

MPS Vl represents one of at least 41 genetically inherited and distinct LSDs that result

from a deficiency of a particular lysosomaf protein or in a few cases from non-

lysosomal proteins involved with lysosomal biogenesis (Hopwood and Morris 1990;

Neufeld and Muenzer 1995; Miekle et al., 1999). MPS Vl itself belongs to a large

subgroup of the LSDs, the Mucopolysaccharidoses (MPS) (Neufeld and Muenzer

1995). Each of the eleven MPS disorders have in common an inability to degrade

GAGs due to a deficiency in a distinct GAG degrading enzyme (Neufeld and Muenzer

1995). This results in the intracellular accumulation of partially or non-degraded GAGs

and each distinct type of MPS result in the accumulation of the GAG substrate for the

enzyme deficient in that particular disorder (Table 1.3).
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Figure 1.11= A diagrammatic representation of the chondroitin sulphate

degradation pathway within the lysosome.

The participating glycosaminoglycan (GAG) hydrolases are shown together with their

sites of cleavage within the GAG chain (red arrow). The inability of the N-

acetylgalactosamine 4-sulphatase in mucopolysaccharidosis type Vl to remove the

sulphate from the carbon at position 4 (blue) in N-acetylgalactosamine, results in the

accumulation of its substrate (green)"

Picture kindly provided by Dr. E. W. Johnstone.
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ln patients with MPS Vl, the undegraded CS and DS GAGs accumulate intracellularly

within the lysosomes of connective tissue cells such as the osteoblasts and

osteocytes, which give the cells a characteristic foamy appearance when viewed by

electron microscopy (Byers et a1.,1997; Byers et a1.,1998) (Figure 1.12). There is also

an elevated excretion of DS in the urine of patients with MPS Vl (Neufeld and Muenzer

1ee5).

The skeletal system is a major site of pathology in MPS Vl. Severely affected patients

display short stature, joint contractures, a constellation of characteristic radiologic

features termed dysostosis multiplex, facial dysmorphia and epiphyseal dysplasia.

Pelvic changes are prominent and include acetabular hypoplasia and small flared

wings" Prominent radiological features include an oval deformity of vertebral bodies

and blunt anterior hypoplasia of L1 and L2 vertebral bodies (Neufeld and Muenzer

1gg5). Pathology in other connective tissues includes corneal clouding, organomegaly

and cardiopulmonary complications are also commonly present (Neufeld and Muenzer

1gg5). Most severe MPS Vl patients die of heart or respiratory failure in their second

decades of life due to thickening of the tricuspid and mitral valves or narrowing of the

airways (Neufeld and Muenzer 1995).

1.8.1 CURRENT APPROACHES TO PATIENT MANAGEMENT

Currently there is no reliably safe, effective treatment for MPS Vl patients other than

palliative care to alleviate some of the symptoms (Neufeld and Muenzer 1995)'

Although not life threatening, the bone pathology present in MPS Vl requires repeated

orthopaedic intervention for the relief of severe joint contractures, bone dysplasia, long
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Figure 1.122 Lysosomal storage in mucopotysaccharidosis type Vl

skeletal tissues.

Electron microscopy of 6 month old MPS Vl (A) and normal (B) feline rib trabecular

bone tissue sections. The undegraded proteoglycan storage product is stored in

lysosomal vacuoles associated with osteoblasts and osteocytes. No storage product

is visible in normal tissue. Bar = 2pm.

Picture kindly provided by Dr. S. Byers.
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bone angulation deformities and axial skeletal deformities and thus presents a

significant challenge in the management of the disorder.

There are three ma¡n streams of potential multi-tissue therapy that are being cunently

assessed for these patients: bone marrow transplantation which shows encouraging

short term results (Hoogerbrugge 1997), gene therapy (Salmons et al., 1995) and

enzyme reptacement therapy (Crawley et al., 1996; Byers et al., 1997; Crawley et al.,

l gg7)" Each of these techniques have in common the aim of supplying individuals with

the defective enzyme 45, with the intention that it may be taken into cells of tissues

and clear the primary pathology of GAG accumulation.

1.8.2 ANIMAL MODELS OF MPS VI

Naturally occurring animal models of MPS Vl have been reported in cats (Jezyk et al.,

1g77; Haskins et al., 1980), rats (Yoshida ef a/., 1993a; Yoshida et al., 1993b) dogs

(Neer et al., 1gg2) and a genetically altered mouse model has also been described

(Evers et a\.,1996). ln orderto gain a better understanding of the connective tissue

pathology associated with MPS Vl, an MPS Vl cat colony was established in our

department with founder animals obtained from Prof. M. Haskins, University of

pennsylvania, USA (Haskins et al., 1980). This animal model of MPS Vl displays a

similar biochemical and clinical profìle to human MPS Vl most notably in the

development of severe skeletal pathology (Haskins et al., 1980; Konde et al., 1987)

(Table 1.4).
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Table 1.4: Comparison of the pathology associated with the human and feline form of mucopolysaccharidosis type Vl

The similarities in both the skeletal and soft connective tissue pathology in the feline MPS Vl cat compared to humans with MPS Vl are shown



Feline

Yes

Yes

Yes

Yes (mild)

Yes

Yes (mitral)

Not known

No

No

Human

Yes

Yes

Yes

Yes

Yes

Yes (aortic & mitral)

Yes

Yes

Yes

Pathology

excess urinary DS

normal intelligence

skeletal deformity

cloudy corneas

leukocyte granulation

heart valve stenosis

joint stiffness

hepato/splenomegaly

respiratory obstruction



Literature review and thesis aims

The cat model of MPS Vl has proven invaluable to our understanding of the natural

progression of skeletal disease in MPS Vl and the underlying pathogenic

mechanisms involved (Byers et a1.,1997; Crawley et al., 1997; Nuttall et a1.,1999).

At birth, the amount of trabecular bone in MPS Vl is comparable to normal. Normal

animals accumulate bone mass as they age but MPS Vl animals do not (Figure

1.13)" At skeletal maturity MPS Vl bone is shorter than normal and severely

osteopenic, with bone mineral volume approximately 21% of that displayed in normal

animals (Byers et al., 1997; Nuttall et al., 1999). Osteopenia manifests as a

reduction in both trabecular number and thickness (Figure 1.14 and Table 1.5). MPS

Vl animals display a chronic reduction in bone formation rate throughout life;

contributing to the reduction in bone mass (Table 1.5 and Figure 1.16). Both the

number of osteoblasts and their ability to produce and elaborate an organic matrix

capable of mineralising influence bone formation rate. Since osteoblast number and

the mineral apposition rate appear normal in MPS Vl (Table 1.5), the goal of this

study was to analyse the ability of MPS Vl osteoblasts to produce and elaborate a

functional bone organic matrix.
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Figure 1.13: Bone mineral volume in normal and MPS Vl cats at various ages'

Histomorphometric analysis of L-5 vertebral trabecular bone. The amount of bone mineral volume (calculated as bone volume (BV) / total

volume (TV¡ = bone + marrow space) in normal (blue) and MPS Vl (red) cats at the various ages is shown.

Data kindly provided by Dr. S. Byers.
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Figure 1.14= Bone histology of normal and MPS Vl cats.

An L5 vertebrae stained with von kossa / hematoxylin and eosin from a normal cat at

six months of age (A) showing ordered trabecular bone pattern and funneled shape.

Vertebrae from an age matched MPS Vl cat (B) is severely osteopenic with loss of

trabecular elements. MPS Vl vertebrae are shorter and wider than normal. Original

magnification X 6.

Picture kindly provided by Dr. S. Byers.
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Figure 1.15: Bone formation rate in normal and MPS Vl cats.

Histomorphometric analysis of L-5 vertebral trabecular bone in 6 month normal (blue) and MPS Vl (red) cats. The bone formation rate (BFR)

normalised to bone surface (BS) is shown and is plotted against osteoblast number (calculated as the number of osteoblasts (obs) covering

the bone surface (BS))

Data shows that for a given number of osteoblasts covering the bone surface in MPS Vl, there is a reduction in the BFR '

Data kindly provided by Dr. S. Byers
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Table 1.5: Histomorphometric measurements of L-5 vertebral trabecular bone in 6 month normal and MPS Vl cats'

The static parameters of bone formation (S) were determined on undecalcified tissue sections stained with von Kossa to visualise mineralised

bone. The dynamic parameters of bone formation (D) were determined under ultraviolet light, by analysing the distance between two different

fluorescent labels, previously incorporated into mineralising bones of normal and MPS Vl cats approximately 2 weeks and 2 days prior to

sacrifice, Osteoclast and osteoblast numbers were identified primarily on morphological criteria and the data represents the number of cells in

a pre-defined sample area (bone + marrow space), whereas % bone surface covered by osteoblasts or osteoclasts represents the number of

cells covering the surface of bone.

Statistically significant results are indicated with an asterisk (*).

Adapted from Byers et al., 1997.



2.58 ! 1.29

4.40 ! 1.69

0.42 t 0.19*

0.0011 r 0.0005*

0.69 t 0.27*

1054 r 308.

2.09 I 0.11

45 + 10*

0.99 t 0.34.

MPS Vl (n=10)

4.39 ! 1.25*

4.23 !2.11

4.15 r 1 .30

1.88 t 1.13

0.008 r 0.002

1.70 r 0.46

2.38 t0.41

348 l 80

2.20 !.0.11

20.11 t 5.39

83 t 10

Normal(n=9)

Osteoblast number (n/mm2)

% bone surface covered by osteoblasts / bone surface

Osteoclast number (n/mm2)

% bone surface covered by osteoclasts / bone surface

D: Mineral apposition rate (¡rm/day)

D: Bone formation rate (mm3/mm2/day¡

S: Trabecular thickness (¡rm)

S: Trabecular number (Per mm)

S: Trabecular seParation (Pm)

Histomorphometric measurements

S: Bone mineral volume (bone volume / total volume) (%)



Literature review and thesis aims

THESIS AIMS:

The overall aim of this thesis was to further characterise the site of skeletal pathology

in MPS Vl by investigating the production of organic matrix by MPS Vl osteoblasts.

The hypothesis to be tested was that:

',The failure to turnover GAGs in MPS Vl, alters the ability of osteoblasfs fo

elaborate a functional extracellular matrix in bone."

To test this hypothesis, the specific aims were to:

Aim 1: Establish and characterise cat trabecular bone cell cultures.

The investigation into the mechanisms underlying the skeletal pathology of MPS Vl

required the establishment of trabecular bone derived cell cultures from normal and

MpS Vl cats. lt was also therefore a requirement to demonstrate and characterise

the MpS Vl phenotype in the trabecular bone cell culture system. Thus the initial

aims were to:

1a: Establish primary cell cultures from normal and MPS Vl cat trabecular bone'

1b: Demonstrate the MPS Vl phenotype in bone cells and show it is maintained in

culture by:

(i): measuring the levels of 45 protein and activity.

(ii): identifying the storage product and correcting it with exogenously added

enzyme.
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Aim 2: To characterise the presence and production of the major osteoblast

phenotypic markers in normal and MPS Vl bone cell cultures.

ln order to characterise osteoblast function in MPS Vl it was first necessary to

demonstrate the production of organic matrix proteins phenotypically characteristic of

osteoblast cells, and then to quantify their temporal expression. Thus investigations

were carried out to:

2a: assess the production of collagens and alkaline phosphatase.

2b characterise the temporal production of osteoblast phenotype markers collagen

type I and alkaline phosPhatase.

Aim 3: To analyse the ability of MPS Vl bone cells to synthesise and turnover

bone matrix proteoglYcans.

ln order to characterise the effect of the primary biochemical defect in MPS Vl on the

major organic matrix constituents, the PGs, investigations were carried out in normal

and MPS Vl bone cell cultures to:

3a: Characterise the types of PGs produced by normal and MPS Vl bone cell cultures'

3b: Assess the total and individual PG synthesis rates.

3c: Assess the total and individual PG turnover rates.
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Experimental methods

Tabtes oulining the detaits of the materials used in fhese experimental

procedures are listed in Appendix 3'

2.1 PREPARATION OF SOLUTIONS FOR TISSUE GULTURE

2.1.1 HEAT INAGT¡VATED FETAL CALF SERUM

H¡FCS was prepared by incubating FCS in a water bath at 60 0C for 30 minutes

Aliquots of 25 mL were stored at minus 20 0c until required.

2.1.2 L-ASCORBIC AGID PHOSPHATE MAGNES¡UM SALT A''HYDRATE

A 100 X stock solution (10 mM) of L-ascorbic acid phosphate was prepared by

dissolving 112.73 g in 100 mL of crMEM" This solution was sterile filtered through a 0-2

pm Sartorius syringe fìlter and stored in 5 mL aliquots at minus 20 oC until required.

2.1.3 MINIMUM ESSENTIAL MEDIUM .ALPHA MODIFICATION

To prepare 1 L of culture medium, one sachet of aMEM powder was added to 950 mL

of sterile water. Following the addition of 2.2 g NaHCO. the pH of the solution was

adjusted to 7.2 with 1 M HCl. The total volume was adjusted to 1 L with sterile water

and the medium was sterile filtered using a 0.22 ¡rm Millipore filter'

72



Experimental methods

2.1.4 MINIMUM ESSENTIAL MEDIUM . ALPHA MODIFICATION COMPLETE

MEDIUM

One liter of aMEM complete was prepared by the addition of 100 mL HIFCS (10 Yo

final concentration), 10 mL L-ascorbic acid phosphate (100 pM final concentration), 10

mL penicillin G (50 U/mL final concentration), 10 mL streptomycin sulphate (5 pg/ml

final concentration) and 10 mL of 200 mM L-glutamine (2 mM final concentration) to

860 mL of crMEM.

2.1.5 COLLAGENASE / DISPASE

A 2 mg/ml solution of collagenase/dispase was made by dissolving 20 mg of

collagenase/dispase in 10 mL of aMEM. The collagenase/dispase solution was sterile

filtered through a0.2 pm Sartorius syringe fìlter and stored at 4 0C until required.

2.2 CELL CULTURE

2.2.1 BONE EXPLANT CULTURE

Bone cell cultures were established from the trabecular bone of 2 month old normal

and 2 month old MPS Vl cats, using an adaptation of the method described by Marie

et al.,1ggg. All steps were performed under sterile conditions in a laminar flow hood

and solutions were pre-warmed to 37 0c. Left and right femurs were stripped of

adherent muscle and periosteum. Metaphyseal trabecular bone was exposed by

sawing the femur transversally at the proximal and distal end below the growth plate'

The trabecular bone was removed by scraping with a #15 scalpel blade into crMEM.
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The chips were cleaned of adherent marrow by shaking the tube and allowing chips to

setfle to the bottom of the container. Medium was removed and a further 25 mL of

crMEM added. The wash procedure was repeated four times" After washing, the bone

chips were minced into approximately 1 - 2 mm3 pieces and weighed.

Approximately 0.4 g of trabecular bone was placed into a 75 cm2 tissue culture flask

containing 12 mLc¿MEM complete. Bone chips were spread evenly on the surface of

the culture flask with a sterile pasteur pipette. The bone chip cultures were incubated

at37 oC with 5 0/o co2and g0 % humidiÇ in either a Forma Scientific water-jacketed

incubator (model 3029) or a NAPCO incubator (model 5415)' Cultures were fed with

üMEM complete, once in the first week and then every third day thereafter' During the

first week in culture, trabecular bone derived cells were Seen growing out from the

bone chips in both normal and MpS Vl cultures" MPS Vl cultures attained confluency

between two to three weeks, whereas normal cultures were confluent at three to four

weeks. At confluency, cells derived by outgrowth were harvested (section 2'2'2) and

replated into 3 x 75 cm2 culture flasks per one 75 cm2 original flask and designated

E1P1 (explant 1/ passage 1). upon reaching confluency, E1P1 cultures were

harvested (section 2.2.2) and re-prated at 10,000 ceils/cm2 into either 6 well tissue

culture dishes or 75 cm2 flasks. These cultures designated as E1P2 (exptant 1 /

passage 2) were routinely used for all experiments' I
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2.2.2 CELL HARVEST

Each confluent 75 cm2 flask containing normal or MPS Vl trabecular bone derived cells

was washed three times with phosphate buffered saline (PBS), 5 mUwash. A 1

mg/ml collagenase/dispase solution was added to each 75 cm2 culture flask (4

mUflask) and incubated at 37 0C. The incubation was continued for a period of 30 to

45 minutes terminating at the point where the digested cells appeared rounded but not

detached from the flask. The collagenase / dispase solution was then removed and

discarded. Each flask was washed twice with PBS, 5 mUwash. The PBS from this

wash was added to a 50 mL falcon tube and retained. A solution of 0.1 % (wlv) trypsin

and 0.02 % (wlv) versene was then added to each flask (3 mUflask) and the cells were

incubated for 2 minutes at 37 0C. Each flask was gently tapped to dislodge any

adherent cells, which were consequently removed by a pasteur pipette and added to

the tube containing the PBS wash. A final wash was performed for each flask (twice

with 5 mL of PBS) to aid in the removal of any cells still present. These cells were

combined with those from the trypsinisation and first wash step. The cells were

pelleted by centrifugation at 1500 rpm for 5 minutes and resuspended in 20 mL of

aMEM/5Q mL tube. The suspension was passed through a Falcon cell strainer (70

pm), in order to obtain a single cell suspension.

2.2.3 CELL NUMBER AND VIABILITY

The cell number and viability was determined by trypan blue exclusion. A 100 prl

aliquot of the harvested cell suspension (Section 2.2.2) was diluted 1/5 with PBS and

an equal volume of 0.08 % (w/v) trypan blue solution added. The number of viable

cells in 10 squares of the hemacytometer was determined. Viable cells were those
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that excluded trypan blue. Counting was repeated and checked for reproducibility (t

15 %o,). The number of cells in 1. mL of original cell suspension was determined using

the following formula:

Cell concentration/ml = average cell count per square x 104 x dilution factor of 10

(viable cells)

2.3 PROLIFERATION

cellular proliferation was measured by analysing the amount of DNA in normal and

Mps vl cells daily during the culture period, as described by Labarca and Paigen

1980" Triplicate wells of normal and MPS Vl E1P2 cultures were seeded at a sub

confluent density of 10,000 cells per cm' in 6 well culture dishes (day 0). On given

days the cell layers were washed twice with 500 pL PBS per wash and DNA

solubilised by extracting the cell layers in a total of 1000 pL DNA extraction buffer

consisting of; 2 M NaCl, 50 mM NaHr(PO)o/NarH(PO)o pH 7.4 overnight at 4 0C' Day 0

sampres were assayed by coilecting the ceils from an equivarent vorume of seeding

cell suspension used per well by centrifugation at 1500 rpm for 5 minutes' The DNA in

the cell pellets was solubilised as above with 1 mL DNA extraction buffer per sample'

rnsorubre materiar was separated from DNA (contained in the supernatant) by

centrifugation at 6000 rpm for 30 minutes at 4 0C'
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Hoechst H33258 fluorochromatic dye was added to the DNA supernatant in order to

determine the amount of DNA present in each sample. specifically, a 100 pg/ml stock

solution of H33258 was made in water and stored at 4 oC in the dark' 5 ¡'rL of this

H332sg stock solution was added to 495 pL of cell layer supernatant containing the

solubilised DNA. Following vortexing, the fluorescence was read immediately at

excitation 356 nm / emission 45g nm using a perkin-Elmer fluorometer. A DNA

extraction buffer blank containing 5 ¡rL of the H3325g stock solution was used, and

results were determined following the construction of a calf thymus DNA standard

curve. A 500 ¡rg/ml calf thymus DNA stock solution was made in water and stored

frozenat minus 20 oc,the stock DNA standard was diluted with DNA extraction buffer

yielding DNA standards between 75 ng/ml and 7500 ng/ml and the fluorescence

determined following the addition of 5 uL H33258 stock solution'

2.4 COLLAGEN PRODUCTION

2.4.1 QUAL¡TATIVE ANALYS¡S

The types of collagens produced by normal and MPS Vl bone cell cultures were

determined foilowing rabelring with sH-prorine. Three confluent 75 cm2 flasks of day 5

Elp2normal and Mps vl bone cells were labelled for 24 hours with 10 pCi/ml 3H-

proline in 6 mls aMEM per flask. The labelled collagens in the medium and cell layer

fraction were analysed as described by chan et al., 1990' For each flask of

radiolabelled cultures, medium was removed and cell layers washed twice with 3 mL

pBS per wash. The washes were added to the medium fraction and the radiolabelled
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collagens were precipitated with 25 % (w/v) ammonium sulphate (containing protease

inhibitors: 1 mM benzamidine HCl, 10 mM n-EM,0.1 mM PMSF, and 25 mM EDTA)for

16 hours at 4 oC. Radiolabelled collagens in the medium fraction were recovered by

centrifugation at 40,000xg for 45 minutes and resuspended in 2 mL of 50 mM Tris-HCl'

'pH 
7.5,0.15 M NaCl containing protease inhibitors as described above' Radiolabelled

collagens in the cell layer were harvested by scraping cells into 0'5 % acetic acid'

Non-collagenous labelled protein in the medium fraction and cell layer preparation was

removed by digestion with 0.1 mg/ml pepsin for 24 hours ar22 0C foilowing overnight

dialysis into 0.5 % acetic acid (3,500 X volume)' Pepsin treated samples were

neutralised with 100 mM NaOH, lyophilised and resuspended in HrO'

Following scintillation counting to determine the amount of 3H-proline contained in the

medium and cell extracts, approximately 50,000 dpm of labelled collagen was run on a

5 % (l.ry/v) polyacrylamide gel containing a 3.5 % (w/v) polyacrylamide stacking gel

(section 2.9). Following electrophoresis, the gels were subjected to autoradiography

(section 2.g.1) and the amount of radioactivity appearing in collagen bands was

determined by densitometric analysis using a Molecular Dynamics densitometer'

2.4.2 QUANTITATIVE ANALYSIS

The amount of coilagen produced by normar and Mps Vr ceils was also determined by

3H-proline incorporation. However, because proline is incorporated into other non-

collagenous proteins, samples were digested with type vll collagenase' which

specifically digests triple helical collagen (Peterkofsky and Diegelmann 1971)' thus

distinguishing between .H-proline incorporation into collagen and non-collagenous
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prote¡ns. As a control for the specificity of the collagenase used, parallel cultures were

incubated with 3H-tryptophan which is not incorporated to a signifìcant extent into

collagen. Type vll collagenase which is specific to triple helical collagen would

therefore not be expected to digest 3H-tryptophan labelled proteins'

2.4.2.1 S¡VPIE PREPARATION

Normal and Mps vl E1p2 bone cell cultures were seeded at a sub-confluent density of

10,000 cells per cm' in 6-well culture dishes and maintained in aMEM complete

medium. on each day of culture from day 1 to day 5, triplicate wells were labelled with

10 ¡rci/ml 
3H-proline in 1 mL of øMEM complete per well for I hours. A parallel set of

triplicate wells was labelled with 10 ¡rci/ml 
3H-tryptophan. After labelling, the medium

was removed and the cell layer washed twice with 0'5 mL PBS' The medium and

washes were combined and stored at 4 "c. The ceils were removed by scraping into

1.0 mL PBS and the wells washed twice with 0.5 mL PBS" The cells and washes were

combined and subjected to five cycles of freeze-thaw. The cell lysates were

centrifuged at 2500 rpm for 10 minutes at 4 oC and the supernatant containing

radiolabelled proteins retained. Radiolabelled proteins from the cell layer and medium

fractions of both 3H-proline and 3H-tryptophan labelled cultures were separated from

unincorporated isotope by precipitation with 2 mLs of cold 20 % TCA for 12 hours at 4

oc. samples were then centrifuged at 3100 rpm for 30 minutes at 4 0C' The pellets

were washed by the addition of 1 mL cold 5 % TCA and incubated at 4 "C for 60

minutes followed by re-centrifugation as above. The wash was repeated once again

and pellets were finally solubilised in 444 pL of 0.2 M NaOH' The pH of the samples
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was adjusted to 7.2by the addition of 333 pL of 0.5 M HCI and 222 ¡tL of 1'0 M Hepes

pH7.2.

2.4.2.2 GOII-¡CCUASE DTGESTION ASSAY

Duplicate 200 pL aliquots of each cell layer and medium sample from both 3H-proline

and 3H-tryptophan labelled cultures were subjected to collagenase digestion. 50 pL of

collagenase digestion buffer consisting of 5 mM CaClr,30 mM n-ethyl maleimide' 50

mM Tris HCI pH 7.6 was added to each sample. A 50 X stock solution of collagenase

type Vll was prepared in 5 mM CaClr, 50 mM Tris HCI pH 7.6, and added to the

digests to give a final concentration of 2.5 lu" An equal volume of buffer (5 mM Caclr'

30 mM n-ethyl maleimide, 50 mM Tris HCI pH 7'6) was added to duplicate control

samples in place of the collagenase. All samples were digested for 2 hours at 37 0C'

Following digestion, samples were placed on ice and non-digested proteins

precipitated by the addition of 250 pL cold 10 % TCA plus 0'5 % tannic acid overnight

at 4 0C. The supernatants containing digested collagen were retrieved by

centrifugation at 9000 rpm for 20 minutes at 4 0c. The peilets were washed with 500

pL cold 5 % TCA plus 0.25 % tannic acid followed by centrifugation as above' The

wash supernatant was added to the original supernatant' The pellet was solubilised in

500 pL of 1.0 M NaOH and then neutralised with an equal volume of 1'0 M HCI' The

supernatants and pellets were taken for scintillation counting as described in section

2.10.4.

The amount of 3H-proline incorporated into collagen was calculated by subtracting the

amount of 3H-proline in the TCA supernatant in the absence of collagenase digestion
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data was normalised to DNA as described in section 2.3 and expressed as 3H-proline

dpm incorporated/hour/pg DNA for both medium and cell layer samples. ln the

collagenase digestion control samples, the amount of 3H-tryptophan labelled material

appearing in the TCA supematant after collagenase digestion was routinely 1-2 o/o of

the total (supernatant plus pellet) indicating that the collagenase used was specific for

collagen and did not significantly digest non-collagenous proteins.

The amount of 3H-proline incorporated into collagen as a percentage of 3H-proline

incorporation into total protein was determined by the following equation:

2.5 ALKALINE PHOSPHATASE

Cell layer alkaline phosphatase in normal and MPS Vl cultures was measured using a

commercially available kit from Sigma. Normal and MPS Vl E1P2 cultures were

seeded at a sub confluent density of 10,000 cells per cm' in 6 well culture dishes.

Cells were allowed to adhere to the dish ovemight and were re-fed with fresh oMEM

complete, 24 hours after initial seeding (day 1) and then again on day 3. Medium was

removed from the cultures and the cell layer washed twice with 500 pL PBS per wash.

3H-proline

incorporated
into collagen as
ao/o oÍ total3H-
proline labelled
protein

3H-proline in TCA supernatant (+ collagenase treatment)
x 100

3H-proline in TCA supernatant

(+ collagenase treatme nt)
+

5.4 x 3H-proline in TCA
pellet

(+ coll agen ase treatment)
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was removed from the cultures and the cell layer washed twice with 500 pL PBS per

wash. Triplicate day 0 samples were collected by centrifuging (1500 rpm for 5

minutes) an equivalent number of cells from the original seeding cell suspension'

The cell layer samples were prepared by extraction with 200 ¡tL of 12'5 mM

Tris/NaHCO., pH 6.8, 1 % Triton x-100, followed by centrifugation at 6000 rpm for 5

minutes at 4 0C as previously described by Farley et a1.,1989. Alkaline phosphatase

activity was assessed daily in cultures by incubating 10 pL of cell layer supernatant

and an extraction buffer control (blank), with 100 ¡rL of assay solution containing the p-

nitrophenyl phosphate alkaline phosphatase substrate in each well of a 96 well

polyvinyl chloride plate for 30 minutes at 37 0C. Alkaline phosphatase activity was

measured at an absorbance of 405 nm on an automated ELIsA reader (Titeftek

Multiscan; Flow Laboratories). The amount of alkaline phosphatase in each sample

was calculated from a p-nitrophenyl standard curve (1-10 nmoles)'

2.6 CHARACTERISATION OF MUCOPOLYSACCHARIDOSIS TYPE VI

PHENOWPE

2.6.1 N.ACETYLGALACTOSAMINE 4'SULPHATASE ENZYME ACTIVITY

The 45 enzyme activity was measured in normal and MPS Vl E1P2 trabecular bone

cell cultures with the radiolabelled 43 natural trisaccharide substrate

(GalNAo4sulphate-GlcA-GalitolNAc/sulphate[3H]), using a modifìed form of a

previously described method by Hopwood ef a/., 1986' Cells were prepared from two

confluent 75 cm2 flasks of normal and MPS Vl cultures by harvesting in 1 mg/ml
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collagenase/dispase followed by 0.1 % (w/v) trypsin I 0.02 7o versene (w/v) (Section

2.2.2), and then centrifuging at 1500 rpm followed by washing twice in 20 mL PBS per

wash. Cell lysates were prepared for each sample by seven cycles of freeze-thaw in

300 pL of cell lysis buffer cons¡st¡ng of 500 mM NaCl and 20 mM Tris.HCl pH 7.0.

Supematants were cotlected following centrifugation at 2000 rpm for 5 minutes, and

protein determined using the Bradford protein assay (Section 2.10.2). The

supernatants were divided into 2 aliquots, one half of the supernatant was assayed for

45 activity and the other half was stored at minus B0 0C for the measurement of p-

hexosaminidase activity (Section 2.6.2).

Cell layer supernatants were dialysed for 16 hours against 50 mM sodium formate

buffer pH 3.b (10,000 x volume) at 4 oC. The 45 activity was determined by incubating

the samples at 37 oC for 24 hours with the radiolabelled 45 trisaccharide substrate'

The activity assay consisted of 5 pL sample containing no more than 5 Pg to 10 pg

total protein, 3 ¡rL of 200 mM sodium formate pH 3.5, 3 pL of 24 mM B-hexosamine

inhibitor (o-N-acetyl galactonolactone) and 1¡.rL (600 pmoles) of the 3H-radiolabelled

45 trisaccharide substrate. A sample blank consisting of dialysis buffer only was also

included. The reaction was stopped by the addition of 90 pL of 0.1 M NH4OH. The

amount of 45 substrate (GalNAc4sulphate-GlcA-GalitolNAc4sulphatefHl) converted to

product (S+GalNAc-GlcA-GalitolNAc4sulphate[3H]) was measured by HPLC (Section

2.g.5.1) and the activity of 43 in the extract (expressed as pmol/min/mg total protein)

was calculated by the following formula:
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45 activity
(pmol/min/mg)

% conversion
substrate to

product
X

amount of substrate Per
incubation (Pmol)

time (minutes) X protein (mg)

2.6.2 p-HEXOSAMIN¡DASE ACTIVITY

Lysosomal p-hexosaminidase activity in normal and MPS Vl cultures was measured

us¡ng a fluorogenic substrate (4-methylumbelliferyl-2-acetamido-2-deoxy-P-D-

gllucopyranoside) as descr¡bed previously by Leaback and walker 1961. Normal and

Mps vl E1p2 cell layer extracts were obtained and prepared as previously described

(section 2.6.1\. Samples were dialysed against PBS (10,000 x volume)for 16 hours at

4 oC and the amount of protein determined by the Bradford protein assay (Section

2.10.2). Each sample was then diluted 1:20 tn 0.9% (w/v) NaCl and 50 pL incubated

with 50 ¡rL of B-hexosaminidase assay mix consisting of 1.24 mM 4-methylumbelliferyl-

2-acetamido-2-deoxy-B-D-glycopyranoside, 0.1 M citric acid, 0.2 M di-sodium hydrogen

phosphate, pH 4.8, for 30 minutes at 37 oC. The reaction was stopped with 1.5 mL

glycine stop buffer (o.2 M glycine, 0.125 M NarCO., 0.146 M NaOH, pH 10.7) and the

fluorescence measured at an excitation of 366 nm and an emission of 446 nm'

Enzyme activity was based on the hydrolysis of 4-methylumbelliferyl'2-acetamido-2-

deoxy-B-D-glucopyranoside to the fluorogenic 4-methylumbelliferone (4MU) product'

The amount of p-hexosaminidase activity was calculated from an internal 4-
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methylumbelliferyl sulphate (4-MUS) standard (2.84 nmoles). one relative fluorogenic

unit (RFU) of activity was defined. as the amount of enzyme required to produce 1 nmol

4MU per minute and 1 nmol of 4MU was equivalent to an emission at 446 nm with a

signal of 10. Results were expressed as nmol/min/mg total protein'

2.6.3 IMMUNOQUANTITATION OF N.ACETYLGALACTOSAMINE 4'SULPHATASE

PROTEIN

45 protein levels in normal and MPS Vl E1P2 cells were determined using a sandwich

ELISA with rabbit and murine polyclonal antibodies raised against immunopurified

re"or-binant feline 4s (rf4s), as previously described by Yogalingam 1998. Normal

and MpS VI cell lysates from 2 confluent 75 cm2 flasks were obtained and prepared as

described previousry (section 2.6.1). Rabbit rf4s polycronal antibody was diluted in

0.1 M NaHCO. pH 10.0, to a concentration of 10 pg/ml and 100 ¡rL was added to

individual wells of a polyvinyl chloride ELISA plate and incubated overnight at 4 0C'

Each well was aspirated and then blocked with 200¡rL of 0.02 M Tris-HCl, pH 7'0, 0'25

M NaCl, I Yo (wlv) ovalbumin (buffer A) for 2 hours at 22 oC (room temperature)'

Following aspiration, the wells were washed three times with 0.02 M Tris-HCl, pH 7'0,

0.2S M NaCl (buffer B), and then incubated with 100 ¡rL of PBS dialysed cell lysates

diluted in buffer A overnight at 4 oC. Following incubation, each well was aspirated,

washed three times with buffer B and then incubated with 100 pL of the murine rf4S

polyclonal antibody diluted 1/10,000 (v/v) in bufferA. Following a 4 hour incubation at

22oC, each well was aspirated, washed 3 times (in buffer B) and incubated with an

affinity-purified, horseradish peroxidase (HRP)-conjugated sheep anti-mouse

immunoglobulin secondary antibody diluted 1/1,000 (v/v) in buffer A for t hour at 22oc'
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100 ¡rL of the ABTS perox¡dase substrate was added to each of the wells following

aspiration and washes. Following a 5 minute colour development step, the

absorbance was read at 414 nm on an automated ELISA reader (Titertek Multiscan;

Flow Laboratories). The amount of 45 activity in each sample was calculated from a

standard curve constructed with 1 to 40 ng/ml immunopurified rf4S and expressed as

ng of 45 protein per mg total cell protein as determined by the Bradford protein assay

(Section 2.10.2).

2.6.4 N.ACETYLGALACTOSAMINE 4.SULPHATASE GORRECTION STUDY

The ability of exogenous 45 to correct the storage of undegraded sulphated GAGs in

MpS Vl bone cells was determined by measuring the amount of stored intracellular

3sS-sulphate labelled material following incubation with rh4s in the presence or

absence of mannose-6-phosphate (M6P). A previously described method was used

with the following modifications (Harper et a1.,1993). The GAGs in each confluent 75

cmz flask of normal and MpS Vl E1P2 bone cell cultures were labelled with 10 pCi/ml

sS-sulphate for 24 hours in 6 mL aMEM. To remove the extracellular sS-sulphate

labelled GAGs and to obtain labelling consistency, cultures were harvested (section

2.2.2),washed twice with PBS (10 mL PBS/wash) and replated. The cells were then

seeded at a density of 40,000 cells per cm2 in 6 well culture plates. crMEM complete

medium containing various amounts of 4s ranging from 0.025ng to 250n9 was added

to triplicate cultures of normal and MPS Vl cells fo¡ 12 hours at37 0C in the presence

or absence of 5mM M6p. Following the incubation period, the labelling medium was

removed from the cells and the cultures harvested (Section 2.2.2). Cell lysates were
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prepared by 7 cycles of freeze-thaw in 2 M NaCl, 50 mM sodium phosphate buffer pH

7.4. The amount of sS-sulphate labelled GAGs remaining in the cell lysate was

determined by scintillation counting (Section 2.10.4) and results normalised to the

amount of DNA determined in the same wells as described previously (Section 2.3).

2.7 PROTEOGLYCAN CHARACTERISATION

2.7.1 RADIOLABELLING OF PROTEOGLYCANS

The GAG components of PGs synthesised by E1P2 normal and MPS Vl cultures were

radiolabelled with sS-sulphate. Confluent 75 cm2 flasks of normal or MPS Vl bone cell

cultures were labelled for24 hours in 6 mL of aMEM complete containing 10 pCi/ml

3sS-sulphate per flask. Following the labelling period, medium was collected and the

cell layer washed twice with 3 mL of PBS per wash. The cell layer washes were added

to the labelled medium and the cell layer harvested by 2 x 3 mL extractions with PG

extraction buffer consisting of: 4 M GuHCl, 100 mM NarSOo and 50 mM Tris'HCl, pH

5.8 and protease inhibitors: 10 mM NaTEDTA, 0.1 M amino caproic acid, 5 mM

benzamidine hydrochloride, 0.5 mM PMSF and 10 mM n-EM (Sajdera and Hascall

1969). Samples were stored at minus 80 0C until required.

2.7.2 CHONDROITINASE DIGESTION OF GLYCOSAMINOGLYCANS

The proportions of GlcNAc/GlcUA and GlcNAc/ldUA contained in the labelled GAGs

from normal and MpS Vl medium and cell layer extracts (Section 2-7.1) were

characterised with chondroitinase ABC, ACll and B enzymatic digestion as described
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by Heinegard and Sommarin 1987. The medium and cell layer fractions from two 35S-

sulphate labelled 75 cm2 flasks of normal and MPS Vl cultures were dialysed at 4 0C

for 24 hours in 50 mM Tris/acetate buffer pH 7 "4 (3,500 x volume) and then for a

further 24 hours in Hro (3,500 x volume). Dialysed samples were lyophilised and

resuspended in 1.5 mL HrO and the uronic acid content determined (Section 2.10.5) in

order to estimate the required amount of chondroitinase enzyme for the reaction (0.05

U / 1 mg uronic acid) (Heinegard and Sommarin 1987). The reactions were carried out

al37 oC for 24 hours following the addition of 200 ¡L 2 x chondroitinase ABC, ACll or

B reaction buffer (Table 2.1) containing 0.05 U of either chondroitinase enzyme to an

equal volume of each sample (containing approximately 20,000(dpm) of sS-sulphate

labelled GAGs.

The chondroitinase stock enzymes were prepared by dissolving 1 u of lyophilised

enzyme in 100 ¡rL HrO and 100 mu aliquots were stored at minus 20oc. The reaction

buffer and optimum pH for each of the chondroitinase enzymes is described in Table

2.1. For the control reactions, the enzyme was omitted and replaced with an equal

volume of HrO.

Following the reaction, samples were lyophilised and resuspended in 500 ¡rL of PG

extraction buffer containing carrier protein (Section 2.10.1). Samples treated with or

without chondroitinase enzymes were applied to a sepharose cL4B size exclusion

column (Section 2.8.2\. The amount of 3sS-sulphate radiolabel in the Sepharose CL-

48 fractions was determined (Section 2.10.4) and plotted against fraction number'
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Table 2.1: The polysaccharide lyases used to identify glycosaminoglycans and their reaction conditions.



References

(Yamagata et a1.,1968)

(Yamagata et a1.,1968; HiYama

and Okada 1975)

(Michelacci and Dietrich 1975)

Optimum

temperature

370C

370C

370C

370C

250C

250C

Units of

enzyme

0.05u

N/A

0.05u

N/A

0.05u

N/A

Ghondroitinase buffer (2X)

100mM Tris/acetate PH 8'0

100mM Tris/acetate PH 8.0

100mM Tris/acetate PH 6'0

100mM Tris/acetate PH 6.0

'100mM Tris/acetate PH 8.0

100mM Tris/acetate PH 8.0

Treatment

cABC

cABC (control)

cACll

cACll (control)

cB

cB (control)
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2.7.3 B-ELIMINATION

Single GAG chains were liberated from the PG core protein by alkaline borohydride

treatment in orderto establish GAG size distribution (Carlson 1968). Medium and cell

layer fractions prepared from two sS-sulphate labelled 75 cm2 flasks of normal and

MpS Vl cultures (Section 2.7.1) were dialysed at 4 0C fo¡ 24 hours against 50 mM

Tris/acetate buffer pH7.4 (3,500 x volume) and then for a further 24 hours against HrO

(3,500 x volume). Dialysed medium and cell layer samples were lyophilised and each

resuspended in 1.5 mL Sepharose CL-48 equilibration buffer (2 M GuHCl, 100 mM

NarSOo, 50mM Tris.HCl, pH 7.5). Samples of 500 pL were chromatographed on a

Sepharose CL4B size exclusion column. One tenth of each fraction was taken for

scintillation counting (Section 2.1o.4). For each individual radiolabelled population

identifìed, corresponding fractions were pooled and dialysed at 4 oC for 24 hours

against 50 mM Tris/acetate buffer pH7.4 (3,500 x volume) and then for a further24

hours against H2O (3,500 x Volume). Lyophilised extracts were resuspended in 450 pL

HrO and divided into 2 x225 pL aliquots.

The p-elimination reaction was carried out at 37 oC for 24 hours by the addition of 25

pL of 0.5 M NaOH and 10 M sodium borohydride to 225 ¡L of sample. Additionally'

2S¡L of HrO was added to the control sample, which was subsequently incubated

under the same conditions. Following the reaction, samples were neutralised by the

addition of 5 ¡rL glacial acetic acid. Both the control and p-eliminated samples were

lyophilised and resuspended in 500 pL of proteoglycan extraction buffer containing

carrier protein (section 2.10.1) and chromatographed on Sepharose cL4B (Section

2.8.2) or sephacryl s-300 (section 2.8.3) sizing columns. Aliquots of each fraction
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were counted (Section 2.10.4) and the amount of sS-sulphate contained in the control

and test samples plotted against fraction number'

2.7.4 DISACCHARIDE ANALYSIS OF GLYCOSAMINOGLYCANS

2.7 .4.1 DISNCCHRRIDE PREPARATION

The GAG sulphation pattern of individual PG pools isolated from the medium and cell

layer fraction of normal and MPS Vl cultures was analysed by high-performance liquid

chromatography (HPLC) of chondroitinase ABC generated disaccharides as previously

described by Zebrower et a1.,1986. sS-sulphate radiolabelled GAGs in the medium

and ce¡ rayer extracts from 6 x 75 cm2 flasks were prepared as described (section

2.7.1). The medium and cell layer samples from each flask were individually dialysed

at 4 oC for 24 hours against 50 mM Tris/acetate buffer pH 7.4 (3,500 x volume) and

then for a further 24 hours against H2O (3'500 x volume). The negatively charged

GAGs were separated from contaminating proteins by DEAE anion exchange

chromatography following lyophilisation and resuspension in 4'0 mL DEAE anion

exchange equilibration buffer containing: 0.5 M sodium acetate, pH 5 and 0'05% (w/v)

Thesit detergent. The radiolabelled GAGs were chromatographed on DEAE anion

exchange columns as described in section 2.8.4. Fraction aliquots of 10 pL were

taken for scintillation counting (section2.1o.4) and those fractions containing the ss-

sulphate labelled GAGs were pooled, lyophilised and further resolved by

chromatography on Sepharose CL4B (Section 2'8'2)' 50 pL of each fraction was

counted (section 2.10.4) and those fractions corresponding to the individual pools

were combined and dialysed at 4 0c for 24 hours against 50 mM Tris/acetate buffer pH
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7.4 (3,500 x volume) and then for a furth er 24 hours against H2O (3,500 x volume).

Following lyophilisation, disaccharides were generated by digesting the labelled GAGs

at 3T oC for 24 hours following resuspension of samples in 500 pL of chondroitinase

ABC buffer (b0 mM Tris/acetate, pH 8.0) containing 0.05U chondroitinase ABC.

The non-digested core protein components of the GAG containing PGs and other

contaminating proteins were separated from the chondroitinase ABc generated

disaccharides by precipitation with 4 volumes of 7Oo/o ethanol at minus 18 0C for 12

hours. The disaccharides were recovered in the supernatant after centrifugation at

13,000 rpm for 10 minutes and sulphation pattern determined by HPLC as described

(Section 2.8.5.2).

2.7.5 PROTEOGLYCAN SYNTHESIS RATE

2.7.5.1 CCll CUITURE, RADIOLABELLING AND HARVESTING

Normal and MpS Vl E1p2 cultures were seeded at 10,000 cells per cm'in 6 well

culture dishes. At day 4 when cells were 80 % to 90 % confluent, the GAG

components of pGs were radioactively labelled in triplicate cultures with ss-sulphate

for 2,4, g,20 & 24 hours, following a pre-incubation period of t hour with fresh oMEM

complete medium (1 mL / well). The labelling medium (1 mL / well) consisted of c¿MEM

complete containing 10 ¡.rCi/ml 
3sS-sulphate. Following the labelling period, samples

were harvested by collecting the medium and washing the cell layers twice with 250 ¡rL

pBS per wash. The washes were added to the tube containing the medium and the

cell layers were mechanically harvested (with a cell scraper) into PG extraction buffer
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cons¡st¡ng of; 4 M GuHCl, 100 mM NarSOo and 50 mM Tris.HCl, pH 5'8 and the

protease inhibitors, 10 mM NaTEDTA, 0.1 M amino caproic acid, 5 mM benzamidine,

0.5 mM pMSF, 10 mM n-EM using 2 x 300 pL extractions (Sajdera and Hascall 1969).

Samples were stored at minus 80 0C until assayed.

2.7.5.2 TOINI PROTEOGLYCAN SYNTHESIS RATE

The synthesis rate of the total sS-sulphate labelled PGs contained in the medium and

cell layer extracts of 2 to 24 hour sS-sulphate labelled cultures was determined after

removal of the unincorporated radiolabel by chromatographing 500 ¡rL aliquots of

medium and cell layer extracts down Sephadex G-25 columns (Section 2.8.1)- ln

normal cultures, the amount of sS-sulphate eluting in the Vo fractions (fractions 4 to 7)

represents the amount of PGs synthesised during the labelling period' Fraction

aliquots of 100 pL were counted (Section 2.10.4) to determine the total amount of sS-

sulphate labelled pGs. Values were normalised to protein using the bicinchoninic acid

protein assay (Section 2.10.3) and the PG synthesis rate determined by linear

regression analysis using Excel 97 SR-1 (Microsoft)'

MpS Vl cells however, also contain significant amounts of stored, undegraded 35S-

sulphate labelled GAG, which is particularly evident at the later labelling time points' ln

order to subtract this for true PG synthesis rate, MPS Vl cell layer Vo fractions were

pooled, lyophilised and re-chromatographed on sepharose cL4B (Section 2.8'2)' The

proportion of storage product was determined by scintillation counting total fractions

(Section 2.10.4) and was subtracted from the 3sS-sulphate in the Vo of the Sephadex

G-25 column.
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2.7 .5.3 lruotvtounl PRoTEoGLYcAN SYNTHESIS RATE

The synthesis rates of individual PGs in the cell and medium fractions were determined

by Sepharose CL4B chromatography. The total sS-sulphate labelled PGs contained

in the Sephadex G-2SVo fractions (Section 2.7.5.2) were lyophilised and resuspended

in 500 pL of pG extraction buffer containing carrier protein (Section 2.10.1). lndividual

pG populations were resolved following chromatography on Sepharose CL4B

(Section 2.g.2) and the total amount of sS-sulphate incorporated into the individual

pGs was determined following scintillation counting of total fractions (Section 2.10.4)'

Values were normalised to total cell protein using the bicinchoninic acid protein assay

(section 2.10.3) and the individual PG synthesis rates determined by linear regression

analysis using Excel 97 SR-1 (Microsoft).

2.7.6 PROTEOGLYCAN TURNOVER RATE

2.7.6.1 CEII CUITURE, RADIOLABELLING AND HARVESTING

Normal and MpS Vl E1P2 cultures were seeded at 10,000 cells per cm2 in 6 well

culture dishes. On day 3 of culture when cells were approximately 70 % to 80 %

confluent, cultures were labelled in triplicate with 10 pCi/mlsS-sulphate (1mL / well)

for 24 hours, following a pre-incubation period of t hour with fresh aMEM complete

medium (1mL / well). Following the labelling period, media containing the isotope was

removed and cultures were washed twice with 1mL of oMEM per wash. 1mL of fresh

c¿MEM complete medium was subsequently added to each of the wells and cultures

were chased for 0, 6, 10, 24 and 48 hours. At the end of each chase period, the

medium was collected and cell layers washed twice with 250 pL PBS. The washes

93



Experimental methods

were added to the tube containing the medium and the cell layers were mechanically

harvested (with a cell scraper) into PG extraction buffer: 4 M GuHCl, 100 mM NarSOo

and 50mM Tris.HCl, pH 5.8 containing protease inhibitors: 10 mM Na, EDTA, 0'1 M

amino caproic acid, 5 mM benzamidine, 0.5 mM PMSF, 10 mM n-EM (Sajdera and

Hascall 1969) using 2 x 300 pL extractions. Samples were stored at minus 80 0C until

assayed.

2.7.6.2 TOTRI PROTEOGLYCAN TURNOVER RATE

The total pG turnover rate was calculated following determination of the total amount

of pG remaining in the cell layer and redistributed into the medium fractions. 35S-

sulphate labelled pGs were separated from free ss-sulphate by chromatographing

500 ¡rL aliquots of cell layer extracts and medium down sephadex G-25 columns

(section 2.8.1) and aliquots of 100 pL were counted (section 2.10.4)' ln normal

cultures, the amount of sS-sulphate eluting in the Vo of the cell and medium extracts

(fractions 4 to 7\ represents the amount of PGs remaining in the cell layer or

redistributed into the medium respectively during the chase period whereas the

radiolabel eluting in the Vt (fractions 9 to 15) represents free $s-sulphate' Data was

normalised to protein using the bicinchoninic acid protein assay (section 2.10.3) and

non-linear regression analysis (sigmaplot v 3.0, SPSS) was applied to determine the

rates of pG elimination from the cell layer, PG redistribution into the medium and free

3ss-sulphate accumulation in the medium fractions. similarly, non-linear regression

was applied to determine total PG turnover rate using the total amounts of PG

remaining in the cell layer and those redistributed into the medium fraction'
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ln MpS Vl cultures, the chased cell layers and medium also contain significant

amounts of stored, undegraded. sS-sulphate labelled GAG eluting in the Vo and is

particularly evident at the later labelling time points. The percent of sS-sulphate label

in the storage product was determined by Sepharose CL4B column chromatography

of MpS Vl cell layer Vo fractions (Section 2.8.2\. The total column fractions were

scintillation counted (Section 2.10.4) and the amount of storage product subtracted

from the sS-sulphate in the Vo of Sephadex G-25'

2.7 .6.3 I ruolvl ouRt- PRoTEoGLYcAN TURNovER RATE

The tumover rate for the individual PG pools was determined following Sepharose CL-

48 chromatography of cell and medium Vo fractions obtained from total PG turnover

analysis (Section 2.7.6.2). The total 3sS-sulphate labelled PGs contained in the

sephadex G-25 Vo fractions (section 2.7.5.2) were lyophilised and resuspended in

5OO pL of pG extraction buffer containing carrier protein (Section 2.10.1)' lndividual PG

populations were resolved following chromatography on sepharose cL4B (Section

2.8.2) and the total amount of sS-sulphate incorporated into the individual PGs was

determined following scintillation counting of total fractions (Section 2.10.4). Values

were normalised to total cell protein using the bicinchoninic acid protein assay (Section

2.10.3)and the amount of each individual PG pool remaining in the cell layer plus that

redistributed into the medium fraction was used to determine the individual PG

turnover rates by non-linear regression analysis (Sigmaplot V 3'0, SPSS)'
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2.8 COLUMN CHROMATOGRAPHY

2.8.1 SEPHADEX G-25

3sS-sulphate radiolabelled cell and medium extracts from normal and MPS Vl cultures

(Sections 2.7.5 and 2.7.6) were chromatographed on 9'1 mL Sephadex G-25 size

exclusion columns (molecular weight fractionation range; 100 Da to 5000 Da)' A

sample volume of 500 pL was chromatographed on a Sephadex G'25 column

equilibrated in 0.5 M ammonium formate, pH 7.5. Using gravity flow, twenty 500 pL

fractions were collected per column and the amount of radiolabel in each fraction

analysed by scintillation counting (section 2.10.4)' This method typically yielded

recoveries above 92 o/ofor both the medium and cell layer fractions. The Vo and Vt of

the sephadex G-25 column were calibrated using a purified preparation of bovine

cartilage aggrecan and sS-sulphate radiolabel respectively. The elution position of

aggrecan (fractions 4-7) was identified by uronic acid analysis (Section 2.10'5), whilst

scintillation counting (section 2"10.4) identified the ss-sulphate peak (fractions 9-15).

Following the removal of unincorporated sS-sulphate, the medium and cell layer

samples were lyophilised to remove the volatile ammonium formate'

2.8.2 SEPHAROSE CL4B

Sepharose CL4B chromatography was carried out on a column (90 cm x 0'75 cm

internal diameter) equilibrated in 2 M GuHCl, 0.1 M NarSOo and 50 mM Tris'HCl' pH

7.5, set to a flow rate of 0.1 mUmin with a Pharmacia peristaltic pump. Eighty 500 pL

fractions were collected using a Pharmacia fraction collector and the amount of 35S-

sulphate in each fraction determined by scintillation counting (Section 2.10'4)' The
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amount sS-sulphate in each fraction was plotted against elution position. Typical

recoveries were above Blo/o fo¡ both the medium and cell layer samples. The Vo and

Vt of the Sepharose CL4B column was identified using a purifìed preparation of

bovine cartilage aggrecan and sS-sulphate radiolabel respectively. The elution

position of aggrecan (fractions 16-22'¡ was identified by uronic acid analysis (Section

2.10.5), whilst scintillation counting (Section 2.10.4) identified the sS-sulphate peak

(fraction 64 46).

2.8.3 SEPHACRYL S-3OO

Sephacryl 5-300 chromatography was carried out on a column (90 Gm x 0'75 cm

internal diameter) equilibratedin2 M GuHCl, 0.1 M NarSOo and 50 mM Tris'HCl' pH

7.5, set to a flow rate of 0.1 mUmin via a Pharmacia peristaltic pump. Seventy 500 ¡rL

fractions were collected and the amount of 3sS-sulphate in each fraction determined by

scintillation counting (Section 2.10.4). Results were plotted against elution'position

and typical recoveries were above 85 %for both the medium and cell extracts' The Vo

and Vt were identifìed using a purified preparation of bovine cartilage aggrecan and

free 3sS-sulphate radiolabel respectively. The elution position of aggrecan (fractions

22-24) was identified by uronic acid analysis (Section 2.10.5), whilst scintillation

counting (Section 2.10.4) identified the sS-sulphate peak (fraction 54-56).

2.8.4 DEAE ANION EXCHANGE

DEAE anion exchange chromatography was conducted on 1 mL DEAE anion

exchange resin equilibrated in 0.5 M sodium acetate, pH 5, 0'05 % (w/v) Thesit'
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Gravity feed was used to load 4 mL of sample in the above buffer and the flow through

was collected. Following 6 x 1 mL washes with DEAE wash buffer: 0.5 M NaCl, 0.5 M

sodium acetate, pH S, 0.0S% (w/v) Thesit, the radiolabelled GAGs were eluted with 4

column volumes of DEAE elution buffer containing: 2M GuHCl, 100mM NarSOo, 50mM

Tris, 0.5% Thesit, pH 7.5. Fractions of 500 pL were collected and 10 pL aliquots were

counted (Section 2.10.4). The radiolabelled GAGs eluted in the first 3 fractions with

typical DEAE recoveries of above 70 o/ofor both the medium and cell layer extracts.

2.8.5 H¡GH PRESSURE LIQU¡D GHROMATOGRAPHY

2.8 .5 .1 N -RCETYIOALACTOSAM I N E 4-SU LPHATASE ACTIVIIY ANALYS I S

The percentage of 4s substrate converted to product was analysed by HPLC' 100 pL

of sample was injected onto a Porous HQ20 anion exchange column (Perspective

Biosystems) connected to a Hewlett-Packard Series 1100 HPLC solvent delivery

system equipped with a post column flow through scintillation detector (Canberra-

packard). The system was run at a flow rate of 3 mUmin with a solvent consisting of a

gradient of buffer A and B. Buffer A contained 10 mM ammonium hydroxide and buffer

B contained 0.5M ammonium sulphate. Details of the protocol are outlined in Table

2.2. The substrate and product peak areas and retention times were measured by

Chemstation software (Hewlett-Packard)'
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Table 2.2= The protocol for determining N-acetyl galactosamine 4-sulphatase

activity by HPLG method.

N-acetylgalactosamine 4-sulphatase activity was determined using a radiolabelled

natural trisaccharide substrate (GalNAc4sulphate-GlcA-GalitolNAc4sulphate[3H]). The

amount of 45 substrate converted to product (s+GalNAc-GlcA-

GalitolNAc4sulphate[3H]) was measured by HPLC following the protocol as shown'

Assay samples were chromatographed on a Porous HQ20 anion exchange column at

a pressure of approximately 70 bar using a gradient of buffer A: 10 mM ammonium

hydroxide and buffer B: 0.5M ammonium sulphate. All runs were conducted at

ambient temperature.



Time
[min]

Buffer A% Buffer B% Flow
rate

ml/min

Action

0 100 0 3.0 Wash in sample

0.45 100 0 3.0 Start separation
gradienUcollect data

2.8 70 30 3.0 End gradient /start
column strip

3.2 0 100 3.0 N/A

4.2 0 100 4.0 End column strip

4.3 100 0 4.0 Start re-equilibration

5.8 100 0 4.0 N/A

5.81 0 0 0 Stop
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2.8.5.2 DlsRccHnRlDE ANALYSIS

Disaccharides were separated and analysed by injecting 25¡t]- of disaccharides

(section 2.7.4) onto a partisil PAC S¡rm column attached to a solvent delivery system

equipped with an absorbance detector set to 220 nm (Waters Associates). The

system was run at a flow rate of 1 mUmin with a solvent consisting of 52 To (vlv)

acetonitrile ,,12 o/o (v/v) methanol and 36% aqueous buffer (0.5 M Tris and 0.1 M boric

acid, pH g.0). peak heights, areas and retention times were measured by a baseline

$1Q-chromatography workstation data handling system (Waters)' 1 pg of each

disaccharide standard (chondro aDi-OS, chondro 
^D¡4S 

and chondro ÂDi-6S) was

also chromatographed under identical conditions to aid with the identifìcation of the

eluting disaccharide peaks. Disaccharide peak areas were integrated and results are

presented as the proportion of chondro ÀDI-OS: chondro ÂDi4S: chondro 
^Di-6S 

in the

total sample.

2.9 ELECTROPHORESIS

Samples containing radiolabelled collagen (50,000 dpm) were diluted in an equal

volume or 2xnon-reducing sample buffer (2o/o (wlv) sDS, 0.05 % (v/v) bromophenol

blue, 32 % (vlv)glycerol, 0.16 M Tris pH 6.8). A sample of molecular weight standards

(6.5 kDa to 200 kDa) and 20 pg each of collagen type I and collagen type V standard

were also diluted in an equal volume of 2Xsample buffer. Following incubation at 100

oC for 5 minutes, samples were loaded onto a 5 o/o (w/v) polyacrylamide gel containing

a 3.5 % (w/v) polyacrylamide stacking gel (total gel dimensions: 1 mm x 160 mm x 140

mm) prepared according to Laemmli 1970.
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Electrophoresis was performed until the bromophenol blue tracking dye was 1 cm from

the bottom and the gel was processed as described in sections 2.9-1 and 2.9-2- A

duplicate set of medium and cell extracts were prepared in reducing sample buffer"

Specifically, 50,000 dpm of each sample was diluted in an equal volume of 2X

reducing sample buffer (2 o/o (w/v) sDS, 2 o/o (w/v) p-mercaptoethanol' 0'05 %

bromophenol blue, 32o/o (v/v) glycerol,0.16 M Tris pH 6.8 and electrophoresis was

performed as described above" The gel was then processed for fluorography (section

2.e.1).

2.9.1 FLUOROGRAPHY

Following electrophoresis, the protein molecular weight markers were cut off from the

gel run under non-reducing conditions and visualised by staining in coomassie blue

(section 2.g.2). The gels containing the radiolabelled collagens run under reducing

and non-reducing conditions were impregnated with Amplify for a minimum of 2 hours

and then dried under vacuum. Collagens were visualised by exposing the gel to

preflashed Hyperfìlm for 14 days at minus 80 0C'

2.9.2 STAINING

Molecular weight markers and collagen type I and V standards electrophoresed on

SDS-pAGE were visualised by staining in coomassie blue solution containing (50 %

(v/v) methanol, 0.1 % (w/v) coomassie brilliant blue R-250 and 10 % (v/v) acetic acid in

HrO. Protein bands were visualised following destaining in 7 % (vlv\ acetic acid'
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2.IOGENERAL METHODS

2.10.1 PREPARATION OF CARRIER PROTEIN

Carrier protein was prepared by extracting confluent E1P2 cultures of normal and MPS

Vl cells maintained in 75 cm2 flasks with PG extraction buffer' The protein

concentration of this preparation ranged between 1.97 mg/ml to 3.26 mg/ml for

normal cultures and 2.68 mg/ml to 4.09 mg/ml for the MPS Vl culture preparations,

as assessed by the bicinchoninic acid protein assay (Section 2.10.3). Prior to

chromatography on Sepharose CL4B, lyophilised normal and MPS Vl extracts were

routinely resuspended in 500 ¡rL of their respective carrier protein solutions.

2.10.2 BRADFORD PROTE¡N ASSAY

The Bradford protein assay was based on a modified version of the previously

described method (Bradford 1976). Appropriately diluted samples in PBS (0.8 mL fìnal

volume) were assayed for total protein in duplicate by the addition of 0.2mL Bio-Rad

coomassie blue protein binding dye reagent. A duplicate BSA protein standard curve

containing 1 ¡rg to 20 ftg BSA was also prepared from a 1 mg/ml BSA stock made in

pBS. All reactions were carried out in 10 mL polypropylene tubes at room temperature

for 20 minutes. The absorbance was determined spectrophotometrically at 595 nm on

a spectrophotometer against a sample blank containing PBS only.
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2.10.3 BICINCHONINIG ACID PROTEIN ASSAY

The amount of 3sS-sulphate incorporated into PGs was normalised to total cellular

protein using a modification of the original bicinchoninic acid (BCA) protein

determination method as previously described by Smith et a1.,1985. 25 ¡L aliquots of

cell layer extracts in PG extraction buffer were diluted 1:10 by the addition of 225 ¡L

pBS" Samples were assayed in duplicate by the addition of 100 ¡rL of the diluted cell

layer extract to each well of a g6 well polyvinyl chloride ELISA plate. A 1 mg/ml BSA

stock solution made in pBS was used for the construction of a protein standard curve

in which 1 pg to 20 pgof BSA was added to each well in duplicate. The final volume of

standards was adjusted to g0 ¡rL with PBS. To compensate for the presence of PG

extraction buffer in the cell layer extracts, an equivalent amount of this buffer, 10 pL (as

was present in the assayed samples) was also added to each well containing the

standards giving a final volume of 100 ¡rL per well. A duplicate blank was also

included, consisting of g0 pL PBS and 10 pL PG extraction buffer per well. Samples

were assayed by the addition of 100 pL of BCA reagent to each well. The BCA

reagent was made immediately prior to use by mixing lvolume of reagent C with 24

volumes of reagent B and 25 volumes of reagent A. Reagent A contained: 8 % (w/v)

Na,CO..H2O, 1.6 % (w/v) sodium tartrate and 1.6 % (w/v) NaOH and was buffered to

pH 1 1 .2S with NaHCOr. Reagent B contained 4 o/o (w/v) BCA-sodium salt and reagent

C containe d:4 o/o (w/v) CuSo4.sH2O. Reagents A, B and C were all prepared in water.

Samples were incubated for 30 minutes at37 0C and the absorbance monitored on an

automated ELISA reader (Titertek Multiscan; Flow Laboratories) at 550 nm. Protein

content of sample was determined by comparison to the BSA standard curve.

102



Experimental methods

2.10.4 SCINTILLATION COUNTING

The amount of 3H-proline, 3H-tryptophan and sS-sulphate radioisotope in normal and

MpS Vl medium and cell layer extracts was determined by liquid scintillation counting.

sS-sulphate labelled samples in buffer containing 2 M GuHCI or 4 M GuHCI were

prepared for counting by the addition of an equal volume of 70 % ethanol. All

radiolabelled samples (total volume not exceeding 1 mL) were transferred to opaque 5

mL scintillation tubes and Optiphase highsafe 3 scintillant added to make up the total

volume to S mL. Following mixing by a rapid shake of the tubes, samples were

counted for 2 minutes against an internal standard. The amount of radioisotope

present was reported as dpm following subtraction of a sample blank'

2.10.5 URONIC ACID ASSAY

The amount of uronic acid contained in PG preparations was estimated by the

hydroxydiphenyl method (Blumenkrantz and Asboe-Hansen 1973). Uronic acid

hydrolysis was performed in glass tubes following the addition of 1 .2 mL 0.0125 M

sodium tetraborate (dissolved in concentrated H2SO4) to 0'2 mL of sample' Following

vortexing, samples were boiled in a water bath at 100 0C for 5 minutes and cooled in

an ice slurry. 20 pL of a 0.15 % (wiv) meta - hydroxydiphenyl solution prepared in 0'5

% (w/v) NaOH was added to the samples and vortexed. An uronic acid standard curve

was prepared by the addition of 1 pg to 10 pg of D-glucuronic acid lactone standards

to duplicate glass tubes. The uronic acid standard was made by dissolving 1 mg of D-

glucuronic acid lactone in 20 mL deionised HrO. The total volume of the standard

added to each tube was adjusted to 0.2 mL with deionised HrO and the reaction

carried out as described above. A blank duplicate sample was also included in the
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react¡on, containing 0.2 mL HrO. Following the reaction, sample aliquots of 200 ¡rL

were carefully pipetted into a 96 well microtitre plate and the absorbance monitored on

an automated ELISA reader (Titertek Multiscan; Flow Laboratories) at 520 nm.

Results were calculated from the standard curve and expressed as pg of uronic acid.

2.I 1 STATISTICAL ANALYSIS

A statistical analysis was carried out comparing all results between normal and MPS Vl

using a students t-test. Results were considered significantly different at P<0.05'

Resutts displaying a P value >0.05 and <0.1 were considered to show a trend.
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Characterisation of cat trabecular bone cell cultures

3.1 INTRODUCTION

Primary bone cell cultures have been widely used to understand normal osteoblast

function and the factors, which modulate their activity (Beresford et al., 1983; Owen ef

at., lgg}; Beresford et al., 1993; Gundle et al., 1993; Gundle and Beresford 1995;

Stein et al., 1996). They have also proved invaluable in elucidating pathological

mechanisms in disease states that affect the skeletal system such as osteogenesis

imperfecta, otosclerosis and Pagets disease (Fedarko et al., 1992, 1995; Termine ef

al., 1984; Locci et al., 1992,1996; Hankey et al., 1993).

Bone cells can either be obtained from direct explant outgrowth which involves the

migration of cells from the bone surface onto the culture dish (Jones and Boyde 1977;

Beresford et al., 1986; Marie et al., 1989), or by enzymatic cellular release of cells from

the bone tissue by collagenase pretreatment (Wergedal and Baylink 1984; Robey and

Termine 1985). Both these methods have been used to establish bone cell cultures

from numerous species including rat (Bellows et a1.,1986; Stringa et a1.,1995), mouse

(Ecarot-Charrier et al., 1983), bovine (Whitson et al., 1984: lbaraki et al., 1992;

Whitson et al., 1992: Cooper et a\.,1998), porcine (Denis et al., 1994b, 1994a), ovine

(Collignon et al., 1997), rabbit (Chow et al., 1984; Meikle et al., 1994), avian

(Gerstenfeld et al., 1987; Majmudar et al., 1991) and human (Maurizi et al., 1983;

Robey and Termine 1985).

A major concern when working with primary bone cell cultures is the presence of minor

levels of other stromal cell types such as fìbroblasts (Williams et al., 1980) and
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adipocytes (Gundle and Beresford 1995). Although it is not possible to exclude their

presence, several commonly used procedures during the establishment of bone cell

cultures can minimise the amount of such contaminating cells and provide an

environment that is suitable for the expression and maintenance of the osteoblastic

phenotype. Cell passage number is often limited to no more than 2 to 3 passages, as

studies have reported a gradual decline of the osteoblast-like phenotype with extensive

passaging (Williams et al., 1980). Additionally, in some cases, limited enzymatic

digestion with collagenase has also been used to remove the adherent stromal tissue

from the bone surface, which can be a source of fibroblastic contamination, particularly

with extended culture time (Robey and Termine 1985). Ascorbic acid is also routinely

added to osteoblast cultures due to its stimulatory effect on collagen matrix formation,

which itself, induces and modulates the differentiation of osteoblast cells (Franceschi

and lyer 1992) (Section 1.3.5-3).

Confirmation of an osteoblast-like phenotype has been demonstrated in bone derived

cells, by their production of bone proteins such as collagen type l, alkaline

phosphatase, PGs, osteonectin, osteopontin and osteocalcin (Ecarot-Charrier et al.,

1 gB3; Whitson et al., 1984; Bellows et al., 1986; Gerstenfeld et al., 1987; Stringa et al.,

1g95; Collignon et al., 1997: Siggelkow et al., 1999). The expression of these proteins

is temporally regulated and resembles the expression pattern of bone matrix proteins

in vivo (Yoon et al., 1987; Nomura et al., 1988; Weinreb et al., 1990; Dodds et al.,

1g94; Mundlos 1994; de Pollak et al., 1997; Nefussi et al., 1997). Furthermore, this

temporally regulated pattern of bone matrix synthesis has lead to the recognition of

three major maturational stages of osteoblast development in vitroi proliferation, ecm
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maturation and ecm mineralisation (Bellows ef a/., 1986; Stein et al., 1989; Aronow ef

al., 1990; Owen et al., 1990; Owen et al., 1991; Liu ef al., 1994; Stein et al., 1996;

Nefussi et al., 1997). ln rat calvarial osteoblast cultures, cellular proliferation is

associated with an increase in the production of the major bone matrix protein collagen

type I together with a constitutive expression of matrix modulatory molecules such as

the PGs (Fedarko et al., 1990; Stein et al., 1996). The ecm maturational stage is

defined by maximal alkaline phosphatase levels and a plateau in collagen type I levels.

Preceding the final osteoblast maturational stage ie; matrix mineralisation, is an

increase in osteopontin and osteocalcin levels are seen together with a decrease in

alkaline phosphatase (Owen et a\.,1990).

Although, the strict temporal regulation of bone matrix protein synthesis events

observed during the cultivation of fetal rat calvarial osteoblastlike cells has also been

shown to occur in osteoblast cells derived from other species including fetal chicken

(Gerstenfeld et a1.,1989) fetal bovine (lbaraki et al., 1992), adult human (Siggelkow ef

a/., 1g99), ovine (Collignon et al., 1997) and rat tibial cultures (Stringa et al., 1995),

there are differences observed in the timing of the maturation events, most likely as a

consequence of species differences and differences in bone sampte location and

culture conditions. For example, maximum levels of alkaline phosphatase expression

coincide with cellular proliferation in osteoblast cultures derived from rat tibia (Stringa

et al., 1995) and human bone (Siggelkow et al., 1999) as opposed to the post-

proliferative expression in fetal rat calvarial cultures (Owen et al-,1990).
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The ability of osteoblast cells to synthes¡se the required amounts of temporally

regulated ecm components, and the organisation of these proteins within the ecm, is

crucial for tissue function. The importance of this is exemplified in skeletal pathologies

such as osteogenesis imperfecta (Morike et al., 1992; Fedarko et al., 1992; Fedarko ef

a/., 1995; Fedarko et al., 1996) and otosclerosis (Locci et al., 1992; Locci et al., 1996),

where the reduced ability of osteoblasts to correctly synthesise the major structural

components of bone ecm; collagen type I and GAGs respectively is associated with a

severely disrupted matrix organisation and a breakdown in tissue function (Lim ef a/.,

1987; Brenner et al., 1989).

The investigation of osteoblast contribution to the skeletal pathology associated with

MPS Vl has been greatly assisted through the availability of the naturally occurring cat

animal model of this disorder (Jezyk et al., 1977). At the biochemical level, cats with

MPS Vl display similar characteristics to humans with the same disorder. A tissue

deficiency of 45 is evident, leading to the inability to degrade C4S and D4S GAGs

(Jezyk et al., 1977; Byers et al., 1998). Consequently, MPS Vl cats accumulate

predominantly DS and also CS containing GAGs in the connective tissues as well as

secreting excessive DS in the urine (Jezyk et al., 1977; Byers et a1.,1998).

At the skeletal level, MPS Vl cats display facial dysmorphia, characteristic radiographic

osseous changes and epiphyseal dysplasia (Haskins et al., 1979). The skeletal

pathology presented in cats with MPS Vl is also present in the severe form of the

disorder in humans who additionally display short stature and joint contractures

(Neufeld and Muenzer 1995). A general osteopenia is associated with MPS Vl bone,
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characterised by a reduction in trabecular number and thickness, with MPS Vl cats

exhibiting 21% of normal bone volume (Byers et al., 1997; Nuttall et al., 1999). This

reduction in bone volume is due to a decrease in bone formation rate (Byers et al.,

1997) (Section 1.8.2).

There is an increasing amount of evidence alluding to the importance of osteoblasts

not only in bone matrix synthesis but as major regulators of osteoclast differentiation

and activity, and thus they are important modulators of the bone formation process

(Suda et al., 1999) (Sections 1.3 & 1.4.1.1). The ecm contains numerous regulatory

molecules implied in modulating osteoblast activity and the PGs are one such class of

important regulatory proteins (Robey 1996). The defect in MPS Vl involves the inability

to metabolise a central component of PGs, that is their GAG chains. This may

therefore ultimately lead to an alteration in their availability within the ecm and affect

their capacity to modulate bone cell function.

To investigate osteoblast function in MPS Vl, bone cell cultures were established by

explant outgrowth from trabecular bone taken from normal and MPS Vl cats. Cellular

proliferation and the production of osteoblast phenotypic markers (collagen type I and

alkaline phosphatase) were characterised and the MPS Vl phenotype demonstrated.
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3.2 RESULTS

g.2.1 ESTABLISHMENT OF NORMAL AND MPS VI TRABECULAR BONE CELL

CULTURES

primary explant (E1) bone cell cultures were established by explant outgrowth from

trabecular bone obtained from n=4 normal and n=4 MPS Vl cats (Section 2.2.1)' The

washed trabecular bone chips were maintained under standard culture conditions in

aMEM containing 1O o/o HIFCS, 100 pM L-ascorbic acid phosphate,2 mM L-glutamine,

50 U/mL penicillinG and 5 pg/ml streptomycin sulphate (Beresford et al., 1986; Marie

et a1.,1989).

Following 1 week in culture, spindle shaped adherent cells, originating from the bone

chips were observed in both normal and MPS Vl cultures (data not shown). During the

second week of culture, continued cell growth resulted in highly confluent areas

surrounding the normal and MPS Vl bone explants (Figure 3.1). The MPS Vl primary

cultures attained maximum confluence at the end of their third week in culture, whilst

confluence was attained during the fourth week of culture for normal cells. Similar

cellular morphology was noted for both normal and MPS Vl cultures with both forming

a multilayer network of cells covering the growth surface.

A cellular viability of greater than 80 % was noted upon passaging primary (P1) normal

and MpS Vl cell cultures by trypan blue exclusion (Section 2.2.3). The removal of P1

adherent cells with a 1 mg/ml collagenase/dispase digest for 30 minutes at 37 0C,

followed by a 5 minute O.i % (w/v) trypsin / 0.02 7o versene (w/v) digest atthe same
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Figure 3.1: Normal and MPS Vl primary trabecular bone cell cultures.

Normal or MPS Vl trabecular bone (approximately 0.4 g) was placed into a 75 cmz

tissue culture flask containing 12 mLs crMEM complete. Bone chips were spread

evenly on the surface of the culture flask with a sterile pasteur pipette and cultured at

37 0C with 5 o/o COz and 90 % humidity. Cultures were fed with aMEM complete,

once in the first week and then every third day thereafter. Normal (A) and MPS Vl

(B) bone cells derived from primary trabecular explants are shown during the second

week of culture using a phase contrast inverted microscope at 10X magnification.

Confluent areas of cells surrounding the bone explants can be observed.



lr"

A

B
jr

t'
IIa

., I
t.

t
!

a

''l



Characterisation of cat trabecular bone cell cultures

temperature (Section 2.2.2),lead to the presence of a small number of morphologically

distinct, large multinucleated cells remaining adherent to the tissue culture flask growth

surface. The morphological appearance of these cells and their physical resistance to

enzymatic detachment are similar to osteoclast cells whose presence has been

reported in other bone derived cell culture systems (Maurizi et a1.,1983)' The number

of these cells in both normal and MPS Vl cultures was similar, ranging from 5 to 10

cells per 75 cm2 culture flask. However, since these cells were selected against with

passaging, the multinucleated cells did not pose a problem in regard to contamination

of the passaged cultures.

All experiments presented in this thesis were carried out with E1 cells at second

passage (p2). Normal and MPS Vl E1P2 cultures illustrated a cellular morphology

resembling elongated, fibroblast-like cells containing numerous processes (Figure 3.2).

Following the establishment of the primary bone cell cultures, production of collagen

was analysed by qualitative and quantitative procedures.

3.2.2 COLLAGEN: QUALITATIVE ANALYSIS

Collagens present in the medium and cell layer fraction of normal and MPS Vl cultures

were labelled with 10 ¡rci/ml 
3H-proline for 24 hours. Medium and cell layer protein

extracts were precipitated with 25 o/o ammonium sulphate and then treated with 0.1

mg/ml pepsin for 24 hours at220C (Section 2.4.1). The pepsin resistant collagen was

resolved on 5 % non-reducing sDS-PAGE and identified with the aid of molecular

weight markers, collagen standards and by electrophoresis of identical samples under

112



Figure 3.2: Cellular morphology of normal and MPS Vl primary bone cell

cultures at second passage.

Upon attaining confluence, primary bone cell explants (as shown in Figure 3.1) were

passaged twice by harvesting in 1 mg/ml collagenase / dispase (30 minutes at 37

0C¡ followed by 0.1 % (w/v) trypsin I 0.02 % (wtv) versene (5 minutes at 37 0C)" The

bone cell cultures were replated in 6 well plastic tissue culture dishes at a

subconfluent density of 10,000 cells per cm2. At confluence, the cytoplasm and

nucleus of normal (A) and MPS Vl (B) cells was stained with 0.1 o/o Safranin-O to

visualise morphology. The phase contrast inverted microscope image (66X fìnal

magnification) shows a similar morphology in both normal and MPS Vl cultures with

cells appearing mostly elongated and fibroblastic-like.
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reducing conditions (Section 2.9). The migration of collagen was visualised by

fluorographY (Section 2.9' 1 )'

Following exposure to Hyperfilm, the presence of 2 major protein bands (a doublet)

migrating with molecular weights of 126 kDa and 145 kDa in both the medium and cell

layer fractions of normal and MPS Vl cultures was observed (Figure 3.3 - lanes 1 to 4).

These protein doublets co-migrated with the rat-tail tendon derived collagen type I

standard - [a1(l)]ra2(l) (Figure 3.3 - lane stdl). The presence of a minor protein

doublet co-migrating with the cross-linked dimer form of collagen type I in MPS Vl

cultures (Figure 3.3 - lanes 3 & 4) was also identified. Although the collagen type I

dimer was not visible in normal cultures with a 2 week exposure (Figure 3.3 - lanes 1 &

2), this was due to the reduced sample load in these lanes, and a 3 week exposure

resulted in visualisation of this protein species. The presence of a minor band

migrating with a molecular weight of 185 kDa in the medium and cell layer fractions of

both normal and MPS Vl cultures was also observed (Figure 3'3 - lanes 1 to 4)' This

protein co-migrated with the collagen type V standard - [cr1(V)]. from human placenta

(Figure 3.3 - lane stdV). The [a1(V)]. dimer form as seen in the collagen type v

standard lane, was not detected in normal or MPS Vl culture extracts' The remaining

protein visible on the fluorograph migrated closest to the top of the resolving gel and

was detected in the cell and medium extracts of both normal and MPS Vl cultures

(although the cell layer extract from normal cultures exhibited a very low level of this

protein, as a consequence of sample loading differences). The migration

characteristics and pepsin resistance of this band are similar to that displayed by

collagen type lll - [cr1(lll)]. (Bailey and sims 1976). To confirm the identity of this
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Figure 3.3: Qualitative analysis of collagen production by normal and MPS Vl

bone cells.

The types of collagens present in the medium (M) and cell layer (C) fractions of

normal (lanes 1 & 2) and MPS Vl (lanes 3 & 4) cultures was analysed by labelling

total collagens with 10 ¡rCi/ml 
3H-proline 

for 24 hours. Following extraction of protein

with 25 7o ammonium sulphate, the medium and cell layer samples were treated with

0.1 mg/ml pepsin for 24 hours at220C. Pepsin resistant collagen type I [c¿1(l)]z

u2(l), collagen type V [cr1(V)]3 and collagen type lll [a1(lll)]3 contained in the

samples, was electrophoresed under non-reducing conditions on 5 % SDS-PAGE

along side protein molecular weight markers (shown on the far right) and a type I

collagen standard from rat tail tendon (Std l) together with a type V collagen standard

from human placenta (Std V). The gel containing the 3H-proline labelled coltagens

was vacuum dried and exposed to pre-flashed Hyperfilm for .2 weeks following

incubation in Amplify solution for sígnal intensification. The molecular weight markers

and collagen standards were visualised by staining in coomassie blue solution and

then aligned with the exposed Hyperfìlm. Results are the representation of 3

separate experiments conducted on n=3 normal and n=3 MPS Vl observations.



I 2 3 4 Stdlstdv

la1{lll}L+æ

#0ûkDa

16kDa



Characterisation of cat trabecular bone cell cultures

protein, the 3H-proline labelled medium and cell layer extracts from normal and MPS Vl

cultures were electrophoresed under reducing conditions. Samples were incubated in

2X sample buffer containing 0.05 % (v/v) B-mercaptoethanol reducing agent and

electrophoresed on 5 % SDS-PAGE (Section 2.9). Under these conditions, the inter-

chain disulphide bonds between the three cr chains of [a1(lll) ]3 are cleaved releasing

single potypeptide a1(lll) chains that co-migrate with [cr1(l)], (Bailey and Sims 1976).

Compared to the control (samples run under non-reducing conditions, Figure 3.4 -

lanes 1 to 4), SDS-PAGE with reduction resulted in the migration of the protein species

at the top of the gel thus strongly suggesting the presence of type lll collagen (Figure

3.4 - lanes 5 to 8).

Densitometry demonstrated that the percentage of the three collagen types were

similarly distributed between the medium and cell layerwith [a1(l)]rcr2(l) as the most

abundant followed by collagen type tcrl(lll) l. and the collagen type [41(V)]. (Table

3,1). Furthermore, the distribution of the three collagens were similar in both normal

and MpS Vl cultures (Table 3.1). Densitometry was also conducted to assess whether

the a1 and a2 chains of collagen type [a1(l)], a2(l), displayed the characteristic 2:1

ratio as described by Gay et al., 1976. The intensity of the 145 kDa [cr1(l)], chain was

2.2g t0.21 fold and 2.37 t 0.2 fold greater than the 126 kDa cr2(l) chain in the medium

and cell layer fractions of normal cultures respectively (Table 3.1). Similarly, in MPS Vl

cultures, the intensity of the to1 (l)l , chain was 2.48 t 0.18 fold and a 2'18 t 0' 14 fold

greater than the cr2(l) chain in the medium and cell layer respectively (Table 3.1), thus

further confirming the identity of this protein species as collagen type I - [cr1(l)]ru2(l)'
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Figure 3.4: Qualitative analysis of type lll collagen production by normal and

MPS Vl bone cell cultures.

The presence of collagen type lll in the medium (M) and cell layer (G) fractions of

normal (lanes 1 & 2) and MPS Vl (lanes 3 & 4) cultures was analysed following the

labelling of total collagens with 10 ¡rCi/ml 
3H-proline for 24 hours. Following

extraction of protein with 25 7o ammonium sulphate, the medium and cell layer

samples were treated with 0.1 mg/ml pepsin for 24 hours at 22 0C. The bonds

formed between the cr1 chain trimers of collagen type lll [o1(lll)]3 were cleaved by

incubating duplicate samples of normal (lanes 5 & 6) and MPS Vl (lanes 7 & 8) for 5

minutes at 100 oC in 2X reducing gel loading buffer containing 50 mM B-

mercaptoethanol. Samples were subsequently run on 5 % SDS-PAGE. The gel was

vacuum dried and exposed to pre-flashed Hyperfilm for 2 weeks following incubation

in Amplify solution for signal intensification. Collagen type I [o1(l)]z u2(l) and

collagen type V [a1(V)]s are also shown. The results are a representation of n=3

normal and n=3 MPS Vl observations.
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Table 3.1: Densitometric scanning of coltagens produced by normal and MPS Vl cultures

Following qualitative analysis of 3H-proline labelled cell and medium extracts with 5 % SDS-PAGE, the relative proportions of the different

collagens were determined by densitometric scanning of the collagen type I doublet [cr1(l)]z uà(l), collagen type V [cr1(V)]s and collagen type lll

[a1(lll)]3. The results are presented as the mean t std. dev. of n=3 normal and n=3 MPS Vl observations'
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6.49 t 0.13 o/o

2.18 t0.14

14.02 ! 1.78

medium fraction

91.78 t2.38 %

0.71 ! 0.84 o/o

6.38 + 0.97 %
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3.2.3 COLLAGEN: QUANT¡TATIVE ANALYSIS

The total amount of collagen recovered from the medium and cell layer of normal and

MPS Vl bone cell cultures was quantified daily over a 5 day culture period. SH-proline

was incorporated over an 8 hour period into total protein produced by normal and MPS

Vl cultures. The amount of radiolabelled collagen synthesised was determined by

digesting the collagenous component with collagenase Vll (Section 2.4.2).

Both normal and MPS Vl cultures produced similar amounts of total (medium + cell

layer) SH-proline labelled collagen, with levels remaining relatively constant over the

culture period (Figure 3.5). The total amount of 3H-proline labelled collagen produced

bythe bone cell cultures was normalised to DNA and ranged from 71.11 t 30.73 3H-

proline collagen (dpm / pg DNA) in normals and 69.0 + 38.13 3H-proline collagen (dpm

/ ¡.rg DNA) in MPS Vl on day 1 of culture to 82.04 + 24.313H-proline collagen (dpm / pg

DNA) in normals and 95.82 t 10.7 3H-proline collagen (dpm / pg DNA) in MPS Vl

cultures on day 5 respectively (Figure 3.5). This amount of sH-proline incorporated into

collagen approximately represents between 20.03 t 2.95 o/o and 28.76 + 3.07 % of the

amount of sH-proline incorporated into total protein in normal and MPS Vl cultures

during culture (Figure 3.6).

The majority of collagen synthesised by both normal and MPS Vl cultures was

secreted into the medium (Figure 3.6). As a proportion of total cell and medium

collagen, the range contained in the medium fraction during the 5 days of culture was

between 86 + 3.7 o/o and 90 t 7.6 % in normal cultures. Similarly, MPS Vl cultures

displayed a range between 85 + 8.5 o/o and 86 + 2.9 %. The amount of collagen in the
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Figure 3.5: Total cpllagen production in normal and MPS Vl cultures.

The total amount (medium + cell layer) of collagenase digestible collagen produced

by cultures of normal ( r ) and MPS Vl ( o ) bone cells was measured by the

incorporation of 3H-proline (10 pCi/ml) into collagen over an 8 hour labelling period.

Labelled cell layer and medium protein was precipitated for t hour at 4 0C with 10 %

trichloroaceticacid (TCA) and following centrifugation resuspended in 0.2 M NaOH

and then neutralised with concentrated HCI and 1.0 M Hepes pH 7.2. Collagen in the

samples was digested with 2.5 lU of collagenase type Vtl, for 2 hours at 37 0C.

Control samples were similarly incubated without collagenase type Vll. The digested

collagen was separated from non-collagenous proteins by 5 o/o TCA containing 0.5 %

tiannic acid, overnight at 4 0C followed by centrifugation at 3100 rpm for 30 minutes at

4 0C. The amount of 3H-proline labelled collagen was determined by scintillation

counting the collagenase digested collagen in the supernatant. The results, are

presented as the mean * std. dev. of the amount of 3H-proline labelled collagenase

digestible collagen in n=4 normal and n=4 MPS Vl animals. Data points from each

animalwere assayed in triplicate.
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Figure 3.6: Distribution of collagen between the cell layer and medium of

normal and MPS Vl cultures.

The amount of coltagenase digestible collagen present in the medium ( ) and

cell layer ( ---------- ) of normal ( r ) and MPS Vl (o ) bone cells was determined as a

percentage of total 3H-proline Iabelled protein, following the incorporation of 10

¡rCi/mL 
3H-proline into cultures over an I hour labelling period. The radiolabelled cell

layer and medium proteins were precipitated at 4 0C for t hour with 10 %

trichloroacetic acid (TCA) and following centrifugation resuspended in 0.2 M NaOH

and then neutralised with concentrated HCI and 1.0 M Hepes pH 7.2. Collagen

contained in the samples was digested with 2.5 lU of collagenase type Vll for 2 hours

at 37 0C. Control samples were similarly incubated without collagenase type Vll.

The digested collagen was separated from non-collagenous proteins by 5 % TCA

containing 0.5 % tannic acid, overnight at 4 0C followed by centrifugation at 3100 rpm

for 30 minutes at 4 0G. The percent collagen production was determined by

scintillation counting the collagen containing supernatant and the non-collagenous

protein pellet. Results are presented as the mean t std. dev. of n=4 (normal) and n=4

(MpS Vl) observations. Data points from each animalwere assayed in triplicate.
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medium, as a percentage of total cell layer protein, increased during the first three

days of culture and then rema¡ned relatively constant resulting in values ranging from

16.61 :r1.52%to28.34 +4.91 % in normals and 18.0 t 6.09 % to 29.63 + 3.16 % in

MPS Vl. Similarly, the amount of collagen in the cell layers as a percentage of total

protein was relatively constant over the culture period and resulted in values ranging

from 1.69 I 0.42 o/oto 4.485 + 2.01 % in normals and 3.07 + 0.92o/oto 4,68 + 1.48 % in

MPS VI.

Thus qualitative analysis has shown that normal and MPS Vl cultures produce the

same types and proportions of collagen species. ln addition, quantitative analysis has

revealed that MPS Vl cultures produce a similar quantity of collagens compared to

normal, which are similarly distributed between the cell layer and medium.

3.2.4 ALKALINE PHOSPHATASE

Alkaline phosphatase activity was measured daily over a 5 day culture period in the

cell layer of both normal and MPS Vl cultures following incubation with the p-

nitrophenyl phosphate substrate and spectrophotometric analysis at an absorbance of

405nm (Section 2.5). Results were determined from a p-nitrophenyl standard curve

(1-10 nmoles) and the ALP levels expressed as a percentage of day 0 values (initial

plating day) (Figure 3.7).

The ALP levels in normal and MPS Vl cultures were similar up to day 4 and displayed

an increasing trend in levels with culture time (Figure 3.7). This increase in activity

represents an increase in the number of cells producing alkaline phosphatase (as
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Figure 3.7: Alkaline phosphatase production in normal and MPS V¡ bone cell

cultures.

The amount of alkaline phosphatase contained in normal 1r ¡ and MPS Vl (o ) cell

layer fractions was measured spectrophotometrically using the p-nitrophenyl

phosphate substrate (PNPP). Daily measurements were made in triplicate cultures

following cell layer harvesting in 12.5 mM Tris/NaHCOg, pH 6.8 containing 1% Triton

X-100. Supernatants were prepared following centrifugation and incubated with

pNpp for 30 minutes at 37 0C. Alkaline phosphatase activity was determined at an

absorbance of 405 nm and results were extrapolated through a p-nitrophenyl

standard curve (1-10 nmoles). Data is expressed as the percentage of initial (day 0)

alkaline phosphatase values, and is presented as the mean + std. dev of n=4 normal

and n=4 MpS V¡ observations. The asterisk (.) indicates a significant difference

(p<0.05) between normal and MPS Vl alkaline phosphatase levels on day 5 of

culture (student's t-test).
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determined from the cytochemical staining of cultures - data not shown). On day five

of culture, MpS Vl cells displayed a persistence in the levels of ALP compared to those

in normal cultures. Day 5 MpS Vl cells displayed a signifìcantly elevated level of

alkaline phosphatase, 3.8 fold above normals (P<0.05; students t-test), and this

elevated level persisted through to day 6'

3.2.5 GELLULAR PROLIFERATION

The DNA content in normal and MPS Vl bone derived cell cultures from the initial

plating day (day 0) to day 6 was measured by the fluorochromatic dye H33258

(Section 2.3). Results were plotted against culture time and found to be linear, thus

allowing the calculation of cellular proliferation rate by linear regression analysis

(Figure 3.8).

MPS Vl cultures displayed an elevated proliferation rate of 0.82 + 0.25 pg DNA I day

compared to the value obtained for normal cultures 0.54 t 0.30 pg DNA / day (Figure

3.g), This 1.S fold difference was found to be statistically significant (P<0.01; students

t-test).

3.2.6 N-ACETYLGALACTOSAMINE 4.SULPHATASE ACTIVITY AND PROTEIN

AMOUNT

Following the establishment of E1P2 trabecular bone derived cell cultures from normal

and MPS Vl cats (section 3.2.1), the presence of the MPS Vl phenotype was

assessed by measurement of the amount of lysosomal 45 enzyme activity and 45
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Figure 3.8: Gellular proliferation in normal and MPS Vl bone cell cultures.

The cellular proliferation in normal (r ) and MPS Vl (o ) cells was measured daily by

the amount of DNA present in the cultures from day 0 (initial seeding day) up to day

6. DNA was extracted from the cell layers with 2 M NaCl, 50 mM NaHz(PO)¿ /

Na2H(PO)q þH 7.4 following an overnight incubation at 4 0C and then sonication for

30 seconds. DNA in the supernatant was separated from insoluble cellular material

with centrifugation and 500 ng of Hoechst H33258 fluorochromatic dye was added to

each sample. A blank of DNA extraction buffer was also included in the assay. DNA

content was determined fluorogenlcally at an emission of 458 nm following excitation

at 356 nm and results were extrapolated through a DNA standard curve (75 ng/mL -

7500 ng/mL). The cellular proliferation rate was calculated using linear regression

analysis (Excel 97 SR-1 (Microsoft). The R2 coirelation coefficient and equation are

also shown. Results are presented as the mean t std. dev. of n=4 normal and n=4

MPS Vl observations. The asterisk (-) indicates a significant difference (P<0.01)

between normal and MPS Vl proliferation rates (student's t-test).
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protein levels. B-hexosaminidase levels were also measured as a marker of general

lysosomalfunction. These results are presented in Table 3.2.

Lysosomal 45 activity levels in normal and MPS Vl cell layer extracts were determined

from the conversion of the 45 trisaccharide substrate (GalNAc4sulphate-GlcA-

GalitolNAc4sulphate[3H] (600 pmol)), to product (S+GalNAc-GlcA-

GalitolNAc4sulphate[3H]) (Section 2.6.1). Following the reaction, the product was

detected by HQ20 anion exchange column chromatography, which was connected to a

flow-through scintillation counter. The amount of product was then determined by

integrating the area under the product curve, allowing the amount (in pmoles) to be

calculated. Values were normalised to total cell protein. Normal cultures displayed a

45 activity of 111.93 t 15.75 pmol / min / mg protein. ln comparison, the 45 activity

levels in MPS Vl trabecular bone cell cultures were signifìcantly reduced to 2.69 t

0.677 pmol / min / mg protein, falling close to the detection limits of the assay (P<0.05;

students t-test) (Table 3.2).

The levels of immuno-detectable 45 in normal and MPS Vl trabecular bone derived

cell cultures were determined by sandwich ELISA incorporating the use of a mouse

and rabbit polyclonal antibody generated against rf4s, with results extrapolated

through a standard curve generated with immunopurified rf4S (Section 2.6.3). The

amount of ,immunoreactive 45 in normal cell lysates was 14.13 ! 4.37 ng / mg total

protein. The MPS Vl cultures exhibited a significant reduction of 15.2 fold in the levels

of 45 protein (0.93 + 0.05 ng / mg protein), consequently falling near the lower

detection limit of the assay (P<0.05; students t-test). Accordingly, the specifìc activity

118



Table 3.2: N-acetyl galactosamine 4-sulphatase activity, protein levels and specific activity in bone cell cultures from

normal and MPS Vl cats.

Cell lysates were prepared from 4 x75 cm2flasks of confluent normal and MPS Vl bone cells at second passage by resuspending cells in 500

mM NaCl, 20 mM Tris.HCl pH 7.0 followed by seven freeze-thaw cycles. Samples were divided in three for the respective assays. (i):cell

lysates were dialysed into 50 mM sodium formate pH 3.5 and assayed for n-acetyl galactosamine 4-sulphatase (4S) activity with 600 pmoles

of radiolabelled 4s substrate (GalNAc4S-GlcA-GalitolNAc4sfHD for 24 hours at 37 0C. Activity was determined by anion exchange

chromatography using HpLC and calculated by the % conversion of substrate to product. (ii): cell lysates were dialysed into PBS and assayed

for p-hexosamine (Þ-hex) activity by the addition of 1.24 mM B-hex fluorogenic substrate (4-methylumbelliferyl-2-acelamido-2-deoxy-p-D-

glucopyranoside) and incubated at 37 oC for 30 minutes. B-hex activity was determined spectrofluorometrically by the % conversion of

substrate to product. (iii): 45 protein levels were immunoquantified using an ELISA by adding PBS dialysed cell lysates to a 96 well polyvinyl

chloride plate pre-coated with rabbit polyclonal recombinant feline 45 (rf4s) antibody. 45 was detected with a murine polyclonal rf4S antibody

and results were extrapolated through a standard curve constructed with immunopurified rf4S. The specific activity of 45 was calculated by 45

activity + 45 protein. The above assays were performed in triplicate and results are expressed as the mean + std. dev. of n=4 normal and n=4

MpS Vl observations. The asterisk (") indicates a significant difference (P<0.05) between normal and MPS Vl (student's t-test).
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of 43 in normal and MPS Vl cultures (calculated from the corresponding 45 activity

and protein measurements) resulted in a significant reduction of 2.74 fold in MPS Vl

cultures when compared to normal (P<0.05; students t-test) (Table 3.2).

To test for lysosomal integrity, the presence of the lysosomal marker protein B-

hexosaminidase in normal and MPS Vl cultures was measured using the fluorogenic B-

hexosaminidase substrate, 4-methylumbelliferyl-2-acetamido-2-deoxy-B-D-

glucopyranoside. The amount (nmol) of the 4-methylumbelliferyl (4MU) product

generated was determined using an internal 4MU standard and p-hexosaminidase

ac¡vity calculated as the amount of 4MU generated per minute per mg protein (Section

2.6.2). Results indicate a 2.04 fold higher B-hexosaminidase activity level was

obtained for MPS Vl trabecular bone cell lysates (48.67 t 13.09 nmol / min / mg

protein) compared to normals (23.80 + 9.83 nmol / min / mg) (P<0.05; students t-test)

(Table 3.2).

3.2.7 N.ACETYLGALACTOSAMINE 4.SULPHATASE GORRECTION STUDY

The uptake of exogenous rf4S by MPS Vl cultures and its ability to clear stored

intracellular GAGs was evaluated. Normal and MPS Vl cells were incubated with 10

pCi/ml 3sS-sulphate for 24 hours to radioactively label GAGs. To ensure labelling

consistency and to remove extracellular 3sS-sulphate labelled material, cell layers were

subsequently enzymatically harvested with 1 mg/ml collagenase / dispase and 0.1 o/o

(w/v) trypsin I 0.02 % (w/v) versene. Upon re-seeding, cultures were incubated for 12

hours with various amounts of rf4S enzyme (0.025 ng to 250 ng per well) in the
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Table 3.3: Correction of glycosaminoglycan storage in feline MPS Vl bone cell cultures with recombinant feline 4-sulphatase.

The glycosaminoglycan (gag) chains synthesised by normal and MPS Vl cultures derived from primary bone explants at second passage,

were metabolically labelled with 10 ¡rCi/ml 
3sS-sulphate for 24 hours in crMEM complete medium. The cultures were harvested with 1 mg/ml

collagenase / dispase followed by 12.5 % trypsin / versene and then seeded at a density of 40,000 cells per cm2 in 6 well culture plates.

Triplicate cultures of both normal and MPS Vl cells were incubated in crMEM complete medium containing rf4s, (0.025 ng to 250 ng per well of

confluent cells) for 12 hours in the presence or absence of 5 mM mannose-6-phosphate (M6P). Control MPS V¡ cultures and normal cultures

were incubated lor 12 hours with an equivalent volume of aMEM complete medium in the absence of rf4S and + 5 mM M6P. The cultures

were harvested (as above) and cell lysates prepared by 7 cycles of freeze-thaw in 2 M NaCl, 50 mM sodium phosphate buffer pH 7 '4. The

amount of 35S-sulphate labelled gag remaining in the cell lysate was analysed by scintillation counting and the data was normalised to the

amount of DNA. Results represent the amount of intracellular gag remaining after treatment and are expressed as the mean + std. dev. of n=3

normal and n=3 MpS Vl observations. The asterisk (*) denotes a significant difference in the amount of radiolabelled gag between normal and

MPS Vl cultures in the absence of rf4S and M6P (P<0.05; student's t-test).
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presence or absence of 5 mM M6P (Section 2.6.4). The results of this investigation

are presented in Table 3.3.

ln the absence of M6P and rf4S, the MPS Vl cultures exhibited a signifìcantly elevated

level (13.9 fold) of intracellular 3sS-sulphate labelled GAG (storage product) compared

to normals (P<0.05; students t-test). The addition of rf4S to MPS Vl cultures in the

absence of M6P resulted in a dose dependent reduction in the amount of intracellular

3sS-sulphate labelled material. The maximum amount of storage material removed

from the MPS Vl cultures (90 t 8.5 %) was achieved with 25 ng rf4S per well of cells.

Furthermore, removal of the 3sS-sulphate labelled storage product in MPS Vl cultures

with doses of rf4S between 0.025 mg/ml to 2.5 ng/ml inclusive, was totally inhibited

by the presence of 5 mM M6P. At these levels of rf4S, the amount of intracellular

storage product cleared in the presence of 5 mM M6P ranged from 3 o/o to 9 o/o. ln

contrast, incubation with higher amounts of 45 (25 ng/ml and 250 ng/ml) in the

presence of 5 mM M6P resulted in increased levels of storage product removal (24 !

3.6 % and 63 + 6.4 % respectively). The increased ability to clear storage product at

the higher doses of 45 in the presence of M6P is likely to result from receptor binding

competition occurring between rf4S and M6P.
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3.3 DISCUSSION

The potential involvement of osteoblast cells in MPS Vl skeletal pathology (Section

1.8.2), prompted the establishment of a bone cell culture system derived from the MPS

Vl animal model of the disorder.

The initial outgrowth of cells from primary explants of normal and MPS Vl cat

trabecular bone yielded spindle shaped cells that formed a confluent multilayered

network surrounding the bone chips. The continued culture of these cells to P2

revealed a cellular morphology resembling a fibroblast-like phenotype with numerous

processes. Both normal and MPS Vl cultures produced predominantly collagen type I

and alkaline phosphatase, indicating their ability to synthesise characteristic osteoblast

markers. The presence of these phenotypic characteristics is comparable to those

present in osteoblast cell cultures described in humans (Wergedal and Baylink 1984:

Aufmkolk et al., 1985; Robey and Termine 1985; Marie et al., 1989) rats (Jones and

Boyde 1g77: Stringa et al., 1995), chickens (Gerstenfeld et al., 1987) and mice

(Ecarot-Charrier et al., 1 983).

Analysis of collagen production by normal and MPS Vl cells indicated the synthesis of

predominantly collagen type I and also collagen types lll and V as minor components.

The proportions of the three collagen species produced by MPS Vl cultures were

similar to normal in both the medium and cell layer extracts. The relative abundance of

collagen type I compared to the total collagenous protein (greater than 90% in both

normal and MPS Vl cultures), is consistent with this protein being the major
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collagenous species in bone and compares well to fetal bovine (Whitson et al., 1984),

mouse calvaria (Ecarot-Charrier et al., 1983), and human trabecular bone cultures

(Aufmkolk et al., 1985), where on average, collagen type I composes 92 o/o to 95 % of

the total collagenous protein. ln both normal and MPS Vl cultures, the SDS-PAGE

migration pattern for the o1 and a2 chains of collagen type I (145 kDa & 126 kDa) was

similar to the 125 kDa and 1 15 kDa pattern displayed for collagen type I synthesised

by human osteoblasts (Grynpas et al., 1994). Likewise, the cr1:o2 chains of collagen

type I were present in a ratio of 2:1 (Gay eÚ al., 1976).

The production of collagen type lll has been described in osteoblast cultures from

human (Aufmkolk et al., 1985; Robey and Termine 1985), bovine (Whitson et al.,

1984), chicken (Gerstenfeld et al., 1987; Majmudar et al., 1991), mouse (Ecarot-

Charrier et al., 1983), and rat (Stringa et al., 1995), whereas reports of type V collagen

are limited to mouse (Ecarot-Charrier et al., 1983), and rat (Stringa et al., 1995)

osteoblasts. ln bone, the ratio of type I to other collagens is much higher than in soft

connective tissues such as skin (Robey and Boskey 1996). lt was not surprising

therefore to find a 13 to 16 fold higher amount of collagen type I to type lll in normal

cells and similarly, a 14 fold higher level in MPS Vl cultures. As a comparison,

fibroblasts in vitro produce a 5 fold higher level of collagen type I to type lll (Gay et al.,

1e76).

euantitatively, the synthesis of total collagen by MPS Vl cultures was similar to normal

and as a proportion of total cellular protein, a substantial proportion of collagen was

produced, ranging from 18.3 + 1.94o/o to 32.83 t6.92 7o in normal and 21.O7 +7.01 %
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to 34.31 r4.64 % in MPS Vl cultures. Thus, results indicate the ability of MPS Vl bone

cells to produce normal types and amounts of ecm collagens

The temporal expression of alkaline phosphatase in osteoblast cultures reflects in part,

the maturational progression of the osteoblast cell (Owen et al., 1990). Alkaline

phosphatase levels in normal bone cells increased up to day 4 and then rapidly

decreased at day 5. A similar pattern of alkaline phosphatase expression during early

bone matrix production has been reported in rat tibial osteoblasts derived from

trabecular bone (Stringa et al., 1995), although the culture period in which alkaline

phosphatase levels decrease is approximately 3 times longer and most likely reflects

species and culture condition differences. The similarity in initial levels of MPS Vl

alkaline phosphatase expression to normal indicates typical maturational progression.

However, the prolonged expression of alkaline phosphatase activity at days 5 and 6 of

culture suggests an aberration in the maturational progression of the MPS Vl cells.

This argument is further reinforced by considering the strict temporal control placed on

normal osteoblast proliferation and its importance in the maturational progression of

the osteoblast phenotype (Owen et al., 1990). Thus the potentiation of alkaline

phosphatase levels in MPS Vl cultures and changes in proliferation suggest

abnormalities in the temporal control of osteoblast function and maturation and

reinforce the initial argument of osteoblast involvement in the skeletal pathology of

MPS VI.

It would seem plausible to suggest that a lag in the osteoblast maturational

progression would consequently result in a lag in the rate at which MPS Vl cells
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synthesise bone tissue ecm. Thus, resulting in a reduction in the rate of bone

formation and a reduced bone mass; histomorphometrically derived characteristics of

MPS Vl skeletal pathology (Byers et a1.,1997).

Bone cells derived from MPS Vl animals displayed the classical features of the MPS Vl

phenotype throughout the culture period. MPS Vl cells exhibited a significant reduction

in 45 activity, 45 protein levels and thus 45 specific activity compared to normal

cultures. Specifically, 45 activity levels of 2.4o/o of normal values were demonstrated.

Similar reductions in 43 activity have been reported for feline MPS Vl fibroblasts (0.46

% of normal) (Yogalingam ef a/., 1998). The assessment of 45 protein levels by

immunoquantitation studies showed that MPS Vl cells were able to synthesise 45

although at levels reduced to only 15.2 o/o of normal. Furthermore, the specific activity

of the 45 present in MPS Vl cultures was 36.5 % of normal values. Collectively these

results show that the decrease in MPS Vl bone cell 45 levels arise from both a

decrease in 45 protein synthesis and a decrease in the activity of 45 remaining in the

cell.

Studies by Yogàlingàm ef al., 1996 suggest that the reduction in 45 protein levels in

MPS Vl are due to selective retention of the protein within the endoplasmic reticulum,

most likely as a result of its inability to fold correctly. lncorrectly folded protein may

either be retained in the endoplasmic reticulum and undergo degradation, or its

synthesis as an unstable precursor polypeptide, could result in its transportation to the

lysosome where it is rapidly degraded (Yogalingam et al., 1996). The likely

mechanism of the fate of 45 in MPS Vl has yet to be determined.
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A key to understanding the reduction in 45 activity in MPS Vl may be explained by

speculating on the effect of the amino acid mutation on the structure of the 45 enzyme.

Recently, the crystal structure of human 45 was elucidated and found to contain 2

domains, the larger one belonging to the o/p class of proteins housing the active site

(Bond et a1.,1997). lt is thought that this structure is a good representation of feline 43

since the amino acid sequences of feline and human 45 are well conserved showing

91 o/o identity (Jackson et al., 1992). ln feline MPS Vl, leucine 476 (as opposed to

leucine 474 in the human 45 sequence) is mutated to a proline (Yogalingam et al.,

1996). The crystal structure suggests that this residue lies in close proximity to the

active site of the enzyme and it is proposed that this mutation has the potential to

cause a conformational change, affecting the catalytic capacity of histidine 242 and

147 within the active site (Clements P, personal communication).

The detection of B-hexosaminidase activity in normal and MPS Vl bone cell cultures

confìrms the presence of lysosomes, veriffing that the decrease in 45 protein and

activity levels, reflect a true reduction and do not result from the lack of these

organelles. The 2 fold elevated p-hexosaminidase levels detected in the MPS V¡

cultures have also been reported in MPS Vl feline myoblast cultures (Yogalingam ef

a/., 1gg6). Previously, it has been shown that the half-life of lysosomal proteins such

as the lysosomal associated membrane protein-1 is increased in a model system of

lysosomal storage disorders (lsaac et al., 2000). The presence of the intracellular

storage product appears to decrease the rate of lysosomal protein turnover, resulting in

an increase in lysosomal protein activity (lsaac et a1.,2000). The results presented in
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this chapter parallel these findings and suggest a decrease in B-hexosaminidase

turnover in MPS Vl cultures.

The inability of 45 in MPS Vl to participate in the degradation of 4-sulphated DS and

CS GAGs results in their storage within cellular lysosomes (Jezyk et al., 1977; Neufeld

and Muenzer 1995). The storage of GAGs has been shown to occur in the cells of

many different soft connective tissues such as skin, muscle and cartilage (Haskins ef

al., 1979; Haskins et al., 1980; Haskins et al., 1992\ and in the osteoblast and

osteocyte cells in bone (Byers et a1.,1997). lt has been demonstrated that fibroblasts

from human MPS Vl patients rapidly accumulate 35S-sulphate radioactivity

intracellularly owing to the lysosomal storage of incompletely degraded GAGs (Byers

et a1.,2000; Fratantoni et a1.,1968b; Anson et al., 1992). Similarly, elevated levels of

35S-sulphate radioactivity following metabolic radiolabelling have been reported in MPS

Vl cat fibroblasts (Yogalingam et al., 1998) and myoblasts (Yogalingam et al., 1996),

consistent with defective GAG degradation. ln all cases, 35S-sulphate labelled GAGs

could be cleared from MPS Vl cells to near normal levels by the addition of the

defective enzyme into the culture medium. Furthermore, the addition of M6P, a ligand

for the M6P receptor, which is responsible for the targeting of lysosomal enzymes

(Pfeffer 1988), inhibited the removal of the stored GAGs by 45 (Anson et al., 1992;

Yogalingam et a\.,1996; Yogalingam et a1.,1998).

The results in this chapter showed that MPS Vl bone cells in culture also accumulated

intracellular 3sS-sulphate labelled macromolecular material and most likely represents

the lysosomal storage of incompletely degraded labelled GAGs as shown by others
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(Fratantoni et al., 1968a; Harper et al., 1993; Byers et al., 1998; Byers et a1.,2000).

The accumulation of 3sS-sulphate labelled GAGs in MPS Vl cultures was at a level 13.7

fold higher compared to normal. Similar metabolic radiolabelling studies using MPS Vl

cat fibroblasts, myoblasts and MPS Vl human fibroblasts have reported elevated

intracellular levels of 3sS-sulphate labelled GAGs ranging from 7 fold to 10 fold over

normal (Anson et al., 1992; Yogalingam et al., 1996; Yogalingam et al., 1998). The

dose dependent clearance of the stored labelled macromolecular material with rf4S to

near normal levels (1.4 fold of normal) and the inhibition with 5 mM M6P, supports the

notion that the MPS Vl bone cell cultures possess the M6P receptor necessary for

correct targeting of the deficient enzyme to the lysosome, where it is then able to act

on and degrade the stored GAG. This is analogous to other MPS Vl cell types (Anson

et al., 1992: Yogalingam et a\.,1996; Yogalingam et a1.,1998).

These results demonstrate the presence of the MPS Vl phenotype in the trabecular

bone derived cell cultures and show its ability to be maintained throughout the culture

period. The production of predominantly collagen type I and alkaline phosphatase by

both the MPS Vl cells as well as normal cultures indicates their ability to produce

characteristic markers of the osteoblast phenotype and as a whole these results

strongly support the use of this system as a model for the investigation of mechanisms

into the skeletal pathology in MPS Vl.

The vital role carried out by osteoblasts in maintaining a structurally coherent bone

matrix is exemplified in various skeletal disorders where aberrations in osteoblast

function are associated with the observed pathology (Section 1.3.6). The results in this
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chapter suggest the involvement of osteoblasts in MPS Vl skeletal pathology due to a

lag in the functional maturation process which may ultimately result in a reduced rate of

matrix synthesis.

Osteoblast maturation and function are controlled by numerous components in the

ecm and are thought to occur through cell-matrix interactions (Section 1.3.5.3 &

1.3.5.4), thus both the synthesis and organisation of matrix components are important

to the bone formation process. Despite normal collagen production by MPS Vl

osteoblasts, one cannot discount the possibility of variances in its organisation within

the ecm of MPS Vl bone. Since the catabolism of GAGs is decreased in MPS Vl the

composition of PGs (major ecm organisational and regulatory proteins) may also be

altered (Scott and Haigh 1985) (Section 1.6.4). This question was investigated in

chapter 4, where the ability of MPS Vl cells to secrete and turnover these major ecm

components was investigated.
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4.1 INTRODUCTION

The ecm in tissues such as bone, not only plays a biomechanical role but harbors a

multitude of components such as PGs (of which decorin and biglycan are the major

constituents), collagen type l, growth factors (such as TGF-B) and various

glycoproteins which are optimally arranged to interact with bone cells, and modulate

their function (Robey and Boskey 1996). The continued synthesis, organisation and

turnover of the ecm by bone cells is necessary for ensuring optimal bone formation

(Buckwalter et al., 1996b).

The relationship between the primary defect in MPS Vl (reduced 43 activity) and the

decrease in bone formation rate remains to be elucidated. The inability of the 45

enzyme to degrade C4S and D4S GAGs suggests that the impaired turnover of PGs in

MpS Vl, is integral to the regulation of their bioavailability in the ecm (Neufeld and

Muenzer 1995).

The two major PGs contained in mature bone are the SLRPs, decorin (Mr 200,000 Da)

and biglycan (Mr 350,000 Da), with their core proteins substituted with one and two CS

GAG chains respectively (Fisher et a1.,1983a; Fisher et a1.,1987; Fisher et a1.,1989).

Decorin and biglycan produced by osteoblast cultures are substituted with DS GAGs

instead of CS (Beresford et al., 1987; Ecarot-Charrier and Broekhuyse 1987)'

Additionally, a large CSPG and a HSPG have been identifìed in osteoblast cell cultures

(l-lunter et a1.,1983; Beresford et a1.,1987; Fedarko et a1.,1990; Takeuchi et a1.,1990;

Mceuillan et a|.,1991) and also in bone where they constitute only a minor component
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of the total PG pool. The large CSPG (Mr = 1,000,000 Da) constituting approximately

10% of the total hexuronic acid, has been isolated from fetal bone tissue but is absent

in mature bone (Sugahara et a1.,1981; Fisher et a1.,1983a; Hunter et a1.,1984), and is

thought to be involved in cellular differentiation during development (Fisher et al.,

1983a). The HSPG constitutes approximately 2-14o/o of the total and has been found

associated with the cell membranes of cultured osteoblast cells (McQuillan et al.,

1ee2\.

Much of what is known about the function of PGs comes from studies on decorin and

biglycan. lmmunolocalisation studies in skeletal tissue have revealed biglycan to be

present between collagen fìbrils, particularly enriched around the pericellular regions of

osteocytes, whilst decorin is found in close association with the collagen fibrils

suggesting distinctly different roles for the two major bone matrix PG components

(Bianco et al., 1990). Decorin is known to interact via its core protein with several

components of the ecm. By binding to collagen type I it influences collagen

fibrillogenesis and the final diameter of the fibrils (the latter appears to be mediated by

the GAG chains) (Vogel et al., 1984; Vogel and Trotter 1987; Schonherr et al., 1995a;

Scott 1996). Decorin has also been shown to bind and modulate the activity of TGF-B,

a major regulatory cytokine in bone (Yamaguchi et al., 1990; Takeuchi et al., 1994).

The process of ecm mineralisation in bone is also thought to be regulated in part, by

the GAG chains of CS containing PG with several studies reporting changes in the

matrix composition of GAGs during ecm mineralisation in vitro and in vivo (Prince et al.,

1g83; Takeuchi et al., 1990; Sauren et al., 1992; Zimmermann 1992; Slater et al.,

1gg4). ln contrast to decorin, biglycan has been implicated in cellular differentiation

131



Proteoglycan metabolism in normal and MPS Vl bone cells

based on its abundance of expression in pre-osteogenic cells (Bianco ef a/., 1990).

Recently, the biological importance of biglycan in bone has been demonstrated from

the phenotype of mice lacking the biglycan gene, which show osteopenia

characterised by a decrease in bone formation rate (Xu et al., 1998). Thus, it would

seem plausible to suggest that the PGs are intricately involved in regulating bone cell

function and that the processes governing their ecm concentration (synthesis and

turnover) may influence their function and thus bone formation (lozzo and Murdoch

1ee6).

The osteoblasts not only synthesise PGs but also produce enzymes implicated with

their turnover (such as the GAG degrading lysosomal 45 as shown in Chapter 3) and

are therefore likely to play a role in controlling their ecm concentration and

bioavailability. Thus, these studies were carried out to assess whether tissue

pathology in MPS Vl is associated with an alteration in the ability of bone cells to

synthesise and turnover PGs. The ability of MPS Vl osteoblasts to maintain functional

bone ecm was partially characterised in chapter 3, revealing normal production of

collagen, the major structural component of the ecm. ln this chapter we further

investigated the integrity of MPS Vl bone matrix by assessing the composition of PGs

in the ecm

132



Proteoglycan metabolism in normal and MPS Vl bone cells

4.2 RESULTS

4.2.1 PROTEOGLYCANS PRODUCED BY NORMAL AND MPS VI BONE CELL

GULTURES.

Normal and MPS Vl bone cells were incubated for 24 hours in aMEM complete

medium containing 3sS-sulphate (10 pCi/ml) in order to label PGs. Unincorporated

3sS-sulphate was removed by Sephadex G-25 chromatography as described (Section

2.7.1 and 2.8.1) and the medium and cell layer 3sS-sulphate labelled PGs were

characterised using specific enzymic and chemical methods of degradation in

combination with analytical molecular sizing chromatography.

4.2.1.1 SepHRnose CL-48 coLUMN cHRoMAToGRAPHY

Sepharose CL-48 chromatography of the cell layer fractions demonstrated several

broad but distinct 3sS-sulphate containing populations (Figure 4.1\. Two cell layer

associated populations I and ll (Plc and Pllc) were common to both normal and MPS

Vl cultures (Figure 4.1 A). A third broad 3sS-sulphate containing population associated

with the cell layer (Plllc) was also identified and found to be unique to MPS Vl cultures.

plc eluted at the void volume (Vo) of the Sepharose CL-48 column, displaying a Kav

value range (Kav = Sepharose CL-48 elution volume / total volume of Sepharose CL-

4Bcolumn) of 0-0.23 in both the normal and MPS Vl cultures (Table 4.1). Conversely,

pllc eluted at a Kav value range of 0.30-0.74 in normal cultures and a similar range of

0.2g-0.67 in MPS Vl (Table 4.1). This position was found to correspond to a purified

cartilage decorin/biglycan preparation (data not shown). The unique MPS Vl cell layer
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Figure 4.1: Sepharose CL4B chromatography of 3sS-sulphate Iabeled

macromolecular populations in normaland MPS Vl bone cell cultures.

Normal (r ) and MPS Vl (o ) bone cell cultures were labelled 1or24 hours with 10

pCi/mL 3sS-sulphate and the labelled macromolecules isolated by Sephadex G-25

chromatography (in 0.5 M ammonium formate). The 3sS-sulphate radiolabelled

macromolecular material from the cell layer (A) and medium (B) fractions was further

resolved by chromatography down a Sepharose CL-48 molecular sizing column (pre-

equilibrated in 2 M GuHCl, 100 mM NazSO¿ and 50 mM Tris.HCl, pH 7.5). The void

volume (Vo) and total volume (Vt) of the Sepharose CL-48 column is shown together

with the elution position (Kav = elution volume / total volume) of the cell layer (Plc,

Pllc and Plllc) and medium fraction (Plm and Pllm) radiolabelled macromolecular

populations. The data is a representation of n=4 normal and n=4 MPS Vl

observations.
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Table 4.1: Kav values of 3sS-sutphate labelled populations in normal and MPS

VI culturcs.

The Kav value ranges of 3sS-sulphate labelled normal and MPS Vl macromolecular

populations in the cell layer (Plc and Pllc), medium (Plm and Pllm) and the unique

MpS Vl cell layer population (Plllc) were derived from data presented in Figure 4.1'

The Kav was calculated as the elution volume of the macromolecular populations on

Sepharose CL4B / total Sepharose CL4B column volume and represents n=4

normal and n=4 MPS Vl observations'



35S-sulphate labelled

population

Kav range

normal

Kav range

MPS VI

cell Plc

cell Pllc

cell Plllc

medium Plm

medium Pllm

0 - 0.23

0.30 - 0.74

0 - 0.26

0.28 - 0.79

0 - 0.23
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associated 3sS-sulphate labelled population Plllc, eluted near the total volume (Vt) of

the Sepharose CL-4B column displaying a Kav value range of 0.67-1.0 (Table 4.1).

Sepharose CL-48 chromatography of the medium fractions demonstrated that both

normal and MPS Vl bone cells also secreted two distinct and broad 35S-sulphate

containing populations into the medium fraction: population I and ll (Plm and Pllm)

(Figure 4.1 B). Plm was the larger of the two populations, eluting at the Vo of the

Sepharose CL-48 column and displaying an identical Kav value range of 0-0'26 for

both the normal and MpS Vl cultures (Table 4.1). Conversely, Pllm which also eluted

at a position comparable to that of cartilage decorin /biglycan preparations, displayed a

Kav range that was identical in both normal and MPS Vl cultures (0'28 - 0.79)

(Table 4.1).

ln summary, Sepharose CL-48 chromatography has revealed the presence of two 3sS-

sulphate containing populations in each of the medium and cell layer fractions' The

Kav ranges displayed by Plc, Pllc, Plm and Pllm are comparable between normal and

MpS Vl cultures, indicating equivalent molecular weight. Furthermore, Plc displays the

same molecular weight at Plm, and the molecular weight of Pllc is similar to Pllm,

indicating similarity in molecular weight between the medium and cell layer 35S-

sulpahte labelled populations. Additionally, a unique population of 3sS-sulphate

labelled material associated only with the MPS Vl cell layer (Plllc) was identifìed.
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4.2.1.2 GIYCOSRIT¡INOGLYCAN COMPOSITION OF THE .US-SUTPHRTE LABELLED

POPULATIONS IN NORMAL AND MPS VI BONE CELLS

plc, pllc, plm and Pllm in both normal and MPS Vl cultures and Plllc in MPS Vl were

analysed for the presence and identity of GAGs by their susceptibility to the GAG

depolymerising enzymes: chondroitinase ABC (cABC); chondroitinase ACll (cACll);

and chondroitinase B (cB) (Section 2.7.2\. Chondroitinase enzymes cleave the

glycosidic linkages between the repeating hexose and uronic acid moieties in GAG

polymers. The type of glycosidic linkage cleaved is specific to the individual

chondroitinase, thereby allowing the identification of specific GAG polymers (Table

4.2). The extent of GAG depolymerisation by the chondroitinase enzymes can be

monitored with molecular sizing chromatography using Sepharose CL4B (Section

2.g.2). Degradation appears as a change in the elution position of the GAGs together

with a concomitant appearance of the lower molecular weight products of degradation

(mostly disaccharides) eluting in the Vt of the column'

4.2.1.2.1 AtrtRl-vsls oF cELL LAYER

lncubation of the 3sS-sulphate labelled macromolecules isolated from normal and MPS

Vl cell layer extracts with cABC, resulted in 100 % digestion of all the 35S-sulphate

labelled pools, as shown by the shift in elution profile on Sepharose CL-48 (Figure 4.2

C & D). Thus plc, Pllc and Plllc contain GAGs of chemical composition: N-acetyl D-

galactosamine / D-Glucuronate (GalNAc / GIcUA) and / or N-acetyl D-galactosamine /

l_-lduronate (GalNAc / ldUA) and are therefore exclusively CS and/or DS in nature'

Furthermore, the complete depolymerisation of the 35S-sulphate labelled
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Table 4.2: The action pattern and specificity of polysaccharide lyases'

The spec¡ic sites of cleavage ( I ) in chondroitin sulphate (CS) and dermatan sulphate (DS) are indicated for the chondroitinase lyases,

chondroitinase ABC (cABC), chondroitinase ACll (cAcll) and chondroitinase B (cB). cABC cleaves the p1:3 glycosidic bond between D-

glucuronate (GlcuA) and the N-acetyl D-galactosamine (GalNAc) repeating disaccharides present in both CS and DS. cABC also cleaves the

p1:3 glycosidic bond between L-lduronate (lduA) and GalNAc present in DS. ln contrast, cAcll cleaves only the p1:3 glycosidic bond between

GIcUA and GalNAc present in both CS and DS, whereas cB specifically cleaves the p1:3 glycosidic bond between ldUA and GalNAc in DS'

Adapted from Jandik et al., 1994.
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Figure 4.22 Glycosaminoglycan composition of cell layer macromolecular

populations.

Cell layer macromolecular populations in bone cell cultures were labelled tor 24

hours with 1O pCi/ml 35S-sulphate, and then isolated by Sephadex G-25

chromatography (in 0.5 M ammonium formate). The void volume fractions containing

the labelled macromolecules were pooled, dialysed into HzO and lyophilised.

Analysis for the presence and types of glycosaminoglycans was carried out by

digesting at 37 0C for 24 hours with 0.05 units of either chondroitinase ABC (cABC),

chondroitinase ACll (cACll) or chondroitinase B (cB) and then by chromatography

down a Sepharose CL4B molecular sizing column (equilibrated in 2 M GuHCl, 100

mM NazSO¿ and 50 mM Tris.HCl, pH 7.5). The radiolabelled cell layer

macromolecular populations from normal (r ) and MPS Vl (o ) cultures (Plc, Pllc and

P¡c) treated before (A A B) and after digestion with cABC (C & D), cACll (E & F) and

cB (G & H) are shown. Data represents n=4 normal and n=4 MPS Vl observations.
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macromolecules by cABC indicates the absence of other GAG types such as

KS or HS

ln order to distinguish between CS and DS GAGs in the 3sS-sulphate labelled cell layer

associated populations, cACll and B digestions were carried out. Sepharose CL-48

analysis following cAcll treatment indicated the presence of GalNAc / GIcUA residues

in all GAG populations, by the reduction in the amount of 3sS-sulphate associated with

plc and Pllc in normal (Figure 4.2E) and Plc, Pllc and Plllc in MPS Vl (Figure 4.2F)

cultures. Furthermore, the varying degrees to which a shift in 3sS-sulphate activity was

observed in the different GAG populations suggests that each pool contains a different

proportion of the GalNAc / GIcUA disaccharide.

ln normal and MpS Vl cultures, 100 % of the 35S-sulphate activity shifted from Plc with

cAgll treatment (Figure 4.2 E & F), suggesting a pure GalNAc / GIcUA composition

(Table 4.3). This was also confirmed by the inability of the GalNAc / ldUA degrading

enzyme cB to digest this GAG population (Plc), thus demonstrating its CS nature

(Figure 4.2G & H).

Unlike plc, the GAG chains in Pllc were susceptible to digestion by both cACll (Figure

4.28 & F) and cB (Figure 4.2G & H) in normal and MPS Vl cultures, indicating the

presence of both GalNAc / GIcUA as well as GalNAc / ldUA disaccharides and thus

the DS nature of the GAG containing populations. ln order to analyse the proportion of

GalNAc / GIcUA : GalNAc / ldUA disaccharides in Pllc, the Sepharose CL-48 fractions

corresponding to MpS Vl pllc were isolated and re-chromatographed individually on
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Sepharose CL-48 prior to and following digestion with cACll and cB. This was done in

order to prevent the masking of the degradative process in Pllc by the later eluting

Plllc. Conversely, the absence of Plllc in normal cultures allowed the analysis to be

conducted on the whole cell layer extract

Following cACll digestion, the shift in the amount of 3sS-sulphate from Pllc in normal

cultures was 32.87 % indicating the proportion of GalNAc / GIcUA (Figure 4.2 E and

Table 4.3). By comparison, 67.13 % of the GAG present in Pllc should constitute

GalNAc/ldUA. This was confirmed with subsequent cB digestion demonstrating a shift

in 3sS-sulphate activity of 62.66 % (Figure 4.2 G and Table 4.3). MPS Vl cultures

displayed a similar proportion of GalNAc/GlcUA : GalNAc/ldUA in Pllc compared to

normal. A28.46 % shift in 3sS-sulphate activity following cACll digestion was observed

for Pllc indicating the proportion of GalNAc/GlcUA (Figure 4.3 C and Table 4.3). By

comparison, 71.54 % of the 3sS-sulphate activity should be associated with

GalNAc/ldUA. This was confirmed with subsequent cB digestion of Pllc in normal

cultures showing a 69.68 % shift in 3sS-sulphate and thus the proportion of

GalNAc/ldUA (Figure 4.3 E and Table 4.3).

ln a similar approach, analysis of the GalNAc / GIcUA : GalNAc / ldUA ratio in Plllc

was performed following its isolation from MPS Vl Plc and Pllc by re-chromatographing

the corresponding Sepharose CL-48 fractions prior to and following treatment with

cACll and cB digestion. Digestion of Plllc with cACll indicated that the majority of

GAG consisted of GalNAc / GIcUA as demonstrated by the 92.54 % shift in 35S-

sulphate activity (Figure 4.3 D and Table 4.3). By comparison, 7.46 o/o of the total 35S-
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Figure 4.3: Glycosaminoglycan composition of PIIc and Plllc isolated from MPS

Vl cultures.

Cell layer macromolecular populations Pllc and Plllc produced by MPS Vl bone cell

cultures were labelled lor 24 hours with 10 pCi/mL 3sS-sulphate and then isolated by

Sephadex G-25 chromatography (in 0.5 M ammonium formate). The void volume

fractions containing total cell layer macromolecules were pooled, dialysed into HzO

and lyophilised. Pllc and Plllc were further resolved and isolated by chromatography

on a Sepharose CL-48 molecular sizing column (equilibrated in 2 M GuHCl, 100 mM

NazSO¿ and 50 mM Tris.HCl, pH 7.5). The glycosaminoglycans in Pllc and Plllc

were individually digested at 37 0C for 24 hours with 0.05 units of either

chondroitinase (c) cAOll (C & D) or cB (E & F). Results were analysed by re-

chromatographing down Sepharose CL-48 columns and comparing to the control

treatment (no enzyme (A A B)). Data represents n=4 normal and n=4 MPS Vl

observations.
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sulphate labelled GAG should therefore represent the proportion of GalNAc/ldUA.

Subsequent analysis with cB digestion conf¡rmed this, indicating a shift of 5.94 % in

3sS-sulphate activity and thus demonstrating the proportion of GalNAc/ldUA in Plllc

(Figure 4.3 F and Table 4.3).

4.2.1.2.2 A¡tRt-vsls oF THE MEDIUM FRAcrloN

lncubation of normal and MPS Vl medium extracts with cABC resulted in 100 %

digestion of all ssS-sulphate labelled pools, as shown by the shift in elution profile on

Sepharose CL-48 (Figure 4.4 C & D). Plm and Pllm is therefore GAG in nature and

composed exclusively of CS and/or DS. Their complete depolymerisation by this

chondroitinase indicates the absence of other GAG types such as KS or HS.

ln order to distinguish between DS or CS, the medium fraction GAG populations were

analysed with cACll and cB. Digestion with cAOll revealed a decrease in 3sS-sulphate

content of Plm and Pllm in both normal and MPS Vl, indicating the presence of

GalNAc/GlcUA (Figure 4.4 E & F). Treatment of Plm.from normal and MPS Vl cultures

with cACll revealed a total shift (100 %) in 3sS-sulphate activity, illustrating the

exclusive presence of GalNAc / GIcUA and thus the CS nature of the GAG population

(Figure 4.4 E & F and Table 4.3). This was confirmed by the indigestibility of Plm with

the GalNAc / ldUA depolymerising enzyme, cB (Figure 4.4 G & H).

The partial loss of 3sS-sulphate activity from Pllm in normal and MPS Vl cultures

digested with cACll, indicates the presence of both GalNAc / GIcUA and GalNAc /

ldUA residues in the GAG populations, thus indicating the presence of DS (Figure 4.4
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Figure 4.4: Glycosaminoglycan composition of medium fraction

macromolecu Iar populations.

Medium fraction macromolecular populations were radiolabelled with 10 pCi/mL 35S-

sulphate tor 24 hours and isolated with Sephadex G-25 chromatography (in 0.5 M

ammonium formate). The void volume fractions were pooled, dialysed into HzO and

lyophilised. Analysis for the presence and types of glycosaminoglycans was carried

out by digesting at 37 0C for 24 hours with 0.05 units of either chondroitinase ABC

(cABC), chondroitinase ACll (cACll) or chondroitinase B (cB) followed by

chromatography down a Sepharose CL4B molecular sizing column (equilibrated in 2

M GuHCl, 100 mM NazSO¿ and 50 mM Tris.HCl, pH 7.5). The radiolabelled medium

fraction macromolecular populations (Plm and PIlm) from normal ( r ) and MPS Vl

(0) cultures treated before (A A B) and after digestion with cABC (C & D), cACll (E &

F) and cB (G A H) are shown. Data represents n=4 normal and n=4 MPS Vl

observations.



Pllm

Sepharose CL-48 fractions Vt

MPS VI

B Control

Plm
Pllm

JV Sepharose CL-48 fractions Vt

Normal

A

c)
ñ
-c
_o-
f
at,

I

U)o(o

Control
Plm

"J I I
D

o
(!
-co-

=Ú,
I

U)
tr)(9

c

o
oEo
=îtI
Øoó

F

o
oE
o-
5
al,
I

U)()o

E

o
qt

_o-
f
U'

I

U)
rOo

J

cB

.J

H

q)

G
-c
_g
f
(t,

I

U)
bó

G

o
o
-c
-gf
|t,

I

c/)
lo
(f)

cABC

Vo Sepharose CL-48 fractions "1

cACll

Sepharose CL-48 fractions

CB

v

cABC

IV Sepharose CL-48 fractions Vt

cACll

I

V Sepharose CL-48 fractions ,rr1

I "Jl
IJI Sepharose CL-48 fractions Vt Sepharose CL-48 fractions Vt



Table 4.1: Glycosaminoglycan composition of the 3sS-sulphate labelled

populations in normal and MPS Vl cultures.

The proportion of N-acetyl D-galactosamine / D-Glucuronate (GalNAc/GlcUA)

present in both chondroitin sulphate (CS) and dermatan sulphate (DS) and the

proportion of N-acetyl D-galactosamine / L-lduronate (GalNAc/ldUA) present in DS

was determined in the 3sS-sulphate labelled macromolecular populations Plc, Pllc,

plm and Pllm from normal and MPS Vl cultures and additionally in Plllc from MPS VI

cultures by digestion with chondroitinase ACtl ($) and chondroitinase B (C) (as shown

in Figures 4.2, 4.9 & 4.4). Results are presented as a proportion of total

GalNAc/GlcUA + GalNAc/ldUA and represent n=4 normal and n=4 MPS Vl

observations.
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Proteoglycan metabolism in normal and MPS Vl bone cells

E & F). The ratio of GalNAc / GIcUA : GalNAc / ldUA was determined with cACll and

cB treatment. Digestion of Pllm with cACll resulted in a 35.46 o/o and 37.01 % shift in

3sS-sulphate activity from Pllm in normal and MPS Vl cultures respectively, indicating

the proportion of GalNAc / GIcUA (Figure 4.4 E & F and Table 4.3). By comparison,

the GalNAc / ldUA content of Pllm should be 64.54 o/o and 62.99 % in normal and MPS

Vl respectively. This was confìrmed with the subsequent digestion of Pllm with cB

illustrating a shift in 3sS-sulphate content of 62.66 o/o âîd 61.47 % in normal and MPS

Vl respectively, thus demonstrating the proportion of GalNAc / ldUA residues in Pllm

(Figure 4.4 G & H and Table 4.3).

ln summary, digestion of cell and medium 3sS-sulphate labelled populations common to

both normal and MPS Vl cultures (Plc, Pllc, Plm and Pllm) and the unique MPS Vl cell

layer population Plllc with cABC, demonstrated the presence of DS/CS GAGs in all the

3sS-sulphate labelled populations. The GAG associated population in the cell and

medium fractions with the largest size (Plc and Plm) was CS in both normal and MPS

Vl cultures whereas Pllc and Pllm were DS. Furthermore, the relative proportion of

GalNAc / ldUA : GalNAc / GIcUA was comparable in Pllc and Pllm from normal and

MPS Vl cultures, with the GalNAc / ldUA disaccharide being more abundant (Figure

4.3). These results show that the GAG populations in Plc, Pllc, Plm and Pllm have

similar compositions in normal and MPS Vl cultures. MPS Vl cultures, however

contain an additional population of DS GAG which is associated with the cell layer

Plllc, and predominantly contains GalNAc / GlcUA.
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Proteoglycan metabolism in normal and MPS Vl bone cells

4.2.1 .3 CHerr¡lcnl cHARAcrERlsrlcs

ln order to determine the size distribution of the 3sS-sulphate labelled GAGs in the cell

layer and medium radiolabelled pools, Plc, Pllc, Plllc, Plm and Pllm were isolated from

normal and MpS Vl cultures and individually chromatographed on a Sepharose CL-48

molecular sizing column prior to and following treatment with alkaline borohydride

(Section 2.7.1 & 2.7 .3). Treatment with alkaline borohydride results in the liberation of

single GAG chains which may be attached to a core protein component of a PG by

way of a characteristic linkage tetra-saccharide: GIcUA-Gal-Gal-Xyl (Section 1.6-2)'

The Xyl residue of the linkage oligosaccharide is attached to the serine or threonine of

the core protein moiety via an O-glycosidic bond. Upon alkaline borohydride

treatment, a complete B-elimination reaction of the O-glycosidic linkages to serine or

threonine occurs resulting in the liberation of the attached GAG chain' Alkaline

borohydride in conjunction with molecular sizing chromatography therefore, not only

allows an accurate determination of GAG chain size distribution, but also permits the

identification of GAGs as part of a PG macromolecule, as shown by a shift in the Kav

value of the sulphated GAG population on molecular sizing chromatography following

p-elimination.

Treatment of 3sS-sulphate labelled Plc, Pllc, Plm and Pllm from both normal and MPS

Vl cultures with alkaline borohydride resulted in all populations displaying shifts in their

Sepharose CL-48 elution profiles (Figure 4.5 & 4.6), indicating that the GAG chains in

these populations are a component of a larger PG macromolecule'
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Figure 4.5: Glycosaminoglycan chain length of Plc and Pllc from normal and

MPS Vl cultures.

Cell layer glycosaminoglycans (GAGs) produced by bone cell cultures were labelled

for 24 hours with 10 pCi/mL 35S-sulphate and then isolated by Sephadex G-25

chromatography (in 0.5 M ammonium formate). The void volume fractions containing

the labelled GAGs were pooled, dialysed into HzO and lyophilised. Plc and Pllc were

further resolved and isolated using Sepharose CL-48 molecular sizing

chromatography (in 2 M GuHCl, 100 mM NazSO+ and 50 mM Tris.HCl, pH 7.5). P-

elimination was carried out at37 0C for 24 hours on normal (¡ ) and MPS Vl (o ) Plc

(A & B) and Pilc (C & D) with 1 M sodium borohydride / 0.05 M NaOH. The treated

samples (red) were neutralised with glacial acetic acid and together with the non-

treated control samples (dark blue) were re-chromatographed on Sepharose CL-4B.

The Kav values shown represent the elution volumes of Plc and Pllc over the total

volume of Sepharose CL-48. Data represents n=4 normal and n=4 MPS Vl

observations.
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Figure 4.6: Glycosaminoglycan chain length of Plm and Pllm from normal and

MPS Vl cultures.

Radiolabelled medium fraction glycosaminoglycans (GAGs) produced by bone cells

were obtained following labelling of cultures for 24 hours with 10 pOi/mL 35S-

sulphate. The total medium fraction GAG populations were isolated following

Sephadex G-25 chromatography (in 0.5 M ammonium formate). The void volume

fractions containing the 3sS-sulphate labelled GAGs, were pooled, dialysed into HzO

and lyophilised. Plm and Pllm were further resolved and isolated following

Sepharose CL4B molecular sizing chromatography (in 2 M GuHCl, 100 mM NazSO¿

and S0 mM Tris.HCl, pH 7.5). p-elimination was carried out at 37 0C for 24 hours on

normal ( ¡ ) and MPS Vl (o ) Plm (A A B) and Pllm (G & D) with 1 M sodium

borohydride / 0.05 M NaOH. The treated samples (red) were neutralised with glacial

acetic acid and together with the non-treated control samples (dark blue) were re-

chromatographed on Sepharose CL4B. The Kav values shown represent the elution

volumes of Plm and Pllm over the total volume of Sepharose CL-48. Data

represents n=4 normal and n=4 MPS Vl observations.
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Proteoglycan metabolism in normal and MPS Vl bone cells

Analysis of GAG chain size distribution in the alkaline borohydride treated cell layer

populations yielded a Kav value of 0.54 for Plc in both normal and MPS Vl cultures

(Figure 4.5 A & B). A similar value (Kav of 0.54 and 0.52) was obtained for the GAG

chains in Pllc from normal and MPS Vl cultures respectively (Figure 4.5 C & D).

Similar Kav values were obtained for the GAG pools in the medium fraction. Alkaline

borohydride treatment of Plm from normal and MPS Vl cultures, resulted in a Kav

value of 0.5 and 0.52 in normal and MPS Vl respectively (Figure 4.6 A & B) and

similarly the Kav values displayed by GAG chains from Pllm following B-elimination,

were 0.54 and 0.52 in normal and MPS Vl respectively (Figure 4.6 C & D).

Thus, the B-elimination of GAGs from Plc, Pllc, Plm and Pllm, following treatment with

alkaline borohydride, indicates their attachment to core proteins and hence their

existence in the form of PGs. Furthermore, the similarity in the Kav values of the

alkaline borohydride liberated GAG chains in normal and MPS Vl populations indicates

their similar size distribution. Thus the differences in molecular weight of the intact PG

populations Pl and Pll may arise from differences in the core protein size or the

number of attached GAG chains.

The elution profile of GAGs associated with Plllc following B-elimination was assessed

with Sephacryl 5-300 chromatography as the Sepharose CL-48 chromatography

elution position of Plllc (near to the Vt) renders the column unsuitable for the analysis.

The untreated 3sS-sulphate labelled GAGs contained in Plllc migrated on Sephacryl S-

300 as a broad polydisperse population with an average Kav of 0.28 (Figure 4.7).
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Figure 4.7: Glycosaminoglycan chain length of PIllc from MPS Vl cultures.

MPS Vl bone cell cultures were labelled for 24 hours with 10 ¡rCi/mL 
3sS-sulphate

and the glycosaminoglycans (GAGs) isolated by chromatography on Sephadex G-25

columns (equilibrated in 0.5 M ammonium sulphate). The void volume fractions

containing the 35S-sulphate labelled GAGs were pooled, dialysed into HzO and

lyophilised, Flllc was further resolved and isolated following Sepharose CL-48

molecular sizing chromatography (in 2 M GuHCl, 100 mM NazSO¿ and 50 mM

Tris.HCl, pH 7.5). The p-elimination reaction was carried out at 37 0C for 24 hours

with 1 M sodium borohydride / 0.05 M NaOH. Treated Plllc (red) was neutralised

with glacial acetic acid and re-chromatographed on a Sephacryl 5-300 molecular

sizing column (equilibrated in 2 M GuHGl, 100 mM NazSO¿ and 50 mM Tris.HCl, pH

7.5). Results were compared to control samples (dark blue) in which the 1 M

sodium borohydride / 0.05 M NaOH had been omitted from the reaction. The Kav

values shown represent the peak elution volumes of Plllc over the total volume of

Sephacryl S-300. Data represents n=4 normal and n=4 MPS Vl observations.
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Proteoglycan metabolism in normal and MPS Vl bone cells

lnterestingly, this value did not signifÏcantly change following B-elimination, (Kav value

0.30) indicating the absence of any attached core protein and thus the non-PG nature

of the GAG population contained in Plllc. Furthermore, as indicated by Sepharose CL-

48 (Figure 4.1), the molecular weight of the GAG material in Plllc (Kav 0.67 - 1)

appears to be smaller compared to the GAGs contained in all other 3sS-sulphate

labelled populations (Figures 4.5 & 4.6). lt is likely that the GAG components in Plllc

may be derived from partially degraded forms of the larger PGs Plc and Pllc, and this

is consistent with Plllc being the storage product in MPS Vl.

The composition (by enzymatic digestion) and molecular weight distribution (by Þ-

elimination) of the GAG components of PGs have so far appeared similar in both

normal and MPS VI cultures. To further characterise the GAGs produced by normal

and MPS Vl cultures, the sulphation pattern in disaccharides was investigated.

4.2.1.4 SULPHATION ANALYSIS OF GLYCOSAMINOGLYCANS IN NORMAL AND MPS VI

CULTURES:

The sulphation pattern of GAGs was assessed following digestion with chondroitinase

ABC, the GAGs in individual PG populations and the putative storage product.

Differentially sulphated disaccharides were resolved with HPLC using a reversed

phase partisil PAC 5 column (Section 2.8.5.2). The GAG chains are usually sulphated

although to varying degrees, depending on the type of GAG synthesised and its tissue

location. ln CS, the predominant GAG in bone, the sulphate groups are generally O-

linked at the carbon-4 or 6 position of GalNAc in the GalNAc/GlcUA disaccharde

moiety. This disaccharide also occurs in DS, which has the added complexity of also
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Proteoglycan metabolism in normal and MPS Vl bone cells

containing O-linked sulphate at the carbon-2 position in the ldUA moiety of

GalNAc/ldUA. As MPS Vl is caused by a defect in the metabolism of 4-sulphated

GAGs, the overall analysis of the GAG sulphation pattern was investigated.

Normal and MPS Vl GAG containing populations displayed a predominance of 4'

sulphated disaccharides over 6- and 0-sulphated disaccharides. Plc displayed a 70.7

o/o and 71.4 o/o 4-sulphated disaccharide content in normal and MPS Vl cultures

respectively (Table 4.4). Similarly, the distribution of 4-sulphated disaccharides in Plm

was 74.7 % in normal and 73.2 % in MPS Vl. Comparatively, the unique GAG

population in MPS Vl, Plllc contained the highest proportion of 4-sulphated

disaccharides (97.2 %) followed by Pllc in both normal (90.4 %) and MPS Vl (91.3 %)

cultures. Alternatively, Pllm showed similarity to Plc and Plm, displaying a77.1 o/o and

TB.g %4-sulphated disaccharide content in normal and MPS Vl cultures respectively.

The greatest proportion of 6-sulphation occurred in Plc and Plm in both the normal and

MpS Vl cultures. Specifically, the proportion of 6-sulphated disaccharides in Plc was

22.6 %for normal and23.7 o/ofor MPS Vl. Similarly, Plm disaccharides showed a22.3

yo and 21.9 % distribution of 6-sulphate in normal and MPS Vl cultures respectively. ln

contrast, the degree of 6-sulphation in Pllc and Pllm ranged from 1.3 o/o - 3.8 % (Table

4.4). Notably, Plllc showed a similar distribution in the ratio of 4-sulphated : 6-

sulphated disaccharides to Pllc, however no evidence of O-sulphation was shown in

contrast to all other GAG containing populations (Table 4.4). The highest proportion of

6-sulphated disaccharides was observed in Pllm with both normal (21.1 %) and MPS

Vl (18.7 %) cultures containing similar proportions. The other GAG containing
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Table 4.4: Disaccharide composition of glycosaminoglycans produced by normaland MPs vl bone cell cultures'

Normal and Mps Vl cultures were labelled in duplicate with 3ss-sulphate (10 ¡rci/mL) for 24 hours and the radiolabelled macromolecular

populations were isolated with chromatography on sephadex G-25 columns (equilibrated in 0.5 M ammonium formate)' The 3ss-sulphate

labelled cell and medium macromolecular populations; Plc, Pllc, Plllc, Plm and Pllm were further resolved with sepharose cL4B molecular

sizing chromatography (in 2 M GuHCl, 100 mM NazSO¿, 50 mM Tris.HCl, pH 7.5). Following scintillation counting of fraction aliquots', fractions

corresponding to each population were pooled and dialysed into 50 mM Tris/acetate buffer and then into water' Disaccharides were

generated by chondroitinase ABC digestion carried out at 37oc Ío¡ 24 hours and purified with precipitation using 4 volumes of 100% ethanol'

The composition of the glycosaminoglycans in each population was carried out by chromatography of the disaccharide preparations on a

reversed phase partisil pAC s column attached to a high pressure liquid chromatography system (in 52 % (v/v) acetonitrile, 12 Vo (vlv)

methanol and 36% aqueous buffer (0.5 M Tris and 0.1 M boric acid, pH 8.0)). The eluting disaccharides were detected aL229 nm and

identified w1h disaccharide standards; chondro 
^di-os, ^di-4s 

and Âdi-6s. The % composition of 
^d¡-os, 

Adi-4s and adi-6s was assessed by

integrating the elution peak area. The data represents n=2 normal and n=2 MPS vl animals'
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populations (Plc, Plm and Pllc) displayed trace amounts of O-sulphation ranging from

(3.0 % - 7 .4 %) (Table 4.4).

ln summary, the chemical analysis of the 3sS-sulphate labelled populations isolated

form normal and MPS Vl cultures has in section 4.2.1, demonstrated the presence of

several PG populations and the MPS Vl storage product. lnterestingly, the PGs

produced by MPS Vl cultures display several common chemical and physical

characteristics to those produced by normal bone cells. Thus the 4-sulphated GAG

metabolising defect in MPS Vl does not seem to affect the type of PG synthesised by

the bone cell cultures. Since the integrity of the bone matrix synthesised by

osteoblasts not only depends on the physical and chemical properties of the matrix

components but also their proportion in relation to the other matrix proteins, the

processes of PG synthesis and turnover which function to regulate ecm PG

concentration, were investigated in the following section.

4.2.2 PROTEOGLYCAN BIOSYNTHESIS

PG biosynthesis in normal and MPS V¡ trabecular bone derived cultures was

determined by the incorporation of 35S-sulphate into their GAG components over a 24

hour labelling period.

The biosynthetic rate of the total cell layer (Plc + Pllc) and medium fraction (Plm +

Pllm) PGs was assessed following the removal of unincorporated 3sS-sulphate isotope

by Sephadex G-25 chromatography (Section 2.8.1\. The proportion of MPS Vl storage

product was determined by Sepharose CL-48 column chromatography (Section 2.8.2),
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and subtracted from the total amount of 3sS-sulphate incorporated into the

macromolecular pools of MPS Vl cultures. This procedure enabled the determination

of a true MPS Vl total cell layer PG biosynthetic rate. The biosynthetic rates of the

individual cell layer and medium fraction PGs were determined with Sepharose CL-48

size exclusion chromatography and will be described in a later section of this chapter

(Section 4.2.2.2\.

4.2.2.1 TOrru PROTEOGLYCAN BIOSYNTHESIS RATE

The incorporation of 3sS-sulphate into the GAG components of total PGs during the 24

hour labelling period was linear in both normal and MPS Vl cultures (Figure 4.8 A).

The biosynthesis rate for the total amount of PGs present in the medium fraction and

cell layer was therefore determined by linear regression analysis. The rate of tsS-

sulphate incorporation into total PGs by normal cultures was 25.60 t 3.81 dpm/¡rg

protein/hour, whereas MPS Vl cultures displayed a rate of 13.46 + 6.36 dpm/¡rg

protein/hour (Figure 4.8 B). Although statistical significance was not shown, (P=0.077;

students t-test), MPS Vl cultures displayed a 1.9 fold reduced trend in total PG

synthesis rate.

The distribution of total PGs between the cell layer and medium fractions are shown in

Figure 4.9, and were similar in normal and MPS Vl cultures

Linear regression analysis revealed that the rate of 3sS-sulphate incorporation into total

PGs recovered from the cell layer fraction in normal cultures was 12.07 t 2.5 dpm/pg

protein/hour. A similar rate was found for the PGs partitioned into the medium fraction
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Figure 4.8: Total proteoglycan synthesis.

(A) Total proteoglycan (PG) synthesis in the cell layer and medium fraction was

assessed in triplicate cultures of normal 1r ¡ and MPS Vl (o ) bone cells by labelling

their glycosaminoglycan (GAG) components with 3sS-sulphate (10 pCi/mL) for 2to 24

hours. The amount of radiolabelled GAG associated with the total medium and cell

layer PGs was assessed by chromatography on Sephadex G-25 columns

(equilibrated in 0.5 M ammonium formate). Scintillation counting was used to

quantify the amount of 3sS-sulphate labelled PGs eluting in the void volume fractions.

The proportion of MPS Vl cell layer storage product was determined after

chromatography on Sepharose CL-48 (equilibrated in 2 M GuHCl, 100 mM NazSO+

and 50 mM Tris.HCl, pH 7.5). This value was then subsequently subtracted from the

total s5S-sulphate labelled macromolecular material in the MPS Vl cell layer, The

amount of radiolabel incorporated into the total PGs in the combined cell and medium

fractions was plotted against labelling time and results are expressed as mean + std.

dev, of n=4 normal and n=2 MPS Vl animals.

(B) The (PG) synthesis rate of total cell layer PG populations (Plc + Pllc), total

medium fraction PG populations (Plm + Pllm) and the total combined cell and

medium fraction PG populations (medium + cell) was calculated using linear

regression analysis.
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Figure 4.9: Distribution of total proteoglycans between the cell layer and

medium fractions ln normal and MPS Vl cultures.

The distribution of total ssS-sulphate labeled proteoglycans (PGs) between the cell

layer (A) and medium fractions (B) of normal ( ¡ ) and MPSVI 1o ¡ cultures was

analysed by Sephadex G-25 chromatography, following a 2 - 24 hour labelling period

of triplicate cultures with 10 pCi/mL 3sS-sulphate. PGs eluting in the void volume (Vo)

of Sephadex G-25 (equilibrated in 0.5 M ammonium formate) were quantified by

scintillation counting of fraction aliquots. Sepharose CL4B chromatography (in 2 M

GuHCl, 100 mM NazSO¿, 50 mM Tris.HCl, pH 7.5) was used to determine the

proportion of MPS Vl storage product, which was subsequently subtracted from the

Sephadex G-25 Vo fraction. Results were normalised to total cell layer protein and

the amount of total PGs in the cell (Plc + Pllc) and medium (Plm + Pllm) fraction

were plotted as a proportion of total PGs (Plc + Pllc + Plm + Pllm). Results are

expressed as the mean + std. dev. of n=4 normal and n=2 MPS Vl animals'
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Proteoglycan metabolism in normal and MPS Vl bone cells

(13.14 + 2.28 dpm/¡rg protein/hour) (Figure 4.8 B). Comparatively, MPS Vl cultures

displayed a 2.36 fold reduction in the rate of 3sS-sulphate incorporation into total cell

layer PGs (5,11 i 2.12dpm/¡rg protein/hour) and a 1.61 fold reduction in the rate of

3sS-sulphate incorporation into total PGs partitioned into the medium fraction (8.17 t

3.26 dpm)/pg protein/hour) (Figure 4.8 B).

The reduced total cell layer and total medium fraction PG biosynthesis rates displayed

by MPS Vl cultures were not statistically different to normal (P=0.071 - cell layer and

P=0.10 - medium fraction); students t-test), however, the results suggest a trend

towards a lower biosynthesis rate for PGs in the MPS Vl cell layer and medium

fractions.

4.2.2.2 lruolvlouRt PRorEocLYcAN BlosYNTHESls RATE

Sepharose CL-48 size exclusion chromatography was utilised to separate individual

PG populations, thus permitting the determination of their individual biosynthesis rates.

A decrease in the biosynthesis rate fortotal Pl (cell layer + medium) (Figure 4.104)

and total Pll (cell layer + medium) (Figure 4.10 B), was shown by MPS Vl cultures

compared to normal. The rate of 3sS-sulphate incorporation into total Pl by normal

cultures was 8.28 t 1.55 dpm/pg protein/hour whereas MPS Vl cultures displayed a

1.78 fold reduction, resulting in a rate of 4.66 t 1.67 dpm/pg protein/hour (Table 4.5).

Similarly, the rate of 3sS-sulphate incorporation into total Pll was 10.10 t 0.99 dpm/pg

protein/hour in normal, whereas MPS Vl cultures displayed a 1.89 fold reduction,

resulting in a total Pll synthesis rate of 5.33 + 2.96 (Table 4.5). Atthough results were
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Figure 4.10= lndividual proteoglycan synthesis in the combined cell layer and

medium fractions of normal and MPS Vl cultures.

The total synthesis of the individual proteoglycan (PG) pools Pl and Pll by normal

(r ) and MPS Vl (o ) cultures was analysed by Sepharose CL4B chromatography

following labelling of triplicate cultures fo¡ 2 - 24 hours with 10 pCi/ml 35S-sulphate.

The total cell layer and medium fraction radiolabelled macromolecules were isolated

following chromatography on Sephadex G-25 columns (equilibrated in 0.5 M

ammonium formate). lndividual PGs were further resolved on Sepharose CL4B

chromatography (in 2 M GuHCl, 100 mM Na2SOa, 50 mM Tris.HCl, pH 7.5) and the

quantity of 3sS-sulphate incorporated into the GAG chains of Plc (medium + cell

layer) (A) and Pllc (medium + cell layer) (B), was estimated by scintillation counting

of fractlon aliquots. Results were normalised to total cell protein and the amount of

radiolabel incorporated into each PG population was plotted against labelling time.

Results are expressed as mean + std. dev. of n=4 normal and n=2 MPS Vl animals.
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Table4.5:lndividualproteoglycansynthesisrates.

The synthesis rates for individual proteoglycan (PG) populations in the cell layer and

medium fraction of normal and MPS Vl cultures (Plc, Pllc, Plllc, Plm and Pllm) were

assessed in triplicate by the incorporation of 3sS-sulphate into their

glycosaminoglycan components. similarly, the synthesis rate for PG populations Pl

and pil in the combined ceil and medium fractions ((prc + prm) and (Pllc + Pllm))

was also assessed. The pG synthesis rate was calculated by linear regression

analysis from results generated in Flgure 4.1O, and is expressed as the mean + std'

dev. of n=4 normal and n=2 MPS Vl animals'



Normal MPS VI

3sS-sulphate (dpm/¡rg protein/hou r)

Pl (m+c) B.2B r 1.55 4.66 + 1.67

Pll (m + c) 10.10 + 0.99 5.33 + 2.96

Plc 3.76 + 1.11 1.77 !0.71

Pllc 5.13 + 0.66 2.14 + 1.42

Plm 3.97 + 0.45 2.87 + 0.93

Pllm 4.98 + 0.32 3.12 + 1.41



Proteoglycan metabolism in normal and MPS Vl bone cells

statistically not significant to normal, the P values obtained for the synthesis rate of

total pl (P=0.086) and total Pll (P=0.080) indicate a reduced trend in their respective

synthesis rates by MPS Vl cultures compared to normal.

lndividual assessment of PG synthesis rates for Plc, Pllc, Plm and Pllm revealed that

the largest decrease in synthesis occurred for MPS Vl Pllc (Table 4.5). While Pllc was

synthesised at a rate of 5.13 t 0.66 dpm/¡rg protein/hour in normal cultures, MPS Vl

cultures displayed a 2.4 fold reduction resulting in a Pllc biosynthesis rate of 2.14 t

1.42 dpm/pg protein/hour. Comparatively, the rate of biosynthesis for PG population

plc in MpS Vl cultures was reduced by 2.1fold compared to normal, resulting in a rate

of 1.77 t 0.71 dpm/pg protein/hour, compared to the normal value of 3.76 ! 1.11

dpm/pg protein/hour. The decreased rates of Plc and Pllc synthesis in MPS Vl were

statistically not significant (P=0.063 - Plc and P=0.060 - Pllc; students t-test), but

indicate that a trend was displayed by MPS Vl cultures towards a reduced synthesis

rate for both cell layer PG pools (Table 4.5).

ln the medium fraction, the rates of biosynthesis for Plm and Pllm by normal cultures

were 3.g7 f 0.45 and 4.98 + 0.32 dpm/¡rg protein/hour respectively, whereas MPS Vl

cultures displayed slightly lower values of 2.87 10.93 and 3'12 ! 1.41 dpm/pg

protein/hour for plm and Pllm respectively (Table 4.5). The resulting differences in

MpS Vl pG synthesis rates for Plm and Pllm compared to normal were 1.38 fold and

1.6 fold respectively. Statistical analysis revealed a reduced synthesis trend displayed

by Pllm in MPS Vl (P=0.10; students t-test), but not by Plm (P=0.23).
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Proteoglycan metabolism in normal and MPS Vl bone cells

Thus, the reduction in total PG synthesis by MPS Vl cells reported in the previous

section arose from a reduction in both Pl and Pll PG synthesis rates, arising

predominantly from the cell layer fraction.

ln addition to analysing the biosynthesis rate of PGs, the distribution of the individual

PG populations between the medium and the cell layer was examined by Sepharose

CL4B chromatography. At the earliest measured time point (2 hours), the proportion

of Plc was less than Pllc in both normal and MPS Vl cultures. Specifically, normal

cultures displayed a proportion of 29.75 + 12.37 o/o Plc:70.25 t 12.37 % Pllc, resulting

in a ratio of 1:2.36. Similarly, MPS Vl cultures showed proportions of 27.84 ! 4.55 o/o

Plc:72.15 t 4.55 % Pllc resulting in a ratio of 1:2.59. With increasing labelling time,

the relative proportions of the two PG populations were altered such that at 24 hours

an almost equivalent amount of Plc and Pllc were observed in both normal and MPS

Vl cultures. Specifically, Plc and Pllc constituted 42.60 + 4.38 % and 57.40 ! 4.38 %

respectively, in normal cultures resulting in a ratio of 1:1.35 whilst the proportion of Plc

and Pllc in MPS Vl cultures was 46.28 16.68 o/o ãnd 53.76 + 6.62 % respectively,

resulting in a ratio of 1:1.16 (Figure 4.11\

The medium fraction PGs synthesised by normal and MPS Vl cultures followed a

similar pattern of distribution when compared to the cell layer PGs. At 2 hours, the

proportion of Plm was less than Pllm in both normal and MPS Vl cultures. The

percentage distribution of Plm and Pllm in normal cultures was 20.4 t 2.11 o/o and

79.61 + 2.11 % respectively resulting in a ratio of 1:3.9. Similarly, the distribution of

Plm and Pllm in MPS Vl was 23.66 + 11.28 % and 76.34 t 11.82 % respectively,
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Figure 4.11: Distribution of individual proteoglycans between the cell layer and

medium fractions in normal and MPS Vl cultures.

The distribution of individual 3sS-sulphate labeled proteoglycans (PGs) between the

cell layer and medium fractions of normal (r ) and MPSVI (o ) cultures was analysed

by Sepharose CL-48 chromatography, following a 2 - 24 hour labelling period of

triplicate cultures with 3sS-sulphate (10 pCi/ml). The total PGs were isolated in the

void volume fractions of Sephadex G-25 chromatography columns (equilibrated in 0.5

M ammonium formate) and further resolved by chromatography down Sepharose CL-

48 (equilibrated in 2 M GuHCl, 100 mM NazSO¿, 50 mM Tris.HCl, pH 7.5).

Scintillation counting Sepharose CL-4B fractions was used to determine the amount

of 3sS-sulphate in each PG population and the values were normalised to total cell

protein. The amount of cell layer Plc (A) and Pllc (B) as a proportion of total cell

layer PG pools (Plc + Pllc) and similarly the amount of medium fraction Plm (G) and

Pllm (D) as a proportion of total medium fraction PG pools (Plm + Pllm) were plotted

against labelling time. Results are expressed as the mean + std. dev. of n=4 normal

and n=2 MPS Vl animals.
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Proteoglycan metabolism in normal and MPS Vl bone cells

exhibiting a ratio of 1:3.2. ln contrast, at 24 hours, the proportions of Plm and Pllm

had altered, resulting in an almost equivalent amount of each type of PG in the

medium fraction in both normal and MPS Vl cultures. Specifically, Plm and Pllm in

normal cultures constituted 47.90 !7.64 o/o and 52.10 !7.64 % respectively, resulting

in a ratio of 1 :1 .01 . Similarly, in MPS Vl the proportion of Plm was 48.50 ! 2.12 o/o and

Pllm 51.50 + 2.12 % resulting in an almost identical ratio of 1:1.05. Thus, the

distribution of the individual PGs between the cell layer and medium fraction was

similar in normal and MPS Vl cultures (Figure 4.11).

4.2.3 TURNOVER OF CELL LAYER PROTEOGLYCANS

The turnover of total cell layer PGs (Plc and Pllc) produced by normal and MPS Vl

cultures was assessed by labelling their GAG components with 35S-sulphate for 24

hours followed by a 48 hour chase in 3sS-sulphate free crMEM medium. The medium

and cell layer extracts were collected at various time points during the chase period

and free sS-sulphate removed by Sephadex G-25 chromatography (Section 2.7.6).

The proportion of 3sS-sulphate appearing as storage product in MPS Vl was

d.etermined by Sépharose CL4B chromatográþhy and subsequently subtiacted from

the total amount of sS-sulphate in the Sephadex G-25 Vo fractions, thus giving a

representative value for the PGs in the MPS Vl samples. The sum of total PGs

remaining in the medium and cell layer fraction during the chase was then used to

determine the turnover rate of PGs in normal and MPS Vl cultures.
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Figure 4.12= Elimination of proteoglycans from the cell layer.

Triplicate cultures of normal (r ) and MPS Vl (o ) bone cells were labelled lor 24

hours with 10 ¡rCi/ml 
35S-sulphate and chased for periods of up to 48 hours ¡n 35S-

sulphate free medium. The total proteoglycans (PGs) remaining in the cell layer

following the chase were isolated by chromatography on Sephadex G-25

(equilibrated in 0.5 M ammonium formate) and quantified by scintillation counting the

void volume fractions. The proportion of undigested MPS Vl cell layer storage

product was determined by further chromatography on Sepharose CL-48

(equilibrated in 2 M GuHCl, 100 mM NazSO¿ and 50 mM Tris.HCl, pH 7.5). This

value was subsequently subtracted from the total 3sS-sulphate labelled cell layer

PGs. The values obtained were normalised to total cell protein and plotted against

chase time, and represent the mean + std. dev. of n=4 normal and n=2 MPS Vl

animals (A). Non-linear regression analysis was used to calculate the elimination

rates of PGs from the cell layer in normal and MPS Vl cultures (B). The elimination

rates are represented as half-life values (hù of cell layer PGs during the initial rapid

phase and then the subsequent slower turnover phase.
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Proteoglycan metabolism in normal and MPS Vl bone cells

4.2.3.1 Loss or PRoTEoGLYCAN FRoM THE cELL LAYER:

During a 4g-hour chase of sS-sulphate labelled cultures, a progressive reduction in

total pGs was noted in normal and MPS Vl cell layer fractions (Figure 4.12 A). In the

first 6 to10 hours of chase, a more rapid rate of PG elimination from the cell layer was

observed, compared to the subsequent 38 to 42 hours, and at the end of the chase

period, less than half of the initial amount of PG remained associated with the cell layer

in both normal and MpS Vl cultures (Figure 4.12 A). Specifically, 16.85 % of the initial

pG remained associated with the cell layer in normal cultures as compared to 23.23 o/o

in MpS Vl at the end of the chase period. The rate at which total PGs were eliminated

from the normal and Mps vl cell layer was analysed by non-linear regression analysis.

The data best fit a double exponential function suggesting a biphasic elimination

process. This resulted in two PG elimination rates (f.,,r-o and f1,r-r) representing the half

life (t,o)of total PGs in the cell layer during the rapid (f,,r-o) and slow phase (tr,r-") of the

turnover process (Figure 4.12 B\. During the initial rapid phase, the rate at which total

pGs were eliminated from the cell layer (t,,r-o) was similar for both normal (2'79 ! 1-29

hours) and Mps vl (3.15 + 0.45 hours) cultures respectively. ln contrast, during the

slower pG elimination phase, MPS Vl cultures displayed a reduced ability to eliminate

PGs from the cell layer, revealed by a 1.75 Íold-increase in the MPSVI cêll layer PG hrz

value of 84.221 11.48 hours compared to 48.03 t 5.57 hours in normal cultures' The

results did not show statisticar significance (p=o.Ogg; students t-test) however MPS vl

cultures do appear to show a trend towards a decreased ability to eliminate/turnover

the cell laYer PGs'
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Proteoglycan metabolism in normal and MPS Vl bone cells

4.2.3.2 AruRIYSIS OF CHASED MEDIUM

Sephadex G-25 chromatography of the corresponding chased medium fractions

indicated that the elimination of sS-sulphate labelled PGs from the cell layer during the

chase was associated with a concomitant increase in sS-sulphate activity appearing in

the medium fractions of both normal and MPS Vl cultures. The medium associated

sS-sulphate activity could be divided into two distinct pools, representing free sS-

sulphate (Figure 4.13 A) and redistributed PG (Figure 4.13 B); the latter was assessed

by sepharose cL4B chromatography (as discussed further).

The pool of sS-sulphate activity eluting in the Vt of Sephadex G-25 columns in both

normal and MpS Vl cultures, corresponded to material with a molecular weight < 100

Da and thus most likely represents low molecular weight degradation products derived

from the catabolism of radiolabelled PGs, such as free 3sS-sulphate. During the 48

hour chase of 3sS-sulphate labelled cultures, a progressive increase in the amount of

free 3sS-sulphate appearing in the medium was noted in both normal and MPS Vl

cultures. Specifically, the fìrst 6 to 10 hours of chase, illustrated a rapid appearance of

free 3sS-sulphate compared to the subsequent 38 to 42 hours (Figure 4.13 A)' The

rate at which sS-sulphate was distributed into the medium lraction during the chase

was determined by non-linear regression analysis. Data best fit a rising double

exponential function indicative of a biphasic process. The two resulting rates (f,,r-o and

f,,,r*) represent the rate of sS-sulphate appearance in the chase medium during the

rapid and slow turnover phase respectively (Figure 4.13 C). During the initial rapid

phase of turnover, the rate of free sS-sulphate appearance in both normal and MPS Vl

chase media was similar; 3.50 x2.84 hours in normal and 3.01 + 0.54 hours in MPS Vl
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Figure 4.13= Distribution of free 35S-sulphate and intact proteoglycans into the

medium fraction.

Triplicate cultures of normal (r ) and MPS Vl þ ) bone cells were labelled for 24

hours with 10 pOi/ml 3sS-sulphate and chased for periods of up to 48 hours ¡n 35S-

sulphate free medium, Free 35S-sulphate was isolated from intact proteoglycans

(PGs) in the medium fraction by chromatography down Sephadex G-25 columns

(equilibrated in 0.5 M ammonium formate) and quantified by scintillation counting of

fraction aliquots. The proportion of undigested MPS Vl storage product in the chase

medium was determined by further chromatography down Sepharose CL-4B

(equilibrated in 2 M GuHCl, 100 mM NazSO¿ and 50 mM Tris.HCl, pH 7.5). This

value was subsequently subtracted from the total amount of 3sS-sulphate labelled

macromolecules in the Sephadex G-25 void volume fractions. The amount of free

3sS-sulphate (A) and intact proteoglycans (B) in the chase medium were normalised

to total cell protein and plotted against chase time, and represent the mean + std.

dev. of n=4 normal and n=2 MPS Vl animals. Non-linear regression analysis was

used to calculate the rates of free s5S-sulphate and total PG appearance in the chase

medium, which ere represented as half-life values (tr¡z) during the initial rapid phase

and then the subsequent slower turnover phase (C).
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Proteoglycan metabolism in normal and MPS Vl bone cells

cultures. ln contrast, the slower phase revealed a reduct¡on in the appearance of free

sS-sulphate in the chase media of MPS Vl cultures. Although free sS-sulphate was

slower to appear in the chase media of MPS Vl cultures, this was not statistically

significant to normal (P=0.069; students t-test). However, a trend was displayed by

MPS Vl showing a 2.56 fold decrease; (t.,,r-r) of 52.36 + 9.17 hours - MPS Vl

compared lo20.44+ 11.17 hours in normal cultures (Figure 4.13 C).

The pool of sS-sulphate activity in chase media which eluted in the Vo of Sephadex G-

25 columns in both normal and MPS Vl cultures, corresponded to material with a

molecular weight > 100 Da. Sepharose CL-48 analysis revealed the presence of two

polydisperse *S-sulphate labelled populations eluting with Kav value ranges of 0 -
0.23 and 0.26 - 0.69 respectively in both normal and MPS Vl cultures. These Kav

values fall within the same range as those displayed by the PG populations (Plm or

Plc) and, (Pllm or Pllc) respectively, in normal and MPS Vl (Table 4.1). Therefore, the

two polydisperse sS-sulphate labelled populations redistributed into the chase medium

during turnover most likely represent complete cell layer PGs (Plc and Pllc) and not

products of their degradation / turnover. ln addition, Sepharose CL-48

chiomatogiaphy of the chase medium revealed the presénce of a unique pool of 35S-

sulphate associated activity eluting with a Kav value range of 0.66 - 1, found to be

present only in MPS Vl cultures. This Kav value is identical to that of the storage

product in the MPS Vl cell layer (Plll") (Table 4.4), and thus most likely represents

undegraded cell associated GAG that is regurgitated into the medium. The fate of this

MPS Vl storage product during PG turnover was further investigated and will be

described in section (4.2.3.5\. However, for the purpose of analysing the rate at which
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Proteoglycan metabolism in normal and MPS Vl bone cells

the total cell layer associated PGs were redistributed into the chased medium, it was

necessary to subtract the amount of sS-sulphate activity contributed by Plllc from the

total amount of sS-sulphate activiÇ contributed by the redistributed PGs in the MPS Vl

chase medium.

During the 48 hour chase of sS-sulphate labelled cultures, a progressive increase in

the amount of 3sS-sulphate labelled PGs redistributed into the medium was noted in

both normal and MpS Vl cultures (Figure 4.13 B). Specifically, in the fìrst 6 to 10 hours

of chase, a rapid appearance of PGs was observed compared to the subsequent 38 to

42 hours (Figure 4.13 B). The rate at which the total cell layer associated PGs were

redistributed into the chase medium in normal and MPS Vl cultures was analysed by

non-tinear regression analysis. The data best fit a rising double exponential function

indicating a biphasic process. During the initial rapid phase, the rate of PG

redistribution into the medium (f'r-o) was similar in both normal and MPS Vl cultures:

2.Bg + 0.25 and 3.66 t 1.42 hours respectively. ln the subsequent slower phase (t,,,t-r'),

the rate of pG redistribution into the chase medium by MPS Vl cultures was slower, as

indicated by an increase in the MPS Vl f,,r-, value (52'49 + 5-58 hours) compared to

33.63 t 12.gg hours in nôimal cultures (Figure 4.13 C). Although the results are not

statistically signifìcant (P=0.098; students t-test), MPS Vl cultures displayed a trend

showing a 1.56 fold reduced ability to redistribute PGs into the medium fraction'

ln summary, the results above indicate that the elimination of PGs from the cell layer in

both normal and MpS Vl cultures is associated with PG redistribution into the medium

fraction and pG degradation, represented as free sS-sulphate. Furthermore, MPS Vl
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Figure 4.14: Total proteoglycan turnover.

Triplicate cultures of normal 1r ¡ and MPS Vl (o ) bone cells were labelled with 10

¡rOi/ml 
35S-sulphate for 24 hours and chased for periods of up to 48 hours in 35S-

sulphate free medium. The total proteoglycans (PGs) remaining in the cell layer and

those present in the medium during the chase were assessed by chromatography

down Sephadex G-25 columns (equilibrated in 0.5 M ammonium formate) and

quantified by counting void volume (Vo) fraction aliquots. The proportion of

undigested MPS Vl storage product was determined following further

chromatography down a Sepharose CL-48 molecular sizing column (equilibrated in 2

M GuHCl, 100 mM NazSO¿, 50 mM Tris.HCl, pH 7.5). The amount of storage

product was subtracted from the total amount of 3sS-sulphate labelled

macromolecules in the Sephadex G-25 Vo fractions of cell layer and medium

samples. The sum of PGs remaining in the cell layer (Plc + Pllc) and those in the

medium fraction (Plm + Pllm) during the chase period were normalised to total cell

layer protein and plotted against chase time (A). Non-linear regression analysis was

subsequently used to calculate the total PG turnover rate in normal and MPS Vl

cultures. The turnover rates are represented as PG half-life values (t1z) during the

initial rapid phase and then the subsequent slower turnover phase (B). Results are

represented as the mean + std. dev. of n=4 normal and n=2 MPS Vl animals.
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Proteoglycan metabolism in normal and MPS Vl bone cells

cultures display a reduced trend in the processes that define turnover. We therefore

next investigated PG turnover by combining these individual mechanisms

4.2.3.3 TOrnI PROTEOGLYCAN TURNOVER RATE

Since PG elimination from the cell layer represents PG redistribution into the medium

as well as degradation (turnover), calculating the total PG turnover rate of Plc + Pllc

was based on the total amount of PGs remaining in the culture system during the

chase period i.e. PG turnover = (Plc + Pllc remaining in cell layer) + (Plc + Pllc

redistributed into the medium during chase period) (Figure 4.14 A). Results indicate an

initial rapid turnover of PGs during the first 6 to 10 hours of chase, which is followed by

a slower turnover process during the subsequent chase period (Figure 4.14 A). The

turnover rate was determined by non-linear regression analysis with data best fitting a

double exponential function suggesting a biphasic process. This resulted in the

attainment of two individual PG turnover rates (f.,,r-o and f.,r*) representing the half life

g,) of total PGs in the combined cell layer and medium fractions during the rapid (t.,,"-o)

and slow phase (t,,r_r) (Figure 4.14 B). During the initial rapid phase, the PG turnover

rate (f,,,r_o) was similar for both normal (3.07 + 0.97 hours) and MPS Vl (2.06 x 0.44

hours) cultures. ln contrast, during the slower PG turnover phase, MPS Vl cultures

displayed a reduced ability to turnover PGs, as revealed by the increase in PG t,o

value (637.96 + 157.88 hours in MPS Vl) compared to (365.06 t 70.30 hours) normal.

Results were not statistically significant (P=0.080; students t-test), however a trend

was displayed in MPS Vl cultures indicating a 1.75 fold decrease in the ability to

turnover PGs compared to normal.
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4.2.3.4 IruOIVIOURI- PROTEOGLYCAN TURNOVER RATE

Sepharose CL4B chromatography of the chased cell layer and medium was

conducted to determine individual normal and MPS Vl PG turnover rates, which were

established following the determination of the total amount of each PG (Plc or Pllc)

remaining in the culture system during the chase period i.e. individual PG turnover =

(Plc or Pllc remaining in cell layer) + (Plc or Pllc redistributed into the medium). Non-

linear regression analysis was applied with data best fitting a double exponential

function confirming a biphasic turnover process for Plc and Pllc. The analysis resulted

in the attainment of two PG turnover rates (t,,r-o and t,,r-r) for each PG, representing the

half-life (t',r) of PGs in the combined cell layer and medium fractions during the chase

(Table 4.6). The initial turnover rate (t,,r-o) for Plc was rapid and similar in both normal

(2.88 tO.2S hours) and MPS Vl (3.66 + 1.42 hours) cultures. Comparatively, the initial

turnover rate of Pllc was similar to Plc in both normal (3.07 + 0.97 hours) and MPS Vl

(2.06 + 1.42 hours) cultures also. ln contrast, the second and slower phase of turnover

(t,,r_") revealed that both Plc and Pllc in MPS Vl cultures displayed a reduced turnover

rate compared to normal. Specifìcally, Plc in MPS Vl cultures displayed a decrease in

turnover, revealed by a higher t,,r-r: Plc (MPS Vl) = 501.95 ! 146.22 hours vs Plc

(normàl) = 246.39 t32.54 hours. Similarly, the turnovér rãte of Pllc in MPS Vl cultures

was reduced, as indicated by an increase in the t.,,r-" value; Pllc (MPS VJ) = 723.47 +

102.47 hours vs Pllc (normal) = 389.47 t 79.03 hours (Table 4.6). Statistically, these

results were not significant (P=0.073 - Plc and P=0.083 - Pllc; students t-test),

however, MPS Vl cultures displayed a 2 fold and a 1.8 fold reduced trend in the

turnover of these PGs respectively.
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Table 4.6: lndividual proteoglycan turnover.

The tumover of individual proteoglycans (PGs) produced by normal and MPS Vl cultures was determined following a 24 hour labelling period

with 10 pOi/mL 3sS-sulphate. The metabolic fate of PGs was chased in 3sS-sulphate free media for various time points up to 48 hours. The

PGs remaining in the cell layer and those in the chase medium were isolated with Sephadex G-25 chromatography (in 0.5 M ammonium

formate). The PGs were further resolved with chromatography down a Sepharose CL-48 molecular sizing column (equilibrated in 2 M GuHCl,

100 mM NazSO¿, 50 mM Tris.HCl, pH 7.5). The sum of each individual PG remaining in the cell layer and medium fraction (Plc + Plm) and

(Pllc + Pllm) during the chase period was normalised to total cell layer protein and plotted against chase time. Non-linear regression analysis

was subsequently used to calculate the individual PG turnover rate in normal and MPS Vl cultures. The turnover rates are represented as PG

half-life values (hu) during the initial rapid phase and then the subsequent slower turnover phase. Results are represented as the mean + std.

dev. of n=4 normal and n=2 MPS lV animals.
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Figure 4.15= Distribution of individual proteoglycans during turnover in normal

and MPS Vl cultures.

The dist¡bu¡on of proteoglycan (PG) populations Plc and Pllc in the cell layer and

plm and Pllm in the medium fraction during turnover was analysed by Sepharose

CL-48 chromatography. Following a chase of 24 hour 10 pCi/mL 35S-sulphate

radiolabelled cultures for periods of up to 48 hours, the quantity of the individual PG

populations remaining in the cell layer and those redistributed into the medium

fraction was analysed by chromatography down Sephadex G'25 columns

(equilibrated in 0.5 M ammonium formate) and then by Sepharose CL-48

chromatography (in 2 M GuHCl, 100 mM NazSO¿, 50 mM Tris'HCl, pH 7'5)'

Following scintillation counting of Sepharose CL-48 fractions, results were

normalised to total cell protein, and the amount of cell layer Plc (A) and Pllc (B) as a

proportion of total cell layer PG pools (Plc + Pllc) and similarly the amount of medium

fraction plm (C) and pllm (D) as a proportion of total medium fraction PG pools (Plm

+ pllm) was plotted against chase time for normal ( I ) and MPS Vl ( o ) cultures.

Results are expressed as the mean + std. dev. of n=4 normal and n=2 MPS Vl

animals.
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The trend displayed by MPS Vl cultures suggests a decrease in the abiliÇ to turnover

both ecm assoc¡ated PGs (Plc and Pllc), and subsequent observations suggest that

the mechanism by which ecm PG turnover is achieved in MPS Vl cultures is similar to

that in normal bone derived cells. This is demonstrated in Figure 4.15, which shows

equal proportions of normal and MPS Vl ecm PGs (Plc and Pllc), remaining

associated with the cell layer (Figure 4.15 A & B) and redistributed into the medium

(Figure 4.15 C & D) during turnover. Additionally, the proportion of Plc remaining

associated with the cell layer following the turnover period is notably reduced

compared to Pllc in both normal and MPS Vl cultures (Figure 4-15 A & B). Specifically,

the initial amount of Plc, as a proportion of total Plc + Pllc was reduced by

approximately 20 % in both normal and MPS Vl cultures at the end of the chase. The

proportions of the two PGs redistributed into the medium however remained relatively

constant in both normal and MPS Vl (Figure 4.15 C & D). These results indicate a

trend suggesting a more favorable turnover for Plc in the bone cell cultures.

4.2.3.5 Lvsosorr¡nL sroRAGE PRoDUcr

The fate of the storage product in MPS Vl cultu¡es was assessed during the turnover

process with Sepharose CL-48 analysis. Chromatography of the chased cell layer in

MpS Vl cultures revealed a 13.6 7o increase in the amount of undegraded storage

product during the first six hours of chase (Figure 4.16 A). For the subsequent time

points, the amount of cell layer storage product steadily decreased such that at 48

hours, gO o/o of the original undegraded GAG remained associated with the MPS Vl cell

layers (Figure 4.16 A). ln contrast, Sepharose CL4B analysis of the chase medium

revealed the appearance of an increasing amount of sS-sulphate labelled material

156



Figure 4.16: The fate of lysosomal storage product during proteoglycan

turnover in MPS Vl cultures.

Triplicate cultures of normal and MPS Vl bone cells were labelled with 10 ¡rCi/ml 
35S-

sulphate for 24 hours and chased for periods of up to 48 hours in 35S-sulphate free

medium. The MPS Vl storage product was isolated from chased cell and medium

fractions with Sephadex G-25 chromatography (in 0.5 M ammonium formate) and

further resolved by chromatography down Sepharose CL-48 (in 2 M GuHCl, 100 mM

NazSO¿, 50 mM Tris.HCl, pH 7.5). The amount of undigested MPS Vl storage

product ( o ) in the cell layer (A), medium fractions (B) and the combined cell and

medium samples (C) was normalised to total cell protein and plotted against chase

time. As a comparison, storage product in normal cultures ( r ) was not detected.

Results are expressed as the mean + std. dev. of n=4 normal and n=2 MPS Vl

animals.
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Proteoglycan metabolism in normal and MPS Vl bone cells

over time which eluted at a similar Kav (0.7-1) to that of the cell layer storage material

Kav (0.67-1) and thus most likely represents undegraded GAG which has been

regurgitated into the chase medium from the MPS Vl cell layer (Figure 4.16 B). A

steady linear increase in the amount of cell layer storage product redistributed into the

chase medium was noted, and as a proportion of the total storage product (cell layer +

medium), the medium contained 5.2% of the total at 6 hours chase which increased

6.5 fold to a value of 33.7Yo of the total at 48 hours chase (Figure 4.16 B). As a whole,

the total amount of storage product (medium + cell layer) associated with MPS Vl

cultures increased most rapidly within the first 10 hours of chase resulting in a23 o/o

elevated level (Figure 4.16 C). During the subsequent chase time however, there was

a much slower increase in the total amount of storage product, which increased by a

further I %.
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4.3 DTSCUSSION

Alterations in the matrix composition of bone tissue are associated with pathological

conditions as exemplified in osteogenesis imperfecta (Brenner et al., 1989) and in

otoscferosis (Lim et al., 1987), lending support to the not¡on that correct matrix

constitution is essential for the maintenance of tissue homeostasis (Madri et al., 1984).

The processes of ecm synthesis and turnover both play important roles in tissue

homeostasis as they ensure the maintenance of a functionally responsive matrix that is

able to meet the requirements imposed upon it by fluctuating external influences

(Buckwalter et a/., 1996b). ln bone, osteoblast cells as well as osteoclasts largely

maintain matrix composition. In order to further define the bone pathology in MPS Vl,

ecm composition was investigated by assessing the ability of MPS Vl bone derived

cells to synthesise and turnover the PGs; ecm components whose degradation is

affected in this disorder (Neufeld and Muenzer 1995).

The ecm composition of PGs in normal and MPS Vl bone cell cultures was examined

through the incorporation of 3sS-sulphate into their GAG components. Their

susceptibility to the specific polysaccharide lyases and elimination with alkaline

borohydride as described in other bone cell culture systems (Beresford et al., 1987;

Takeuchi et al., 1990; McQuillan et al., 1995), confirmed the PG nature of the 35S-

sulphate labelled populations Plc, Pllc, Plm and Pllm and identified the presence of

the unique free GAG population (Plllc) in MPS Vl cultures. MPS Vl bone derived cells

synthesised the same PGs as normal cells based on the similarity displayed in the

Sepharose CL-48 elution profile, the disaccharide composition and length of their GAG
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chains. The physical and chemical properties of the large CS (Plc and Plm) and the

smaller DS (Pllc and Pllm) containing PG populations synthesised by normal and MPS

Vl cultures, are comparable to those displayed by PGs characterised in other

osteoblast culture systems (Hunter et a1.,1983; Beresford et al., 1987; Ecarot-Charrier

and Broekhuyse 1987; Takeuchi et al., 1990; McQuillan et al., 1991; McQuillan et al.,

1gg5). The elution of a large CSPG in the Vo of Sepharose CL-48 column has been

reported in mouse (Ecarot-Charrier and Broekhuyse 1987; Takeuchi et al., 1990) and

rat (Hunter et al., 1983) osteoblast cultures. Sepharose CL-68 column

chromatography of mouse osteoblast cultures (Takeuchi et a\.,1990), or SDS-PAGE in

human osteoblast cultures (Beresford et al., 1987; Fedarko et al., 1990) gave a

molecular weight of approximately > 600,000 Da for this PG, and it is thought to

represent the large CSPG isolated from fetal calf bone tissue (1,000,000 Da) (Fisher ef

a/., 1g63a). The smaller DS containing PG population produced by normal and MPS

Vl bone cell cultures eluted on Sepharose CL-48 with an average Kav of 0.52 and

0.48 respectively for the cell layer associated form and an average Kav of 0.54 for the

medium associated population in both cultures. A comparable value of Kav 0.43 has

been reported for the small DS containing PG population produced by mouse

osteoblast cultures (Ecarot-Charrier and Broekhuyse 1987; Takeuchi et al., 1990) and

fetal rat calvarial bone cells (Sepharose CL-48 Kav of 0.6) (Hunter et al., 1983). The

small DSPG population, characterised in mouse (Ecarot-Charrier and Broekhuyse

1g8Z) and human (Beresford et al., 1987; Fedarko et a1.,1990) bone cell cultures has

been shown to resolve into two PG species corresponding to the major PGs in bone

tissue; decorin and biglycan (Fisher et al., 1987; Fisher et a|.,1989).
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lnterestingly, the DSPG pools in the cell layer and medium of both normal and MPS Vl

cultures eluted at the same position on Sepharose CL-48 molecular sizing

chromatography as a preparation of cartilage decorin and biglycan. The physical and

chemical properties of cartilage and bone decorin and biglycan have been compared

and show similar migration characteristics on SDS-PAGE (Vogel and Fisher 1986).

These results therefore strongly suggest the identity of the DSPG population in the

bone cell cultures to be the SLRPs decorin and biglycan.

One major difference observed in the profìle of PGs isolated from normal and MPS Vl

bone derived cell cultures compared to those characterised in other species is the

absence of HSPG (McQuillan et al., 1992). This PG is membrane associated and

therefore requires the use of detergents for its extraction. Membrane associated PGs

are unlikely to be solubilised by the conditions described in this thesis, thus explaining

the absence of HSPG from extracts of both normal and MPS Vl cultures'

The GAG components of the large CSPG (Pl) and small DSPG (Pll) populations

produced by normal and MPS Vl cultures also exhibited similar chemical and physical

features to those characterised in other osteoblast culture systems and bone tissue.

Following B-elimination of Plc, Pllc, Plm and Pllm, free GAG chains eluting at similar

positions were observed, indicating an equivalent size. Furthermore, the ratios of

GalNAc/GlcUA and GalNAc/ldUA together with the sulphation analysis in the CSPG

and DSPG populations were similar in both normal and MPS Vl cultures.
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ln summary, the physical and chemical properties of PGs produced by normal and

MPS Vl cultures derived from cat trabecular bone compared to the PGs identifìed and

characterised in osteoblast cell cultures from various species as well as those directly

isolated from bone tissue and cartilage are comparable. Thus, the large CSPG

together with decorin and biglycan isolated from bone are most likely represented by

the CSPG population and DSPG population respectively in the feline bone derived cell

cultures.

Further investigation was carried out to show whether the PG metabolic defect in MPS

Vl had any impact on the rate at which PGs were synthesised and turned over by MPS

Vl cultures. MPS Vl cells displayed a 2.4 fold reduction in total cell matrix associated

PGs and 1.6 fold reduction in total secreted PGs compared to normal cultures.

Additionally, a similar fold reduction between the synthesis rates of the individual PGs

in the MPS Vl cell layer (Plc = 2.1 vs Pllc = 2.4) and in the medium fraction (Plm =

1.38 vs Pllm = 1.59) implies that the ability of MPS Vl cells to synthesise both the large

CSPG and the small DSPG populations is similarly reduced. The variability noted in

the incorporation rate of 3sS-sulphate into PGs between each animal in the

experimental group (such as in MPS Vl) reflects animal to animal variation and is most

likely due to the use of primary derived cell cultures. Although the PG synthesis data

represents a strong trend suggesting reduced total PG synthesis in MPS Vl,

statistically significant differences would likely be achieved with increased animal

number.
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The decreased PG synthesis rate observed in MPS Vl can not be attributed to

differences in GAG chain lengths as demonstrated by the similarity in the Kav values of

GAGs released from their core components following B-elimination of PGs in normal

and MPS Vl cultures. Similarly, since the ratios of 0:4:6 are similar in normal and MPS

Vl, the likelihood of the decreased PG synthesis rate in MPS Vl being due to

sulphation differences in MPS Vl GAGs is unlikely. To confirm the latter, total sulphate

may also be measured in normal and MPS Vl GAGs. Thus, these results most likely

reflect a true change in MPS Vl PG synthesis rate. During the 24-hour period in which

PG synthesis was monitored, a rapid accumulation of sulphated GAG storage product

was noted. The rapid accumulation of this GAG storage product, which comprises

1/5th of the total sulphated material in 24 hour labelled MPS Vl cultures, may possibly

be influencing the synthesis rate of PGs by a negative feedback mechanism. ln

summary, the decrease in the synthesis of the CSPG and DSPG suggests an

imbalance in the major regulatory components of the ecm'

To further investigate the extent of this imbalance, the turnover of PGs was also

examined. Data presented in this chapter shows that the events characterising the

metabolic fate or turnover of ecm 3sS-sulphate labelled PGs in normal and MPS Vl

cultures involves PG elimination from the cell layer with a concomitant appearance of

both the macromolecular PG and low molecular weight 3sS-sulphate in the medium

fraction. The free 3sS-sulphate (representing 60 % of the total 35S-sulphated material

secreted into the medium fraction in both normal and MPS Vl cultures) most likely

nepresents the end product of PG degradation, whereas the appearance of the

macromolecular PGs in the medium (representing 40 o/o of the total 3sS-sulphate
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labelled material secreted into the medium) signifies their redistribution during the

turnover process. These observations are in line with the reports of others (Kresse ef

al., 1g75b; Glimelius et al., 1978; Vogel and Kendall 1980; Diehl et al., 1983;

Bienkowski and Conrad 1984; Markson et al., 1988). Additionally, the cornparable

ratios between the amounts of PGs redistributed versus degraded in normal and MPS

Vl cultures suggest similarities in the processes characterising their PG turnover at that

level.

The biphasic turnover mechanism displayed by both normal and MPS Vl cultures may

represent the turnover of two different PG pools. Differential solvent extractability data,

available mainly from fìbroblast cultures, suggests that a proportion (23-33 %) of 35S-

sulphate labelled PGs such as the large CSPG and small DSPG display a decreased

capacity for solvent extraction, and are likely to be bound by strong non-covalent

interactions to ecm components such as fibronectin and collagen (Hedman et al.,

1g79; Hedman et al., 1982: Kresse et a1.,1975b). This PG fraction has been shown to

have a slower turnover rate compared to those PGs that are readily extractable from

the ecm (Kresse et al., 1975b; Markson et al., 1988). Further data supporting the

existence of different PG pools comes from investigations in the metabolism of the

major PG in cartilage, aggrecan. Cartilage explant cultures labelled with 3sS-sulphate

indicated the existence of aggrecan as a number of distinct metabolic pools within the

ecm of the tissue (Winter et a\.,1998). Three distinct pools were differentiated on the

basis of their appearance and location within the ecm, pericellular, territorial and

interterritorial (Winter et al.,1998). Furthermore, it was shown that the pericellular pool

is rapidly turned over and was also a major precursor to the aggrecan present in the
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deeper regions of the ecm (Winter et al., 1998). Although the dynamics of PG

metabolism may be different in cell cultures as opposed to whole tissue extracts, the

evidence supports the notion that the initial rapid turnover rate of PGs in bone cell

cultures represents pericellular turnover where as the slower turnover rate may reflect

the metabolism of PGs that are less accessible to the cellular degradative mechanisms

and may be equivalent to the interterritorial PG as shown in cartilage.

During the initial rapid phase of PG turnover, a similar degradation rate for both the

large CSPG and the small DSPG populations was displayed. During this period, a

large,increase in the cell associated storage material was also noted in MPS Vl,

suggesting that during the initial rapid turnover phase, the intracellular PG turnover is

severely inhibited. At the second phase of PG turnover a trend towards a slower rate

of turnover in MPS Vl cultures was obserued for both the large (2.04 fold) and small

(1.86 fold) PG respectively. During this period, a large efflux of storage material into

the medium was shown to occur, a process that may be described as lysosomal

regurgitation. The appearance of non-degraded GAG in the medium during the

turnover process, suggests a mechanism exists whereby excess amounts of storage

product are eliminated from the lysosomal compartment out into the extracellular tissue

space. lt is not known whether MPS Vl tissue in vivo contains these nondegraded

GAGs, however given the fact that MPS Vl patients secrete excess urinary DS GAGs

(Neufeld and Muenzer 1995), these observations may be suggestive of their source.

The objective of this chapter was to assess the PG composition in the ecm produced

by MpS Vl bone cells. The results suggest that the regulation of ecm PG composition
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by MPS Vl bone derived cells is affected, and is likely to play a role in the skeletal

pathology observed in MPS Vl. The reduction in PG synthesis and turnover observed

in MPS Vl may lead to fundamental imbalances in matrix composition affecting not

only the ability of the matrix to support mineralisation, but may also affect the ability of

osteoblasts to develop a mature phenotype.
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THESIS DISCUSSION
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5.1 GENERAL SUMMARY

The purpose of this thesis was to further the understanding of the molecular

mechanisms that contribute to the skeletal pathology in MPS Vl. lt is the defìciency of

the 43 enzyme in MPS Vl that results in the inability of connective tissue cells to

degrade/turnover C4S and D4S GAGs. This results in an accumulation of these

components within cells; including the osteoblasts and osteocytes of bone (Byers ef

al., 1997).

GAGs are the key components of PGs, which have multifunctional roles in tissue ecm

(lozzo and Murdoch 1996). ln bone, the PGs are implicated in functions known to be

important for bone formation that include, (i) ecm organisation, (ii) ecm mineralisation,

(iii) modulation of ecm function and, (iv) bone cell differentiation (Robey 1996) (Section

1.6.4). The functional connection between decreased bone formation rate, and the

failure to degrade the GAG components of PGs in MPS Vl remains unknown.

However, both the number of osteoblasts, their ability to produce and elaborate an

ecm, and the ability of the ecm to mineralise, does influences bone formation. ln light

of evidence suggesting a normal osteoblast number and normal mineral apposition

rate in MPS Vl bone (Byers et al., 1997), the production of organic matrix by MPS Vl

osteoblasts was investigated, with the hypothesis that:

"the failure to turnover GAGs in MPS Vl would alter the ability of osteoblasfs fo

elaborate a functional ecm in bone."
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To address this hypothesis, experiments were conducted to characterise osteoblast

function in a large animal model of the disorder, the naturally occurring MPS Vl cat.

lnitial experiments were carried out to demonstrate the validity of using a bone derived

culture system from the MPS Vl cat, in order to perform the proposed investigations.

The initial findings reported in chapter 3 illustrated that:

i: Primary cell cultures derived from normal and MPS Vl bone produce the phenotypic

markers of collagen type I and alkaline phosphatase, that are characteristic of

osteoblast-like cells.

ii: MPS Vl bone cells demonstrated typical features characteristic of the MPS Vl

phenotype. There was a statistically significant reduction in 45 activity (P<0.05;

students t-test) and protein levels (P<0.05; students t-test).

iii: MPS Vl cells accumulated undegraded GAGs that were removed with the addition

of exogenous rf4S in a M6P dependent manner'

Subsequent studies described in chapter 4 demonstrated that MPS Vl bone cells:

iv: Proliferated more rapidly (p<0.01; students t-test) and showed a potentiation in

alkaline phosphatase levels when compared to normal cultures (P<0.05; students t-

test).

v: Were able to synthesise normal amounts of collagenase Vll digestible collagen

(predominantly collagen tYPe l).

vi: Displayed a trend showing a reduced total PG synthesis rate (P=0.077; students t-

test) and a reduced total PG turnover rate (P=0.075; students t-test).

vii: Exocytose the GAG storage product into the cell culture medium.
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The results confirm differences in MPS Vl osteoblast function during the proliferative

and early matrix synthesis events of bone formation.

The following section will discuss how these observed differences in MPS Vl

osteoblast cellular function may influence the ability of osteoblasts to create a

functional bone ecm and thus affect bone formation rate.

5.2 OSTEOBLAST MATURATION AND FUNCTION IN MPS VI

It has been shown that bone ecm synthesis by osteoblasts in vitro progresses through

a well-defined and regulated series of events (Stein et a\.,1996) (Section 1.3.5-2). ln

close similarity to the temporal pattern of early bone matrix production observed in

human osteoblast cultures (Siggelkow et a1.,1999), proliferating cultures of normal and

MpS Vl feline bone cells produced similar quantities of predominantly type I collagen

and increasing levels of alkaline phosphatase up to day 4 of culture. At day 5, normal

feline cultures displayed a rapid reduction in alkaline phosphatase production in

contrast to the potentiated levels in MPS Vl cells. A reduction in the expression of

alkaline phosphatase in rat and human osteoblast cultures has been shown to

represent progressive osteoblast maturation, which is accompanied by the synthesis

and elaboration of a bone-like matrix suitable for mineralisation (Owen et al., 1990;

Siggelkow et al.,1ggg). The results obtained in cultures from unaffected cats therefore

indicate that normal feline bone cells are similarly able to undergo progressive

maturation in culture, characterised by the production of a functional bone matrix.

Notably, the time frame in which these early matrix synthesis events occur in normal
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cat bone cell cultures is shorter compared to the rat and human systems, occuring in

approximately half the culture time and most likely reflects species and culture

condition differences Owen et a1.,1990; Siggelkow et a1.,1999.

The MPS Vl cultures synthesised normal amounts of the major matrix protein collagen

type l, with potentiation in alkaline phosphatase levels, suggesting a lag in the

progression of osteoblast maturation in culture and thus a delay in the rate at which

the later events characterising matrix synthesis occur. Studies in osteoblast culture

systems derived from numerous species have shown that during these latter events of

matrix synthesis (the matrix maturation phase), the ecm is elaborated with proteins that

have shown to be important in regulating the rate of bone formation, such as

osteopontin and osteonectin. As indicated by the knockout mouse models, the

absence of proteins such as osteopontin (Yoshitake et al., 1999) and osteonectin

(Delany et a|.,2000) result in skeletal pathology characterised by a decrease in the

rate of bone formation. A situation similar to that observed in MPS Vl. Thus as

evidence presented here supports a delay in osteoblast maturation, this may result in

the occurrence of a delay in the production of ecm at the latter stages of osteoblast

maturation (i.e., during the matrix maturation stage) and thus a delay in the production

of molecules required for regulating bone formation such as osteonectin and

osteopontin. This however, remains to be verified and a primary or cell line culture

system derived from human MPS Vl bone would be more suited for this purpose due

to the availability of antibodies against human ecm bone proteins.
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Histomorphometry has revealed that both osteoblast number and the matrix mineral

apposition rate in MPS Vl bone are similar to normal bone (Byers et al., 1997).

However, as the evidence reported here suggests a decreased rate of MPS Vl

osteoblast maturation, these findings collectively imply that MPS Vl osteoblasts can

differentiate normally from their precursors and ultimately produce a matrix that is

suitable for mineralisation, but at a slower rate. Clearly, if a delay in the production of

bone ecm were to occur (due to the lag in osteoblast maturation) in conjunction with a

normal rate of bone degradation, then bone formation would also be expected to

gradually decline, thus providing a mechanism for the observed skeletal pathology.

In support of osteoblast involvement in MPS Vl bone pathology, data showing normal

osteoclast number when normalised to MPS Vl bone surface (Byers et al., 1997) and

normal osteoclast activity as measured by the erosion surface (Byers et al., 2001,

personal communication) suggests that the reduced bone formation rate is not caused

by an increase in osteoclast number or function. The latter observation is particularly

surprising since osteoclasts also contain lysosomes, which harbour various proteases

involved with matrix degradation (Delaisse ef a1.,2000) and due to the defect in MPS

Vl, would therefore also be expected to store undegraded GAGs. Recent evidence

however, has suggested that osteoclast mediated ecm degradation is an extracellular

event, making intracellular storage of undegraded GAGs unlikely. Although this work

is in its preliminary stages, all current observations seem to suggest a normal

osteoclast function in MPS Vl and thus underscores the role of osteoblasts as the

cellular site of pathology.
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During bone formation, the ability of osteoblast cells to progress through the

maturational sequence of events, which leads to the production of a functional ecm, is

in part thought to be modulated by cell-matrix interactions (Robey and Boskey 1996).

There is an increasing amount of evidence indicating that in addition to osteotrophic

growth factors such as TGF-B (Centrella et al., 1987; Chen et al., 1991 ; Kassem et al.,

2000), elements within the ecm traditionally believed to play structural roles such as

type I collagen and fibronectin, have been shown to support and augment osteoblast

function (Franceschi and lyer 1992; Lynch et al., 1995; Moursi et al., 1996; Globus ef

a/., 1998) and are thus positive regulators of bone formation. lt would therefore seem

plausible to suggest that the bioavailability of such matrix components may be an

important determinant of bone formation. lt is known that PGs can potentiate TGF-

B actions, modulate collagen type I fibril assembly and diameter, and influence cellular

interactions with fibronectin (Section 1.3.5.3). Thus, these multifunctional ecm

components also have the potential to be involved in modulating the bioavailability of

such regulatory proteins within the ecm. lt follows then, that their rates of synthesis

and turnover are thus important considerations for their ultimate function.

The results in chapter 4 showed that MPS Vl cultures displayed reduced trends in both

PG synthesis and turnover rates suggesting that these processes which maintain their

bio-availability within the ecm are important in bone formation, and thus provides a

possible mechanism for the bone pathology in MPS Vl.

It has been shown that the PG decorin binds to the active form of TGF-B and

potentiates its osteotrophic actions (Takeuchi et al., 1994). Similarly, by modulating
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correct collagen fibril assembly and diameter, PGs may function to facilitate/modulate

the interaction of osteoblast cell surface integrins with collagen, an interaction shown to

be important in the regulation of osteoblast activity (Takeuchi et al., 1996). Not

surprisingly therefore, the biglycan knockout mouse displays a greatly reduced bone

mass and bone formation rate (Xu et al., 1998). Conversely, the absence of skeletal

pathology in the decorin knockout mouse model suggests that either the function of

this PG is not essential for bone formation or its role can be compensated by the other

PGs present in bone such as biglycan (Danielson et al., 1997), This synergistic effect

between decorin and biglycan may be possible since biglycan has been shown to

interact with the same ecm components in vitro as decorin, including collagen type I

(Schonherr et al., 1995b) and TGF-B (Yamaguchi et al., 1990). Thus the decreased

PG synthesis rate in MPS Vl may lead to a reduced ability of PGs to carry similar

functions important to regulating osteoblast activity and thus may explain in part the

reduced bone formation in MPS Vl.

The experiments show that in addition to decreased PG synthesis, MPS Vl cultures

display a decreased trend in PG turnover rate. lt is not possible to definitively discern

however whether the PG content in the ecm of MPS Vl bone is decreased and

therefore whether the skeletal pathology is related to changes in total PG amounts"

The absolute amount of PG in MPS Vl bone and the relative percentages of the

different PGs would need to be measured.

The involvement of osteoblasts in the regulated turnover of ecm has been suggested

by their in vitro ability to secrete various matrix metalloproteinases including the

173



Thesis discussion

gelatinases and collagenase (Meikle et al., 1991; Meikle et al., 1992; Meikle et al.,

1994). Furthermore, the in vivo production of collagenase has been shown

immunohistochemically in osteoblasts not only at sites of resorption but at new sites of

bone formation (Bord et al., 1996), possibly linking its production with the re-

organisation and alignment of rapidly laid down collagen fibrils prior to mineralisation.

The ability of osteoblasts to turnover PGs adds further support to their involvement in

bone ecm re-organisation and suggests that the inability to do so in MPS Vl may lead

to aberrations in the regulation of bone formation.

The evidence presented above strongly supports the role of PGs as modulators of

bone formation and suggests that both the synthesis and turnover are important

regulators of this process. ln view of this information, it is plausible that the rate of

osteoblast maturation and thus bone formation may be decreased due to alterations in

the bioavailability of certain osteoblast functional regulator(s) which are otherwise

modulated by the rates of PG synthesis and turnover.

5.3 GLYCOSAMINOGLYGANS AND OSTEOBLAST FUNCTION

The observation that MPS Vl bone cells secreted undegraded GAG storage product

into the culture medium is unique, and suggests that in MPS Vl patients, a potential

exists for the presence of elevated GAG levels within the local ecm environment of

connective tissues such as in bone. These findings may also represent an explanation

in part, for the source of increased plasma and urinary levels of undegraded GAGs

seen in individuals with MPS Vl.
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Rats on long-term heparin treatment (resulting in elevated plasma GAG levels) show

development of osteopenia, arising from a decrease in the bone formation rate (Muir ef

a/., 1g96). Although the mechanism responsible for the bone loss in heparin injected

rats has not yet been elucidated histomorphometric investigations show a decrease in

osteoblast as well as an increase in osteoclast numbers suggesting that GAGs can

affect bone cell differentiation and/or activity (Muir et al., 1996). ln support of GAGs

affecting osteoblast function, osteoblast cultures grown in the presence of KS appear

to have a reduced function implied from their overall lower alkaline phosphatase

activities (Fang-Kircher ef at., 1997). Thus mounting evidence suggests that GAGs

can affect osteoblast activity and warrants further investigation into quantifying

extracellular tissue levels of GAGs in MPS Vl.

The exact mechanism whereby GAGs interfere with osteoblast function is not known.

Evidence suggests that they have the capacity to interact with a multitude of ecm

components in particular, the regulatory cell surface integrins. For example, the KS

GAG components of osteoadherin PG in bone have been shown to interact with the

avp3 integrin (Wendel et a1.,1998) present on osteoblast cells (Gronthos et al., 1997)

whereas CS GAGs have been shown to have an affinity for the a4B1 integrin (lida eú

al., 1gg8). Although the latter has not been found in osteoblasts (Gronthos ef a/.,

lgg7), these results open up the possibility that GAGs such as the exocytosed storage

product in MPS Vl may have affìnity for osteoblast integrins.

ln bone as well as in other connective tissues, ecm components such as collagen and

fibronectin have been shown to modulate osteoblast activity through intracellular
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signals arising from their interaction with cell surface integrins (section 1.3.5.4). ln

MPS Vl therefore, a potential exists for GAGs to interfere with these bone cell function

control mechanisms. Previous work has shown that collagen mediates osteoblast

maturation through the crrB, integrins present on osteoblast cells (Takeuchi et al.,

1gg7) and that the interaction of this osteoblast integrin with collagen also leads to the

down regulation of the TGF-P receptor, thus providing a mechanism whereby the

removal of TGF-p (and thus the removal of its inhibitory action for osteoblast

maturational progression) promotes further osteoblast maturation (Takeuchi ef a/.,

1gg7). Other studies have shown that the interaction of the crrp. integrin with collagen

type I is responsible for the expression of Osf2, the osteoblast specific transcription

factor and disruptions of this interaction with type I collagen leads to a decreased

osteoblast maturation (Xiao et a1.,1998). ln support of the p1 integrins involvement in

transducing ecm regulatory signals to bone cells, organisation of bone tissue was

altered and the bone formation impaired resulting in osteopenia in transgenic mice

expressing a dominant-negative truncated integrin B1 subunit (Zimmermann et al.,

1998; Damsky 1999). ln a similar fashion, the dependence of osteoblast differentiation

and function on its interactions with fibronectin is inhibited through specific blockage of

the cr,up.,, cr.B., and cr.8., integrins (Moursi et a1.,1997).

Thus, cell surface integrins act as positive mediators of bone formation. Possibly,

GAG-integrin interactions are part of the mechanism contributing to the skeletal

pathology in MPS Vl by the presence of exocytosed GAGs that potentially interfere

with important integrin mediated regulatory mechanisms in bone formation.
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5.4 CONCLUSION

ln conclusion, the results suggest that the skeletal osteopenia in MPS Vl may arise

from the inability of osteoblasts to maintain the desired balance of ecm PGs, which

results in altered modulatory interactions between osteoblasts and ecm components.

This is supported by the data showing a delay in MPS Vl osteoblast maturational

progression and strengthens the hypothesis that the elaboration of a matrix suitable to

support bone formation is altered in MPS Vl. Furthermore, it suggests that the

alterations in PG metabolism interferes with the ability of osteoblasts to participate in

the cell-matrix interactions. This rn vitro research has highlighted the importance of the

roles carried out by PGs in the ecm. The knowledge gained from this study, utilised in

conjunction with the MPS Vl animal model will provide a valuable tool by which to

study the function of these important regulatory components in greater detail.

Further work will relate to PG metabolism measurements that can confirm the trends of

this research. By using larger numbers of experimental specimens, it may provide

sufficient power to reach statistical significance.

The relatively unexplored area of PG and or GAG interactions with osteoblasts and the

ecm also warrants further research in order to further understand the mechanisms of

the skeletal pathology and the growing number of functions attributed to these

important ecm regulatory molecules, the PGs.
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Table 1: Growth factors synthesised by osteoblasts and their effects on bone cells and bone homeostasis.

References: 1:(Fournier et a\.,1993), 2:(Hock et al", 1988), 3:(Pfeilschifter ef al., 1990), 4:(Schmid et al., 1989), 5:(String et al", 1991), 6:(Hill ef a/.1995),

7:(Mochizuki et a\.,1992),8:(Tobias et al., 1992), 9:(Bagi et a\.,1994), 10:(Bagi et a\.,1995), 11:(Lucas 1989), 12:(Pfeilschifter ef a/., 1990), 13:(Noda and

Camilliere 1989), 14:(Mackie and Trechsel 1990), 15:(Marcelli et al., 1990), 16.(Rosen et al., 1994), 17:(Wang et al., 1990), 18:(D'Alessandro et a\.,1991),

19:(Sampalh et al., 1992),20:(Lind 1996), 21:(Sampath et al., 1992),22:(Wang et al., 1993), 23:(Gitelman et al., 1995), 24.(Takuwa et al", 1991),

25:(Maliakal et al., 1994), 26:(Hughes et al., 1995), 27\Chen et al., 1991), Zï.(Zhou et al., 1993),29:(Hurley et al., 1998), 30:(Globus et al., 1988),

31:(Rodan et al., 1989), 32:(Canalis et al., 1988), 33:(Pitaru et al", 1993), 34:(Martin et al", 1997), 35:(Noff et al., 1989), 36:(Mayahara et a/., 1993),

37:(Nakamuraeta/., 1995),38:(Nagai eta\.,1995),39:(Centrellaetal",1989),40:(Yu eta\.,1997),41:(HsiehandGravesl99S),42:(Tashjianetal., 1982),

43:(Cochran et al., 1993), 44:(Ng et al., 1983), 45:(Raisz et al., 1980), 46:(Tashjian et al., 1985), 47:(lbbotson et al., 1985), 48:(Stern et al., 1985),

49:(Yates et al., 1992),S0:(Nash et al., 1994), 51:(Tashjian et al., 1982), S2:(Cochran et al., 1993), S3:(Hiramatsu ef al., 1982),S4:(Canalis 1983),

55:(Yoneda 1996).



Effect on bone
homeostasis

1 bone formation(8's'
10)

1 bone formation(13'
14, 15, 16)

I bone formation
(BMPs -2, -4, -5, & -
7) 

(17' 18' 1s)

1 (36,37,.r) & also J (or,

ot) bone formaiton

I bone resorption 
(45)

I bone resorotion (46'

47,48,49\

I (50) 
& also J (51,52)

bone resorption

Effects on osteoclasts

1 formation (6'7)

N/A

N/A

1 formation (FGF-2) (2s)

N/A

N/A

N/A

Effects on osteoblasts

1 proliferation(1'2)

1 bone matrix synthesis e'3'4's)

I proliferation and recruitment of osteoblast prêcursors (11'12)

chemotactic (BMP-2) (20)

I differentiation of mesenchymal and /or osteoblast precursors
(BM P-2, -3, -4, -6, -7 ) 

e1' 22' ú' zq' zs' 26' 27' 28)

1 proliferation of osteoblasts and marrow stromal cells (FGF-2)
(sol sr, sz, ss, s¿)

I ostegblastic differentiation of marrow stromal cells (FGF-2)
(33,34, 3s)

I proliferation(aa)

J differentiation 
(53' s)

Effects are presumed to be similar to EGF 
(s5)

I proliferation(3s)

I (41) 
& J(oo)differentiated function

Bone growth
factors

IGF-1 & -il

TGF-p

BMPs

FGF-2

EGF

TGF-cr

PDGF



Table 2A: Gytokines and prostaglandins synthesised by osteoblasts and their effects on bone cells and bone homeostasis.

References: 1:(Dinarello 1991), 2:(Lorenzo et a1.,1987), 3:(Akatsu et a1.,1991),4:(Canalis 1986), S:(Bertolini et a1.,1986), 6:(Canalis 1987), 7:(Johnson ef

a/., 1989), B:(Pfeilschifter ef a/., 1989), 9:(Gowen et al., 1986), 1O:(Peterlik et al., 1985), 11:(Gowen and Mundy 1986), 12:(Takahashi ef a/., 1986),

13:(Smith et a1.,1987), 14:(Nanes et al., 1989), 15:(Vignery et a\.,1990), 16:(Mann et a\.,1994), 17:(De La Mata et al., 1995).



Effect on bone homeostasis

J bone formation(a)

J bone formation 
(5'7)

osteopenia (in vivo)(6)

N/A

Effects on bone cells

1 osteoclast formation 
(3'8)

I bone resorption 
(1'2)

I osteoclast formation 0'8)

1 bone resorption 
(5'2'7)

J osteoblast bone matrix production (5'6)

J bone resorption 
(s' 10' l1)

J osteoclast formation 
(12)

J osteoblast bone matrix production (13'14)

1 osteoclast formation 
(17)

Gytokines and

prostaglandins

tL-1

TNF-cr and B

lNFy

tL-6



Table 28: Cytokines and prostaglandins synthesised by osteoblasts and their effects on bone cells and bone homeostasis.

References: 1B:(Girasole ef al., 1994), 19:(Hill et al., 1998), 2O:(Morinaga et a/., 1998), 21:(Felix et al., 1994), 22:(Wiktor-Jedze¡czak et al., 1990)'

23:(Watanabe et al.,1gg0), 24:(Nakano et a:.,1994),25:(Reid ef al., 1990), 26:(Van Beek ef a/., 1993), 27:(Malaval et a\.,1995), 28:(Akatsu et al', 1989a),

29:(Collins and Chambers 1992), 3g:(Gronowicz et al., 1994),31:(Nagata et a|.,1994), 32:(Gentrella et a1.,1994a), 33:(Jee et al-,1985), 34:(Takada et al',

1 e95).



Effect on bone homeostasis

N/A

J bone formation 
(22)

N/A

NiA

I bone formation 
(33'il)

Effects on bone cells

1 osteoclast formation 
(18)

1 bone resorption 
(1s'20)

1 osteoclast formation and bone resorption 
(21)

lnhibits bone resorption rn vitroQ3) & in vivo(24)

1 (tÐ or J ('u) 
bone resorption

J osteoblast differentiated function 
(27)

I osteoclast formation 
(28'2e)

I proliferation of pre-osteoblasts (30)

1 differentiation of pre-osteoblasts (tt)

J inhibit¡on of differentiated osteoblast function 
(32)

Cytokines and

prostaglandins

tL-11

M-CSF

tL-4

LIF

PGE2



Table 3: Effects of hormones and glucocorticoids on bone cells and bone homeostasis.

References: 1:(Hall and Dickson 1985),2:(Martin andUdagawa 1998),3:(Roodman 1998),  .(FitzpatrickandBilezikian 1999),5:(Uy eta1.,1995),6:(Kaji ef

al., 1995), 7.(Amizuka et al., 1993), 8:(Owen et al., 1991),9:(Matsumoto et al., 1991), 1O:(Takahashi ef a/., 1988c), 11:(Carmeliet et al., 1999),

12:(Robinson et a\.,1996), 13:(Kimble et a\.,1996), 14:(Khosla et a\.,1999), 1S:(Ernst et al., 1989), 16:(Robinson et a|.,1997), 17:(Riggs and Melton 1986),

18:(Tremollieres ef al., 1992),19:(Bellows et al., 1987), 2O:(Bellows et al., 1990), 21:(Dempster 1989), 22. (Takahashi ef a/., 1988b).



Effect on bone homeostasis

Both catabolic and anabolic effects have been

reported 
(a)

Regulates enchondral bone formation o)

lmportant for mineral homeostasis 
(11)

Deficiency leads to postmenopausal bone

loss 
('t)

Possible modulator of estrogen action 1a

J bone formation in vivo21

Effects on bone cells

I early but J late stages of osteogenic development(1)

1 osteoclast development and function 
(s'6)

Biphasic action on osteoblasts, ü osteoblast maturation when

administered during proliferative phase of development(8), but

treatment of mature osteoblasts results in I differentiated function 
(s)

J osteoclast bone resorption directly(12)and indirectly through

modulating cytokine production by osteoblasts 
(13' 14)

Regulates osteoblast proliferation and maturation 
(1s' 16)

I osteoblast proliferation and differentiation 
(18)

Physiological concentrations 1 osteoprogenitor proliferation and

differentiation 
(1s' 20)

lnhibits osteoclast formation and activity 
(22)

Hormones and

glucocorticoids

PTH

PTH-rP

1,25(OH)2D3

Estrogen

Progesterone

Glucocorticoids

(dexamethasone)

Calcitonin
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Table 1: Fibril-forming collagens of bone.

References: 1:(Gerstenfeldef a/., 19BB),2: (Keene eta:.,1987),3: [(Niyibizi andEyre1989),4: (Adachi andHayashi 1985),5: (Hay1981),6: (Kleinmanef

a1.,1982),7: (Mayneand Burgeson 1987),8: (Li ef a/., 1995),9: (Vikkula eta|.,1995).



Protein characteristics and functions

Forms fibres of high tensiole strength, most abundant protein in bone matrix synthesised

by osteoblasts(t), serves as a scaffolding, binds and orie¡ts other proteins that nucleate

bône apatite deposition and modulate bòne cell function 
(s'6)

Forms heterofibrils with type I collagen 
(2), 

contains cysteine bridges in triple helix o)

Forms heterofibrils with type I collagen 
(3), regulated collagen fibril diameter(a)

Nucleates and controls collagen fibril formation 
(t't)

Collagen

Type I

[a1(l)þct2

Type lll

[c1(lll)]3

Type V

lal(V)lg

Type Xl

[a1(Xl)]2o2(V)



Table 2: Glycoproteins in bone extracellular matrix.

References: 1:(Bianco et a1.,1987), 2:(Nair et al., 1987b), 3:(Nair et al., 1987a),4:(Weiss et a1.,1989), S:(Fallon ef a/., 1980), 6:(Burch et a1.,1985),

7:(Robey et a1.,1986), 8:(Holland et al., 1987), 9:(Metsaranta ef a/., 1989), 1O:(Bianco et a1.,1988), 11:(Romberg et al., 1985), 12:(Malaval et al., 1991),

13:(Klem and Mann 1991), 14:(Klem et a\",1992), 15:(Engel et a\",1987), 16:(Termine et a\.,1981b), 17:(Romberg et a|.,1986), 18:(Sage et al., 1989),

19:(Clezardin et al", 1988), 20:(Bassuk et al", 1993), 21:(Clemmensen et al., 1986), 22:(Wewer et al., 1994).



Location in bone

Produced by osteoblasts at
static sites of new bone
formation(1)

In vivo skeletal mRNA location
in oeriosteal cells. osteoblasts
an'd osteocytes 

(t't)

ln vivo protein localised to
osteoblasts and
osteooroqenitor cells and in the
mineraliséd osteoid 

(ro)

ln vivo protein localised to
developing woven bone 

(22)

Expressed by osteoblast
cultures during mineralisation
(22)

Functions

lnvolvement with mineralisation 
(o'u), may act

as a protein phosphate transferase in bone &

thus provide phosphate (6)

1000 to lO,O00 times enriched in bone(7)

$¡v mediate deposition of hydroxyaPatite 
(10'

Binds to collaqens types l, lll & V, and
thrombosponãin 

(13'1ö' 18' 1e)

Binds to growth factors, may influence cell
cycle 

(1al -

lnvolved with regulating cellshape and cell
matrix interactions 

('u)

Over-expression in mice suggests a
regulatory role in matrix mineralisation(")

Protein characteristics

Two identical units of M'. of 50kDa-85kDa,
disulfide bonded, tissue specific post-
translational modifications - glycosylated
(2, 3)

M, of 35kDa with intramolecular
disulphides(11)

Contains a helical amino terminus with
two low affinity Ca2o bind^ing sites and tw.o

EF-hand high affinity Ca'* binding sites("

Tissue specific modifications appea_r_to- be
glycosylåtion and phosphorylaiion (2' 13' 14)

21kDa orotein comoosed of four identical
subunits of 5.8kDa'(21)

Glycoprotein

Alkaline
phosphatase

Osteonectin

Tetranectin



Table 3A: RGD-containing glycoproteins in bone extracellular matrix"

References: 1:(Robey et a1.,1989), 2:[Grzesik, 1994 #306], 3:(Bornstein 1992), 4:(Sun et a1.,1989), 5:(Schultz-Cherry et al., 1995), 6:[Merle, 1994 #310],

7:(Robey and Boskey 1996), 8:(Krezel et al., 1994), 9:(Schwarzbauer 1991), 1O:(Barkalow and Schwazbauer 1994), 11:(Majeska et al., 1993), 12:(Mosher

1989), 13:(Grano et a|.,1994), 14:(Oldberg et a|.,1985).



Location in bone

ln vivo protein localised to
osteoid during early stages
of osteogenesis 

(t) and to
osteoblasts and m neralised
matrix 

(1'2)

ln vivo protein localised to
osteoid during early stages
of osteogenesis 

(t) and to
osteoblasts. osteocvtes and
mineralised matrix 

(1 2)

In vivo protein localised to
bone matrix (low levels)(2)

Function(s)

Cell attachment of osteoblasts but not spreading 
(1)

Binds crups integrin (vitronectin receptor) 
(2)

Binds and modulates TGF-B activation(5)

Binds to decorin 
(t) and numerous other ecm

proteins: heparin, collagen types I and V, thrombin,
fibrinogen, laminin, plasminogen and plasminogen
activator/inhibitor 

(')

Binds to chondroitin sulphate GAGs(10), osteoblast
cells 

(1'), 
osteoclast cells 

(13) fibrin, heparin, collagen
and gelatin(r2)

Structure-function studies deduce the importance of
fibronectin in matrix deposition 

(12)

Strong attachment to osteoblasts via integrin cruB3

integrin, binds to collagelt, plasminogen activator
inhibitor and to heparin (''.

Protein characteristics

M,. of 450kDa, cornposed of three identical
disulphide-linked subunits of M.. 150-180kDa
(3)

Monomers contain regions of homology to
flbrinogen, properdin, EGF, collagen, von
Willebrand factor, P..falciparu m and
calmodulin(3)

RGD at the C terminal globular domain(3'a)

M,. of 400kDa held together with 2 non-
identical disulphide bonded subunits of M'.

2oOkDa(8).

Composed of multiple domains each with a
distinct function 

(')

M,.70kDa, shows homology to somatomedin
B, RGD domain rich in,cysteines, sulphated
and phosphorylated(1'

RGD.
containing
glycoprotein

Thrombospondin

Fibronectin

Vitronectin



Table 38: RGD containing glycoproteins in bone extracellular matrix.

References: 15:(Mark et a1.,1987a), 16:(Mark et a1.,1987b), 17:(Mark et al., 1988), 18:(Fisher et al., 1987), 19:(Franzen and Heinegard 1985), 20:(Prince

1989), 21 :(Prince et al., 1987), 22:(Singh et al., 1992), 23:(Boskey et al., 1993), 24.(Van Dijk ef a/., 1993), 25:(Ross et al., 1993), 26:(Miyauchi et al., 1993),

27:(Ek-Rylander ef al., 1994),28:(Fisher et al., 1983b), 29:(Bianco et al., 1993), 30:(Ecarot-Charrier et al., 1989), 31 :(Midura et al., 1990), 32:(Oldberg ef

a/., 1988), 33:(Mintz et a\.,1993), 34:(Ross et a1.,1993), 35:(Fisher et al., 1990), 36:(Hunter and Goldberg 1993), 37:[Fujisawa,1992#3371,38:(Gorski and

Shimizu 1988),39:(Gorski et a1.,1990),4O:(Gorski 1992),41:(Chen et al., 1992),42:(Robey and Boskey 1996),43:(Sato et al", 1992).



Location in bone

ln vivo protein localised to
osteoblasts, osteocytes and
bone matrix 

(15' 16) 
and

osteoclasts(17)

ln vivo protein localised to
osteoblasts, osteocytes and
bone matrix 

(2e)

ln vivo protein localised to
the pericellular areas of
osteoblasts and osteocvtes
in newly formed osteoid(a2)

Function(s)

May mediate deposition of hydroxyaPatite 
(zsl

Promotes osteoblast cell attachment bv RDG 
(2'11) 

and
non-RGD dependent mechanisms 

(2a) -

Promotes osteoclast cell attachment by RGD
mechanism 

(25)

May play a role in osteoclast recruitment 
(26'27)

Enriched in bone(35)

Binds to osteoblasts 
('), and osteoclasts(*)by an

RGD{ependent mechanism and also binds
osteoblaòts by an RGD-independent mechanism 

(33)

Mav mediate interactions between cells and collagen
fibris(37)

Modulates mineralisation, possible nucleator 
(3t)

Binds to Ca2o and hydroxyapatite(3.8.^11), and may
regulate mineralisation (nucleator) (o')

Binds to collagen 
(ot)and may act as a cell attachment

protein.

I nhibits osteoclastic activity 
(as)

Protein characteristics

Mr44-75kDa (r8' 1s), RGD cell
binding domain, polyaspartyl
stretches, no disulphide bonds,_
glycosylated, phosphorylated (20'

'u, tissue specific phosphorylation

M,. 46-75kDa, comprises 10%
non-collaoenous orotein in bone
matrix 

(2srpolygluiamyl stretches,
no disulphide bonds, 50%
carbohydrate, RGD 

(tt), 
tissue

specific phosphorylation and
tyrosine/carbohydrate-sulphation

M,.75kDa, sequence homology to
osteopontin and bone
sialoprotein, contains 7% sialic
acid, 8% phosphate (38'3s)

Contains polyaspartate and
polyg lutamate stretches,
ohosohorvlation sites and RGD
bell u¡no¡ng domain 

(ao)

RGD-
glycoprotein

Osteopontin

Bone
sialoprotein

Bone acidic
glycoprotein - 75



Table 4: Gamma carboxyglutamic acid - (GLA) containing proteins in bone extracellular matrix'

References: 1:(Conn and Termine 1985), 2:(Bronckers et a1.,1985), 3:(Bronckers et a\.,1987), 4.(Kasai et al., 1994), 5:(Poser et al., 1980), 6:[Hauschka,

1985 #3491, 7.(Boskey et a1.,1985), 8:(Lian and Gundberg 1988), 9:(Malone et a1.,1982), 1O:(Glowacki and Lian 1987), 11:(Price et al-, 1994), 1Z'(Price et

a/., 1983), 13:(Price and Williamson 1985), 14:(Barone et a1",1991), 15:(Gundberg and Nishimoto 1999).



Location in bone

ln vivo orotein detected in

osteoblästs 
(2'3) 

and osteocytes
(4)

ln vitro protein production by
osteoblasts 

(14)

Function(s)

Relatively [gh and specific affinity
for apatite (')

Regulation of mineralisation 
(8)

osteoclast recruitment 
(s' 1o)

Calcium and hydroxyapatite binding
and may regulate mineralisation 

(tt)

Protein characteristics

Apparent M.14 kDa, intramolecular
OisutpniOe bond, 3-5 GLA residues 

(5'6),

comprises I 5% of non-c..ollagenous
proteins in bone matrix(t)

M, 15 kDa, 5 GLA residues, one
disulphide bridge.(12' 

13), phosphorylated
serine residue ("'

GLA containing
proteins

Osteocalcin

Matrix GLA
protein
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TISSUE GULTURE

Cell scrapers 23 cm Nunc lnc. USA

Cell strainer 70 pm Becton Dickinson Labware
USA

Collagenase / Dispase from V. alginolyticus I B. polymyxa Boehringer Mannheim P/L
Australia

Dulbecco's phosphate buffered saline without calcium and CSL Ltd Australia
magnesrum

Fetal calf serum - batch no. 55101 CSL Ltd Australia

Filter 0.22 pm Millipore Corporation USA

L-Ascorbic acid phosphate magnesium salt n-hydrate
(long acting)

L-Glutamine 200 mM

Minimum Essential Medium (alpha modification) - with
Earle's salts and L-glutamine, without ribonucleosides,
deoxyribonucleosides and sodium bicarbonate

Penicillin and Streptomycin solution - Penicillin G 5000
U/mL and Streptomycin sulphate 500 pg/ml

Polystyrene tissue culture flasks 75 cm2

Polystyrene tissue culture plates 6 well

Sterile water

Syringe filter 0.2 pm

WAKO Pure Chemical
lndustries Ltd USA

CSL Ltd Australia

GIBCO BRL Life
Technologies lnc USA

CSL Ltd Australia

Corning lnc USA

Corning lnc USA

Baxter Healthcare P/L
Australia

Sartorius AG Germany

Trypsin / Versene solution 12.5 % CSL Ltd Australia



SPEGIFIC REAGENTS, ENZYMES AND SUBSTRATES FOR BIOCHEMICAL
ANALYSIS

p - hexosaminidase inhibitor (cr-N-acetyl
galactonolactone)

Koch-Light Laboratories England

B - hexosaminidase substrate (4-methylumbelliferyl- Sigma Chemical Co USA
2-acetam ido-2-deoxy-B-D-glycopyranoside)

Alkaline phosphatase colourimetric detection kit
Sigma Cat. No. 104 LL

Sigma Diagnostics lnc USA

Alkaline phosphatase type Vll from bovine intestinal Sigma Chemical Co USA
mucosa

ABTS - horseradish peroxidase substrate (2,2'-
Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-
diammonium salt)

Bio-Rad protein assay dye reagent concentrate
(Bradford protein assay)

Bovine cartilage aggrecan

Chondroitinase ABC from P. vulgaris

Chondroitinase ACll from A. aurescens

Chondroitinase B from F. heparinum

Collagen type I from rat tail tendon

Pierce USA

Bio-Rad Laboratories USA

A kind gift from Dr. Sharon Byers,
Women's and Children's Hospital,
SA, Australia

ICN Biomedicals lnc USA

ICN Biomedicals lnc USA

ICN Biomedicals lnc USA

Boehringer Mannheim GmbH
Germany

Collagen type V human placenta Calbiochem USA

Collagenase type Vll (EC 3.4.24.3) from Clostridium Sigma Chemical Co USA
histolyticum

Deoxyribonucleic acid sodium salt from calf thymus BDH Limited England



Hoechst H33258 fluorochromatic dye

Horse Radish Peroxidase substrate kit

Mannose-6-phosphate

Murine - recombinant feline 45 antibody

Pepsin

Rabbit - recombinant feline 45 antibody

Recombinant feline N-acetylgalactosamine 4-
sulphatase - imm unopurified protein

Safranin-O

Sheep anti-mouse lgG - HRP conjugate

Trisaccharide substrate for 45 - radiolabelled,
derived from rat chondrosarcoma chondroitin-4-
sulphate (GalNAc4S-GlcA-GalitolNAc4S)

Boehringer Mannheim Australia P/L
Australia

Bio-Rad Laboratories USA

Sigma Chemical Co USA

A kind gift from Dr. Don Anson,
Women's and Children's Hospital,
SA, Australia

Sigma Chemical Co USA

CSL l-td Australia

Dept. of Chemical Pathology,
Women's and Children's Hospital ,

SA, Australia

Sigma Chemical Co USA

Silenus Australia

A kind gift from Viv Muller, Women's
and Children's Hospital, SA,
Australia



STANDARDS

4-MUS (4-methylumbelliferyl sulphate, potassium Sigma Chemical Co USA
salt)

Chondro AD|-OS : 2-acetamido-2-deoxy-3-O-(p-D-
gluco-4-enepyranosyluron ic acid)-D-galactose

Seikagaku Kogyo Company Japan

Chondro ADi-4S : 2-acetamido-2-deoxy-3-O-(p-D-
gluco-4-enepyranosyluronic acid)-4-O-sulpho-D-
galactose

Seikagaku Kogyo Company Japan

Chondro 
^Di-6S 

: 2-acetamido-2-deoxy-3-O-(B-D-
gluco-4-enepyranosyluronic acid)-6-O-sulpho-D-
galactose

Seikagaku Kogyo Company Japan

D-glucuronic acid lactone Sigma Chemical Co USA

SDS-PAGE broad range protein molecular weight
markers

6.5 kDa - Aprotinin

14.4 kDa - Lysozyme

21.5kDa - Trypsin inhibitor

31.0 kDa - Carbonic anhydrase

45.0 kDa - Ovalbumin

66.2 kDa - Serum albumin

97.4 kDa - Phosphorylase b

116.2 kDa - B-galactosidase

200.0 kDa - Myosin

Bio-Rad Laboratories USA



PROTEASE INHIBITORS

Amino caproic acid

Benzamidine hydrochloride, hydrate

NazEDTA

n-ethyl maleimide (n-EM)

Phenylmethylsulphonylfluoride (PMSF)

RADIOCHEMICALS

3H-proline, L-proline [2,3-3H], in ethanol :water,
2:98. Specific activity 40 Ci/mmol

3H-tryptophan, L-tryptophan [5-3H], in ethanol
water, 1:1. Specific activity 21.5 Ci/mmol

3sS-sulphate, sodium sulphate in water. Specific
activity 562.48 mGi/mmol

CHROMATOGRAPHY RESINS AND EQUIPMENT

DEAE Sephacel anion exchange resin

Mini columns, 10 mL for DEAE anion exchange
chromatography

Sigma Chemical Co USA

Sigma Chemical Co USA

Ajax Australia

Sigma Chemical Co USA

Sigma Chemical Co USA

NEN Life Science Products USA

NEN Life Science Products USA

NEN Life Science Products USA

Amersham Pharmacia
Biotech USA

Bio-Rad Laboratories USA

Partisil PAC 5¡rm particle size, 1OmL HPLC column Whatman England



Sephacryl S-300-HR resin. Fractionation range: 1,000 -
400,000 Da (Dextrans)

Sephadex G-25 size exclusion columns - 9.1m| bed
volume" Fractionation range: 100 - 5,000 Da

Sepharose CL-48 resin. Fractionation range: 30,000 -
5,000,000 Da (Dextrans)

Chromatography pump

Chromatography work station data handling system -
baseline 810

Absorbance detector - model 440

GENERAL CHEMICALS AND REAGENTS

Acetic acid

Acetone

Acetonitrile

Acrylamide / Bis 37.5:1

Ammonium formate

Ammonium hydroxide

Ammonium Persulphate

Ammonium sulphate

Sigma Chemical Co USA

Amersham Pharmacia
Biotech USA

Sigma Chemical Co USA

Waters Associates England

Waters Associates England

Waters Associates England

UNIVAR Australia

t-,lNlVAR Australia

UNIVAR Australia

Bio-Rad Laboratories USA

Ajax Chem icals Australia

Ajax Chemicals Australia

Bio-Rad Laboratories USA

Ajax Chemicals Australia

Amersham, Pharmacia,
Biotech USA

Amplify



Bicinchoninic acid, sodium salt Sigma Chemical Co USA

Boric acid Ajax Chemicals Australia

Bovine serum albumin (BSA) Sigma Chemical Co USA

Bromophenol blue Sigma Chemical Co USA

Calcium chloride (CaClz) Merck Australia

Copper sulphate, hydrate (CuSO¿.SHzO) Ajax Chem icals Australia

Dialysis tubing Amersham, Pharmacia,
Biotech USA

Di-sodium hydrogen phosphate (Na2H(PO)4) Ajax Chem icals Australia

Ethanol UNIVAR Australia

Glycine Ajax Chemicals Australia

Guanidine hydrochloride (GuHCl) Sigma Chemical Co USA

HEPES (N[2-hydroxyethyl] piperazine-N'-[2-ethanesulfonic Sigma Chemical Co USA
acidl)

Hydrochloric acid (HCl) UNlVARAustralia

Hyperfilm MP Amersham, Pharmacia,
Biotech USA

Meta - hydroxydiphenyl Sigma Chemical Co USA

Methanol UNIVAR Australia

Optiphase'Highsafe' 3, Liquid scintillation cocktail Wallac England

Ovalbumin Sigma Chemical Co USA

Polyvinyl chloride plate Costar USA



Sodium acetate (Na2CH3COOH) Merck Australia

Sodium carbonate, anhydrous (NazCOs) Merck Australia

Sodium chloride (NaCl) Merck Australia

Sodium citrate Ajax Chem icals Australia

Sodium di-hydrogen orthophosphate (NaHz(PO)¿) Ajax Chem icals Australia

Sodium dodecyl sulphate (SDS) BDH Australia

Sodium hydrogen carbonate (NaHCO3) Ajax Chem icals Australia

Sodium hydroxide (NaOH) Ajax Chemicals Australia

Sodium sulphate, anhydrous (Na2SOa) Sigma Chemical Co USA

Sodium tartrate Ajax Chemicals Australia

Sodium tetraborate Ajax Chem icals Australia

Sulphuric acid (HzSO¿) UNlVARAustralia

Tannic acid Sigma Chemical Co USA

TEMED (N, N, N', N'-Tetra Methylethylenediamine) Bio-Rad Laboratories USA

Thesit detergent Sigma Chemical Co USA

Trichloroaceticacid Sigma Chemical Co USA

Tris Merck Australia

Triton X-100 Sigma Chemical Co USA

Urea Ajax Chem icals Australia



BUFFERS

Proteoglycan extraction butfer 4 M GuHCl, 100 mM NaSO4 and 50 mM Tris.HCl, pH
5.8 containing protease inhibitors: 10 mM Na2EDTA,
0.1 M amino caproic acid, 5 mM benzamidine, 0.5 mM
PMSF, l0 mM n-EM

SDS-PAGE separating gel buffer 375 mMTris.HCl, pH 8.8,0.1% SDS

SDS-PAGE stacking gel buffer 125 mM Tris.HCl, pH 6.8, 0.1% SDS

SDS-PAGE running buffer 25 mM Tris-HC|,0.192M glycine,0.1% SDS pH 8.3

LABORATORY EQUIPMENT

Centrifuge - Megafuge 1.0R Heraeus lnstruments
Germany

Fraction collector FRAC-1 00 Amersham Pharmacia
Biotech USA

Microscope Olympus CK2IULWCD 0.30 Olympus Japan

l-iquid scintillation counter - model 1409 Wallac England

Peristaltic pump Pl Amersham Pharmacia
Biotech USA
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ADDENDA

Chapter 2,page 92, replace paragraph 3 (lines 16 - 18) with the following:
MPS VI cells however, also contain significant amounts of cell layer associated 3sS-sulphate labelled
GAG storage product which is particularly evident at the later labelling time points. This material is not
present in normal cells indicating that GAGs are normally rapidly turned over to inorganic sulphate and
monosaccharides. Thus, in order to compare the incorporation of 3sS-sulphate into mature, intact PGs
between normal and MPS VI cultures, the 3sS-sulphate labelled storage product was subtracted from
the total amount of PGs in the MPS VI cell layer fraction.

Chapter 2,page 104, replace fÏrst sentence of paragraph 2 with the following:
The main variable present within the experimental plan was the presence of disease (MPS VI). This
variable was included in the statistical analysis, which was carried out using a students t-test.
Chapter 2,pagel04rparagraph2, add the following to the end of the paragraph:
The other possible experimental variables such as age of arrimals, genetic background of animals and
the degree of osteoblast cell culture confluence, were controlled for in both normal and MPS VI and
thus were not included in the statistical analysis of results.

Chapter 2,page 87, paragraph2
Chapter 2, page 92, paragraph I
Chapter 2, page 94, paragraph I
Add the following to the ending of each of the abovementioned paragraphs:
The PG extraction buffer described was shown by visual inspection to lyse the osteoblast cells,
ensuring that both ecm associated and intrácellular PGs were extracted in the procedure.

The following amendments should be made to the text and the y axis of graphs:
Chapter 2,page 83, line 19, Chapter 3,page 118, lines 11, 13 and Table 3.2 - units of 45 activity
should be pmol/min per mg protein
Chapter 2, page 85, line 3, Chapter 3, page 119, line 9. Amount 4MU generated per minute per mg
protein (B-hexosaminidase activity) should read nmol 4MU/min per mg protein.
Chapter 3,page 118, lines 11, 13 and Table 3.2. Units for 45 specific activity should be pmol/min per
pg4s.
Chapter 3, page 119, lines ll, L2 and Table 3.2. B-Hexosaminidase activity units should be pmol/min
per mg total protein.
Chapter 4,page 145, lines 12,13,14,20,page146,lines 1,3,5,17,18, 19,20,page747,lines 6,8, 10,

Il, 16, 77, 18, Figure 4.8, 4.10, Table 4.4 - units of rates of synthesis should be dpm/¡rg protein per
hour.

The following amendments should be made to the text regarding column dimensions:
Chapter 2,page 96, section 2.8.1, Sephadex G-25 columns are PD-10 columns.
Chapter 2,page 98, section 2.8.5.I, the dimension of the Porous HQ20 anion exchange column is 4.6
mmx50mm

The following amendment should be made to the text regarding disaccharide recovery:
Chapter 2, page 91, end of paragraph 2 - The recovery of disaccharides ranged from 55o/o - 63o/o for
normal cultures and 49Yo - 53% in MPS VI cultures.




