The Analysis of Transgenic Mice with Mutations Involving
Cartilage Extracellular Matrix Proteins, Collagen Type IT and
Cartilage Oligomeric Matrix Protein

By
Kelly Grace Gaiser

Presented to the Department of Molecular and Medical Genetics and the Oregon
Health Sciences University School of Medicine in partial fulfillment of the
requirements for the degree of Doctor of Philosophy

June 7, 2000



School of Medicine

Oregon Health Sciences University

CERTIFICATE OF APPROVAL

This is to certify that the Ph. D. thesis of
Kelly Grace Gaiser

has been III IIII

Professor in charge of thesis

\ Member

Member

\ ' Member

I

Associate Dean for Graduate Studies



TABLE OF CONTENTS

INDEX OF FIGURES

INDEX OF TABLES

ACKNOWLEDGEMENTS

ABSTRACT

INTRODUCTION
Cartilage
Collagen Type IT
Human Collagen Type II Mutations
Mouse Models with Collagen Type II Mutations
Strategies for therapeutic Intervention
Research Goals

MATERIALS AND METHODS

CHAPTER 1
A NON-GLYCINE TYPE I COLLAGEN MUTATION DISRUPTS
SKELETAL DEVELOPMENT IN TRANSGENIC MICE
Background
Results
Discussion

CHAPTER 2
THE ANALYSIS OF TRANSGENIC MICE WITH AN ASSEMBLY
MUTATION IN CARTILAGE OLIGOMERIC MATRIX PROTEIN
Background
Results
Discussion

SUMMARY AND CONCLUSIONS

REFERENCES

APPENDICES
Molecular Modeling of Collagen Type II R789C Mutation
Mouse COMP coiled-coil domain sequence

vii

19
26
31
34
41

43

53

54

63
83

87



Figure Intro 1
Figure Intro 2

Figure Intro 3

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6
Figure 1.7
Figure 1.8
Figure 1.9
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7

Figure 2.8

INDEX OF FIGURES

Endochondral bone formation.

Collagen fibrils.

Collagen type II expression vector.

Spondyloepiphyseal Dysplasia patient.

Ribozyme cleavage experiment.

Genotype and phenotype of R789C mice.

Histological analysis of the growth plate.
Immunohistochemistry of growth plate cartilage.
Electron microscopy of cells and matrix from cartilage.
Immuno-electron microscopy of cartilage matrix.
Transgene expression.

Protein analysis of transfected rat chondrosarcoma cells.
COMP pentameric and monomeric structure.

PSACH and MED patients.

Truncated-COMP construct.

Genotype and phenotype of transgenic mice.
Histological analysis of growth plate cartilage.
Immunohistology of the growth plate cartilage.

EM of the cartilage cells and matrix from newborn mice.

Protein analysis of chondrocytes from transgenic mice.

11

R
o
[¢]

22

35

39

61

64

68

70

72

74

78

96

100

109

111

118

120

124

127



Figure A1 Molecular Modeling of R789C Mutation. 192

Figure A.2 Sequence analysis of mouse COMP coiled-coil domain. 197

il



Table 2.1

Table 2.2

Table A.1

INDEX OF TABLES

Statistical analysis of skeletal measurements in female
wild-type and transgenic mice.

Statistical analysis of skeletal measurements in male
wild-type and transgenic mice.

Non-bonded interaction energies involving R789, C789,
and the surrounding residues.

v

115

194



ACKNOWLEDGEMENTS

First of all, I would like to thank my advisor, Dr. William Horton, for his support
and guidance throughout my graduate work. Bill, thank you for introducing me to the
vast and ever changing field of bone development and for providing a challenging thesis
project. Also, thank you for allowing me to have a life outside of graduate school, for
giving me the time to plan my wedding and to travel when the opportunity was there.

I would also like to thank the other members of my graduate advisory committee:
Dr. Nick Morris, Dr. Jan Christian, Dr. Matt Thayer and Dr. Cheryl Maslen, Thank you
for your guidance and helpful advice throughout my thesis work.

In addition, I also want to thank all the present and past members of the Horton
laboratory for their friendship and support. 1 am especially grateful to the following
people for their contributions to this work. Dr. Greg Lunstrum, for helping with the
protein work and for reading my thesis. Dr. Silvio Garofalo, for his initial help with the
mice and for his advice and encouragement throughout my graduate work. Dr. Kerry
‘Maddox, for providing me with most of my protocols and for offering helpful advice with
my experiments and my writing. Nicole Weksler, for helping with the protein work and
for always knowing where something is now located. Kathy Stokes, for helping in the
mouse room and with histology procedures. And, finally to Jae Cho, a fellow graduate
student, for offering helpful suggestions with my experiments.

I would like to thank the COMP interest group, Dr. Hans Peter Bachinger, Dr.
Lynn Sakai, Dr. Janice Vranka, Doug Keene, Asawari Mokashi and Bruce Boswell for
their helpful advice and reagents. I also thank Dr. James Bann for his collaboration in

modeling the collagen type Il mutation, R789C. I thank Brian Demmings, graphics arts

v



department, for offering his expertise in photography and his patience with impatient
mice. I also appreciate the helpful advice from Dr. Patricia Kramer and Karla Schilling,
at OHSU, who guided me through the statistical analysis.

T owe a BIG thanks to my cheerleaders for making my graduate school days
brighter: Colleen MacPherson-Crume, Jan Wolford, Rhonda LeClerg, Dr. Kristen
Hofibuhr, Lynn Weglarz and Stephanie Milbert. Thank you for your sense of humor,
encouragement, friendship and those occasional sanity lunches. T also need to thank the
rest of “the gang” (you know who you are) for always being so excited about my work.
Oh, and one more time, they are mice...not rats.

I .am deeply indebted to my parents, Gary and Linda Grace. They have always
been there to help and to encourage me to reach my goals, especially when moving 2000
miles away from home was necessary. I also want to thank them as well as my other
parents, Herb and Kathy Gaiser, for the many times when just a call or an e-mail was all T
needed to keep focused and to keep writing. Thanks for your continuous support and
understanding.

Finally, I would like to thank my husband, Kurt Gaiser. You have got to be the
most patient person I know. Thank you for understanding my need to spend all those
weekends at the lab and for resolving the computer issues I encountered while writing.
There are so many other reasons to express my thankfulness; but probably most of all,
thank you for your unconditional support and your friendship. I could not imagine

achieving this goal without you.

This research was conducted at and funded by Shriners Hospital for Children.

vi



ABSTRACT

Chondrodysplasias are inherited disorders of bone formation. Patients suffer from
skeletal deformities, associated with or without dwarfism, in varying degrees. Although
other tissues may be involved, cartilaginous tissues are primarily affected. Cartilage has
many important roles in the formation, growth and maintenance of the skeleton. My
thesis work has focused on analyzing the skeletal consequences of two transgenic mouse
lines with mutations in cartilage extracellular matrix proteins, (1) type II collagen and (2)
cartilage oligomeric matrix protein.

Spondyloepiphyseal Dysplasia congenita is a dwarfing condition involving a
shortened trunk and extremities. It has previously been found to be associated with a
recurrent mutation, R789C, in the COL2A1 gene. The altered amino acid is on the
outside of the triple helix of the collagen molecule, in the Y position of the Gly-X-Y
repeats, where changes are usually tolerated. To better understand the mechanism of this
mutation and to develop a ribozyme based gene therapy to target the mutant transcript, a
transgenic mouse model was generated. Ih contrast to the human phenotype, the F1
transgenic littermates were severely affected.

Affected mice featured short limbs, a shortened face and cleft palate, while dying
soon after birth. Light microscopy revealed a disorganized growth plate, while electron
microscopy showed an extreme deficiency of collagen fibrils in the transgenic mouse
cartilage. Collagen molecules containing mutant o chains were retained in cells stably
transfected with the transgene. In conclusion, cartilage, deficient of collagen type 11,

causes a severe skeletal phenotype in transgenic mice.
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Secondly, cartilage oligomeric matrix protein (COMP) is a pentameric, non-
collagenous glycoprotein. Each COMP pentamer is composed of five monomers, which
are assembled by a coiled-coil domain. Mutations within the COMP gene cause two
types of dominantly inherited chondrodysplasias, pseudoachondroplasia (PSACH) and
multiple epiphyseal dysplasia (MED). These disorders are characterized by mild to
severe short stature and early onset osteoarthritis. The effects of COMP mutations in
these patients suggest that COMP function is essential for normal bone growth.
However, there is a limited understanding of how COMP is involved in this process.

In an attempt to understand the function of COMP, transgenic mice were
generated which were hypothesized to have a disruption in normal COMP assembly. By
overexpressing a truncated monomer containing only the coiled-coil domain, COMP
molecules were expected to have a combination of normal arms and shorter arms. The
transgenic F1 offspring have normal skeletal development and are fertile. Histologically,
the growth plate and cartilage matrix composition is normal. Statistical analysis in the
adult mice (five months old) suggest that there is no correlation between the COMP
genotype and size. Furthermore, there is no evidence of arthritis in the transgenic mice at
14 months old. Protein analysis did not confirm the presence of a transgenic product,

-only that normal COMP assembly was not disturbed in transgenic samples.
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INTRODUCTION

Collagen type Il is the primary structural component in cartilage. Assembled
collagen fibrils interact with other cartilage extracellular matrix proteins to ensure proper
development and growth of the vertebrate skeleton. Over 40 mutations in the gene
encoding collagen type II (COL2A1) have been described in patients with a variety of
skeletal disorders (Horton and Hecht, 2000; Kuivaniemi et al 1997). These disorders
range from a lethal dwarfing condition, such as achondrogenesis type 11, to a patient with
normal stature and early onset osteoarthritis. In an attempt to understand these disorders
several transgenic mice have been generated which express mutated COL2A 1 genes
(Garofalo et al,, 1991; Li et al., 1995; Maddox et al., 1997; Metsaranta et al., 1992;
Vandenberg et al., 1991). These mice show phenotypes similar to some forms of human
chondrodysplasias. Disorders of skeletal development, both in humans and mice,

emphasize the importance of collagen type II in cartilage structure and function.

CARTILAGE

Cartilage is a specialized form of connective tissue found throughout most of the
human body. It is primarily an avascular tissue being composed of only cartilage cells
surrounded by a complex extracellular matrix. In adult tissue, cartilage is solid and firm
though slightly flexible. Cartilage has a primary role in allowing the body to resist
compressional forces, particularly in the joints. Cartilage also plays many important roles
in the formation and growth of the vertebrate skeleton. A healthy skeleton depends upon

three types of cartilage for its development, growth, function and maintenance: hyaline,



elastic and fibrocartilage. Each are generally categorized by appearance and extracellular
matrix composition (Morris et al., 2000).

Hyaline cartilage is the most abundant type in the human body. Upon
appearance, it is shiny and translucent. During bone development, hyaline cartilage
serves as a structural template on which bone matrix is eventually laid. Hyaline cartilage
is present within the growth plate of developing bones until maturation is attained.
Hyaline cartilage is also found at joint surfaces where it is present throughout life. The
chondrocytes are generally oval in shape, but tend to be round towards the center of the
tissue and quite flat nearing the periphery (Stockwell, 1979). Hyaline chondrocytes
produce a complex array of extracellular matrix proteins designed to distribute the weight
load on a particular bone. The matrix is composed of collagen fibrils which form a
meshwork with proteoglycans and other matrix proteins. This specialized matrix allows
hyaline cartilage to resist strong compressional forces, such as on articular surfaces.

Fibrocartilage is often described as having qualities of an intermediate tissue with
features of both hyaline cartilage and dense fibrous tissue (Stockwell, 1979). It is
typically found in the intervertebral discs, the symphysis pubis and the menisci of the
knee joints. As it merges with nearby structures, it begins to morphologically resémble
that particular tissue whether it is cartilage or tendon. Furthermore, it has the ability to
withstand compressive forces, as hyaline cartilage does, and to resist shear forces, as
tendon does. The chondrocytes are typically like other cartilage cells having a round to
oval shape. Cartilage matrix constituents vary depending on tissue requirements needed

at that anatomical location.



Finally, elastic cartilage is similar to hyaline cartilage. It is located in the larynx,
auditory canal and auditory tube. The chondrocyte shape is round to oval with the cells
towards the edge of the tissue being quite flat (Anderson, 1964). However, the
extracellular matrix is quite different from that of hyaline cartilage. The matrix is dense
with an elastin network while the collagen fibrils are, in contrast, very thin. The elastin
network, produced by chondrocytes, allows the tissue to be flexible and to withstand
stretch, such as that found in the external ear.

Although each type of cartilage is well adapted to serve in various connective
tissue roles, hyaline cartilage performs very important roles in skeletal development and
growth. For the majority of the skeleton, hyaline cartilage provides a template for future
bones to be built. As cartilage becomes bone, chondrocytes progress through a series of
stages with each stage requiring the secretion of specific extracellular matrix proteins and
growth factors. Through the coordination of chondrogenesis and osteogenesis, bone
matrix eventually replaces cartilage. This process is called endochondral ossification

(Gilbert, 1997; Horton, 1990) (Figure Intro-1A).

Endochondral Ossification

Bone formation is an extremely complex, tightly regulated process that begins in
embryonic development. Bone development can occur by either intramembraneous
ossification or by endochondral ossification. Intramembraneous ossification is a process
that converts mesenchymal cells directly into bone. The flat bones of the skull develop in
this manner. Endochondral ossification also begins with mesenchymal cells; however,

these cells differentiate into chondrocytes before becoming bone (Figure Intro-1A).
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Most of the skeleton develops from endochondral ossification, including the vertebral
column, base of the skull, shoulder girdle, pelvis, and limbs.

Chondrocytes produce the cartilage matrix which becomes a template for bone
matrix to be deposited on. Cartilage formation can be divided into three phases: (1)
mesenchyme proliferation, (2) mesenchyme condensation and (3) chondrocyte
differentiation. Mesenchyme is initially composed of uniform, sparsely packed cells. As
the cells multiply, the patterned expression of homeobox genes conveys information, like
bone shape and position, to the mesenchymal cells (Eriebacher et al., 1995). These cells
proliferate and begin to condense in areas predetermined to become bone (Hall and
Miyake, 1995). At this stage, the cells secrete collagen types I, TTA (an alternatively
spliced form) and III, fibronectin and very small quantities of noncartilaginous
proteoglycans (Dessau et al., 1980; Frenz et al., 1989; Lui et al., 1995; Sandell et al.,
1991; Sandell et al., 1994; Silver et al., 1981; Solursh, 1984).

There are several secreted molecules which are important for mesenchymal
condensation and chondrocyte differentiation. The bone morphogenetic proteins (BMPs)
are a family of secreted signaling molecules that belong to the transforming growth factor
beta (TGF-P) superfamily. BMPs have been shown to induce ectopic cartilage formation
in tissues, such as in muscle or connective tissues, and are thought to play many different
roles in skeletogenesis (Hotten et al., 1996). GDF5, a BMP family member, has been
reported to enhance the commitment of mesenchymal cells into the chondrocyte lineage
(Tsumaki et al., 1999). In addition, neural cell adhesion molecules (NCAM) and N-
cadherin are cell surface adhesion molecules, which have been reported to have roles in

the formation and maintenance of precartilaginous condensations (Hall and Miyake,



1995; Oberlender and Tuan, 1994; Widelitz et al., 1993). The mechanisms by which
these molecules act are not completely understood.

After the precartilaginous mesenchymal cells condense, they begin expressing
cartilage specific proteins, such as collagen type II and aggrecan (Kosher et al., 1986;
Nah et al,, 1988). These cells, now referred to as chondrocytes, will continue to produce
cartilage matrix until the bone template is formed (Figure Intro-1A). Surrounding each
“cartilage” condensation, a thin layer of peripheral cells differentiate into the
perichondrium. Through the expression of bone morphogenetic protein 7 (BMP-7) and
parathyroid hormone/parathyroid hormone-related peptide receptor (PTH/PTHrP
récepz‘or), the perichondrium controls chondrocyte proliferation and maturation (Long
and Lisenmayer, 1998; Vortkamp et al., 1996).

After the formation of cartilage models is complete, cartilage cells proceed
through a series of differentiation steps to ultimately be replaced by bone. Chondrocytes
exhibit phenotypes of four stages: resting, proliferating, prehypertrophic or hypertrophic
(Figure Intro-1B). At the epiphyseal end of the bone lie the resting, immature
chondrocytes awaiting the signal to proliferate. Moving towards the center of the bone,
the proliferating chondrocytes are found. Adjacent to the proliferative zone are the larger
and more sparsely distributed prehypertrophic chondrocytes. These cells produce Indian
Hedgehog (Ihh). Through Ihh and BMP signaling, which eventually results in the
periarticular expression of PTHrP and activation of PTH/PTHrP receptor,
prehypertrophic chondrocytes can negatively control the number of cells entering the

prehypertrophic stage (Lanske et al., 1996; Vortkamp et al., 1996: Zou et al., 1997).



As the hypertrophic chondrocytes terminally differentiate and undergo apoptosis,
bone matrix begins to be deposited on remnants of degraded cartilage (Horton, 1990).
The Delta-1/Notch signaling pathway has been shown to influence chondrocyte
maturation to the hypertrophic stage (Crowe et al., 1999). Hypertrophic chondrocytes
produce a different matrix, containing collagens, particularly types I and X, fibronectin
and less protease inhibitors (Dessau et al., 1978; Horton and Machado, 1988; Schmid et
al,, 1990). As the cartilage matrix is degraded, the hypertrophic cells undergo apoptosis.
The secretion of vascular endothelial growth factor (VEGF) promotes invasion of bone
marrow capillaries and iniatiates cell death (Gerber et al., 1999). Osteoblasts, entering
through blo.od vessels, attach to residual matrix septa and hypertrophic cartilage and
begin to secrete bone matrix.

As bone matrix replaces cartilage, an ossification front is created between the
newly synthesized bone and the remaining cartilage (Figure Intro-1A). This front moves
from the center of the cartilage template towards the ends of the bone replacing the
recently differentiated hypertrophic chondrocytes with bone cells and matrix. However,
when the front approaches the end of the bone, chondrocytes proliferate prior to
undergoing hypertrophy. This newly formed cartilaginous region is called the epiphyseal
growth plate. Growth plates are located at each end of a long bone maintaining growth
throughout development (Figure Intro-1A, B). Hyaline cartilage, at the epiphyseal
growth plate, is under constant change and is not permanent. After the bone has formed
into the correct shape and grown to its desired length, epiphyseal cartilage is then
transformed into bone. The growth plate is now closed. Thereafter, adult bones are

continuously remodeled throughout life.



Endochondral bone growth is a highly regulated process that requires the presence
and cooperation of many proteins. Signaling molecules, such as growth factors and
hormones, are needed to govern the transformation from cartilage to bone. Through in
vitro and in vivo transgenic and gene targeting experiments, many of the signaling
molecules have been identified and their importance in skeletal development has been
determined. The biological roles of most of these proteins continue to be investigated.
However, bone growth also requires a complex extracellular matrix in which to transport,
store and to deliver these signals. The extracellular matrix is a dynamic structure that
involves interactions between matrix molecules or with cell surface receptors to initiate
signaling pathways. 'i"o understand cartilage structure and function, it is necessary to

discuss the proteins that make up its extracellular matrix.

Extracellular Matrix of Hyaline Cartilage

Cartilage is a unique tissue due to its high extracellular matrix (ECM) content and
its relatively low cell density. The matrix is composed of a variety of proteins and
polysaccharides that are secreted locally and assembled into an organized meshwork. In
addition to binding chondrocytes together, the ECM also influences their development,
polarity and behavior. The ECM makes up approximately 90% of adult articular
cartilage and 50% of fetal cartilage and is primarily composed of collagens and
proteoglycans (Heinegard and Oldberg, 1989).

Collagens are the most abundant components of the ECM and provide an fibrous
matrix entangling other matrix proteins. Collagen fibrils are highly organized polymers

of triple helical collagen molecules which can assemble into a variety of ordered arrays.



Fibrils are thin structures approximately 10-300 nm in diameter and many hundreds of
micrometers long in mature tissues. Collagen fibrils often aggregate into larger, cablelike
bundles called collagen fibers. Cartilage collagen fibrils form the basic meshwork which
keeps large proteoglycans in place and are essential for maintaining the resilient
properties of cartilage.

Proteoglycans and glycosaminoglycans (GAGs) associate to form huge polymeric
complexes in the ECM. Proteoglycans are composed of GAG chains that are linked to a
core protein. GAGs are unbranched polysaccharide chains composed of repeating
disaccharide units. Proteoglycan complexes are completely variable in the size of core
protein and the number or type éf GAG chains that are associated. The heterogeneity of
these GAGs makes it difficult to identify and classify proteoglycans by sugar content.
Besides associating with one another, proteoglycans and GAGs associate with fibrous
collagen matrices creating complex structures.

The cartilage ECM is extremely hydrated. Approximately 60-78% of the net
weight of hyaline cartilage is water (Heinegérd and Oldberg, 1989). Most of the water is
bound to matrix proteins. Aggrecan, a chondroitin sulfate proteoglycan, is very abundant
in cartilage and plays a major role in maintaining structural integrity. Due to the number
of chondroitin and keratan GAG chains, aggrecan is capable of binding many water
molecules. As the collagen fibrils constrain these aggregated proteins, an internal
hydrostatic pressure is generated. This pressure enables cartilage to resist compressive
forces on weight bearing joints. The presence of aggrecan is crucial for the maintenance
of cartilage, for its absence is a major feature of arthritis (Dahlberg et al., 1994;

Lohmander et al., 1993).
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There are many other cartilage matrix proteins, not related to the collagens or to
the proteoglycans, that are present in small amounts. Little is understood about the
structural roles these minor proteins may play, but more recent transgenic work has
shown their importance and they are being characterized further. I have organized this
section by the functional units of the cartilage extracellular matrix: (1) heterotypic
collagen fibrils, (2) specialized collagens, (3) aggregating proteoglycans, (4) non-

aggregating proteoglycans and (5) other noncollagenous matrix proteins.

Heterotypic Collagen Fibrils

Collagens fibrils are the main structural proteins in the ECM of most tissues,
including cartilage and bone. They play important roles in determining the size, shape
and strength of these tissues. In mammals, at least 19 distinct collagen molecule types
have been identified, along with a number of collagen-like molecules (Prockop and
Kivirikko, 1995; Seyer and Kang, 1996). The collagens are a complex family that share
similar triple-helical domains, composed of three o chains. The o, chains may combine
as homotrimers or as heterotrimers. Currently, at least 34 different o chains have been
reported (Aumailley and Gayraud, 1998; Brown and Timpl, 1995; Cremer ;3t al., 1998;
van der Rest and Garrone, 1992). Roman numerals are used to identify the collagen type,

while Arabic numerals are used to specify the individual polypeptide chains involved.

For example, the alpha-1 chain of collagen type Il is designated as al(Il) (Cole, 1994).

The polypeptide chains of collagen are arranged in a stretched polyproline II-like

helix (Fraser et al., 1979; Rich and Crick, 1961; Rich and Crick, 1955; Ramachandran

and Kartha, 1954). Each o chain has a Gly-X-Y sequence, where generally X is proline

11



and Y is hydroxyproline. Triple helix formation is dependent on the presence of a
glycine, the smallest amino acid, in every third position. This allows the ¢t chains to twist
around one another along a central axis to create a right-handed superhelix (Brodsky and
Shah, 1995). The X and Y residue side chains are located on the outside of the helix.

The high content of the imino acids proline and hydroxyproline is important for the
stability of the helix (Holmgren et al., 1998; Kiihn, 1987). This structure is very resistant
to proteolytic degradation, with the exception of specialized matrix metalloproteinases

(Linsenmayer, 1991).

Cartilage collagen fibrils are made up primarily of type IL, but also include types
IX and XT (Cremer et al., 1998; Eyre and Wu, 1995; Mendler et al., 1989) (Figure Intro-
2). Collagen type II is a member of the fibrillar collagen family with a 300nm triple
helical domain and contributes 80-90% of the collagenous content of the fibril. Tt is
cartilage specific in adult tissues; however, in embryogenesis, it can be found in
noncarti‘laginous tissues, including'notochord, heart, epidermis and brain (Cheah et al.,
1991). Collagen type Il is discussed in more detail later in this chapter.

Type IX is a fibril-associated collagen composed of three different chains (van
der Rest and Mayne, 1987). It is found on the surface of type II collagen fibrils (van der
Rest and Mayne, 1988; van der Rest et al., 1985). Crosslinks join the a-chains of type IX
with the telopeptide termini of type II and other type IX molecules (Diab et al., 1996).
There are several proposed functions of collagen type IX, which include a spacer between
individual fibrils, a “glue” to bind the type 11 lattice and a means for collagen fibrils to
interact with proteoglycan macromolecules (Douglas et al., 1998). Mice lacking the

alpha 1 chain of type IX collagen have no detectable abnormalities at birth, but later
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develop a severe degenerative joint disease similar to human osteoarthritis (Fassler et al.,
1994). In the absence of this alpha chain, no collagen type IX is produced (Hagg et al.,
1997). These results suggest that whatever the mechanism type IX collagen is important
for maintaining the mechanical stability of articular cartilage.

Type XI collagen is also a member of the fibrillar collagen family and is
composed of three different chains (Morris and Béchinger, 1987). Type X1 is primarily
located within cartilage collagen fibrils and covalently linked to itself (Petit et al., 1993;
Wu and Eyre, 1995). It is thought that collagen type XI regulates fibrillar diameter, for it
is more abundant in fibrils with smaller diameters (Keene et al_, 1995). This idea was
confirmed by the analysis of the chondrodysplasia (ch0) mouse fnutation where a single
nucleotide deletion causes a frameshift and premature termination of the o1(XT) chain.
Mice that are homozygous for the cho mutation are not viable (Li et al., 1995). These
mice feature a severe phenotype with abnormalities in cartilaginous tissues including
limbs, ribs, mandible and trachea. The mutant cartilage lacks type XI collagen and
contains abnormally thick collagen fibrils with much greater interfibrillar space (Monson
and Seegmiller, 1981; Seegmiller et al., 1988). These studies demonstrate that the
presence of type XI collagen is essential for the formation of cartilage collagen fibrils and

the regulation of collagen fibril size.

Specialized Collagens

Type X is a short-chain collagen and was one of the first cartilage matrix proteins
to show a restricted distribution in cartilage. Type X collagen is specifically located in

the hypertrophic zone of the developing growth plate cartilage at the interface with
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endochondral ossification (Schmid et al., 1990) (Figure Intro-1B). It is also found in
adult cartilage separating the articular cartilage from subchondral bone (Schmid and
Linsenmayer, 1987). Type X collagen is a homotrimer and consists of three different
regions. It has a short helical region, about half the size of the fibrillar collagens. A short
non-helical region is located at the amino-terminus and a globular domain at the
carboxyl-terminus. Within hypertrophic cartilage, type X is located pericellularly
surrounding the chondrocytes and also associated with type II fibrils (Poole and Pidoux,
1989; Schmid et al., 1990).

Originally, mice lacking collagen type X were thought to have normal bone
growth and development (Rosati et al., 1994). However, more recently coilag'en type X
deficient mice are reported to have abnormal bone architecture, with reduced thickness of
resting and articular cartilage and altered matrix distribution within the growth plate
(Kwan et al,, 1997). Dominant acting mutations found in humans and mice have bone
abnormalities, resulting in Schmid metaphyseal chondrodysplasia (McIntosh et al., 1994;
Warman et al.,, 1993). The function of collagen type X is not clear. Tt has been suggested
that type X collagen plays a role in the distribution of matrix vesicles and proteoglycans
in the growth plate.

Small amounts of types VI and XII are also present in cartilage (von der Mark et
al., 1984). Type VI is a beaded filamentous collagen (Timpl and Engel, 1987).
Homotrimeric and heterotrimeric forms of type VI occur containing shorter helical
domains than type X and a much larger globular domain (von der Mark et al,, 1984).
Type X1l is a fibril-associated collagen. Tt is a homotrimer and shares significant

structural homology to type IX (Gordon et al., 1989). Collagens types VI and XII are not
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specific to cartilage. They are also found in many other tissues, closely associated with

collagen type I (von der Mark, 1984; Gorden et al., 1989; Cremer et al., 1998)

Aggregating Proteoglycans

Proteoglycans (PGs) are a diverse group of proteins that serve as attachment sites
for one or more GAG chains (Doege et al., 1990). Aggrecan has a very large core
protein, about 210 kDa, and is divided into several domains. In the mature PG, aggrecan
has three globular domains and intervening regions which are bound to oligosaccharides
and GAG chains (Doege et al., 1987). The large chondroitin sulfate domain, between G2
and G3, provides attachment for hundreds of GAG chains. Aggrecan binds hyaluroni.c
acid (HA), the simplest GAG structure, at one site in the G1 domain. In addition, an
amino-terminal domain interacts specifically with link protein (LP), which also contains a
HA binding site (Wight et al., 1991). The ternary complex between aggrecan, HA and
LP is very stable.

Aggrecan is a critical component for normal cartilage development because the
ternary complex provides most of the water binding properties of the extracellular matrix.
Cartilage matrix deficiency (cmd) mice were reported to have a small deletion in the
aggrecan gene, resulting in a truncated molecule (Watanabe et al., 1994). The ¢cmd mice
have disproportionate dwarfism, a short snout, a cleft palate and died at birth. There is a
severe reduction in the amount of aggrecan in the cartilage matrix, yet collagen type II
and link protein were present at normal levels. F urthermore, nanomelia, a lethal chicken
disease, is the result of a point mutation at the 5’ end of the G3 domain of aggrecan. This

mutation creates a premature stop codon, which prevents aggrecan from processing
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properly (Argraves et al,, 1981; Li et al., 1993; Vertel et al., 1993). These “loss of
function” mutations strongly emphasizes the importance of aggrecan in cartilage
development and in maintaining its structural integrity (Wai et al., 1998). No human
mutations have been identified.

HA is a very large macromolecule and consists of a regularly repeating sequence
of nonsulfated disaccharide units. A single molecule may have a molecular weight
approaching 10 million (~25,000 repeat disaccharides) (Wight et al, 1991). Their open,
random coil structures expand with water to form a viscous gel with varying pore sizes
and charge densities which can affect cell-cell and cell-matrix interactions (Hall et al
1995). HA is produced in large quantities during wound repair and it is a constituent of
Joint fluid, where it serves as a lubricant. Several molecules can bind HA through
specific, noncovalent interactions.

LP is a glycoprotein that binds to aggrecan and HA and helps to stabilize the
aggrecan complex. LP has great structural similarity to the G1 domain of aggrecan and
are both ab'le to bind to HA. Mice lacking LP showed severe delay in cartilage
development and bone formation (Watanabe and Yamada, 1999). Null mice had short
limbs and craniofacial abnormalities. Most died soon after birth due to respiratory
problems; however, some survived and developed progressive dwarfism and lordosis of
the cervical spine. The cartilage contained reduced aggrecan complexes in the
hypertrophic zone, with a decrease in numbers of prehypertrophic and hypertrophic cells.
The authors suggested that LP has a necessary role in proteoglycan aggregation and in the

organization of hypertrophic chondrocytes.
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Non-aggregating proteoglycans

Perlecan is a large multi-domain, heparan sulfate proteoglycan originally
identified in basement membrane. Perlecan has been found to be essential for cartilage
development. The gene encoding perlecan (Hspg2) has been disrupted in mice (Arikawa-
Hirasawa et al., 1999). Some of the null mice (40%) died at embryonic stage 10.5 due to
defective cephalic development. The remaining homozygous mice were lethal at birth
and showed a severe skeletal dysplasia. Mice lacking perlecan have broad and bowed
long bones, a narrow thorax and craniofacial abnormalities. Their cartilage features
disorganized chondrocyte zones, reduced cartilage matrix and defective endochondral
ossification. The authors have suggested that perlecan has a role in matrix structure,

Leucine-rich proteoglycans, such as decorin, biglycan, fibromodulin, lumican and
epiphycan, are also components of cartilage (Hocking et al., 1998; Tozzo, 1998; Young et
al., 1992). All of these molecules share similar sequence motifs. However, some of
these proteins are only proteoglycans part of the time. Fibromodulin and lumican can
also be found as glycoproteins with N-linked oligosaccharides that have not yet been
modified to keratan sulfate chains (Grover et al., 1995; Roughley et al., 1996). In older
human cartilage, biglycan is often present without its amino-terminal GAG-containing
domain (Johnstone et al., 1993; Roughley et al., 1993). In contrast, decorin is primarily
found as a proteoglycan at all tissue ages. As proteoglycans, these proteins are thought to
have functional roles in collagen fibrillogenesis; however, as glycoproteins their roles are
not clear (Hedbom and Heinegérd, 1989; Pogany et al., 1994; Schonherr et al., 1995;

Vogel et al., 1984).
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Other Noncollagenous Matrix Proteins

Cartilage Oligomeric Matrix Protein (COMP) is a pentameric glycoprotein found
in cartilage, ligament, tendon and synovium (DiCesare et al., 1994; Fife and Brandt,
1984; Hecht et al., 1998; Hummel et al., 1998; Maddox et al., 1997). Mutations within
COMP have been found to cause two short-limbed dwarfing conditions,
pseudoachondroplasia and multiple epiphyseal dysplasia (Briggs et al., 1995; Hecht et al.,
1995). These patients often develop early osteoarthritis. Because of the effect on bone
development and cartilage degradation, COMP is thought to have a crucial role in these
processes. However, its function is still unclear (see chapter 2 for further discussion).

Cartilage Matrix Protein (CMP) or Matrillin I is a trimeric molecule with each
chain connected by a carboxyl-terminal coiled-coil domain (Haudenschild et al., 1995).
CMP expression is observed in early skeletal development. Later in life, CMP is only
found in tracheal, nasal and auricular cartilages, not in articular cartilage or intervertebral
discs (Aszodi et al., 1996; Mundlos and Zabel, 1994). CMP can bind to collagen type I1
and aggrecan or can self-associate (Chen et al., 1995; Winterbottom et al., 1992). It has
been suggested that CMP may have a role in the organization and assembly of cartilage
matrix (Winterbottom et al., 1992).

Several other cartilage matrix proteins have been identified, but their biological
roles in hyaline cartilage are not understood. Chondrocalcin, the c-propeptide of
procollagen type II, is abundant in fetal cartilage (Choi et al., 1983). It has an affinity for
calcium and is located primarily where the growth plate is beginning to calcify (Poole et
al,, 1984). Chondrocalcin has been shown to bind the enhancer region of collagen type TI

gene, and may perhaps have a regulatory role in its expression (Nakata et al_, 1996).
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PARP, the n-propeptide of collagen a2 type XI, is abundant in epiphyseal cartilage and
less abundant in adult articular cartilage (Neame et al., 1990). Chondroadherin (CHAD)
is a leucine-rich protein that has been shown to promote chondrocyte attachment,
possibly through integrin, «2f1 (Camper et al., 1997; Neame et al., 1994; Sommarin et
al., 1989). CHAD is found in the growth plate and in articular cartilage. As the
epiphysis develops, expression continues primarily in the proliferative zone (Shen et al.,
1998).

In summary, hyaline cartilage is an extremely complex and specialized connective
tissue which has specific roles in development and growth. The cartilage ECM is
composed of an elaborate network of collagen fibrils, aggregating proteoglycans and
several other minor proteins which are essential for cartilage function. The ECM is
designed to provide structural support to the tissue through the interactions of other
matrix molecules and the binding and release of water molecules. Because cartilage
collagen fibrils form the underlying base for this complex matrix, it is not surprising that
type II collagen, the primary constituent of the fibril, is a focal point for mutations which

cause heritable skeletal dysplasias.

COLLAGEN TYPE 11

Type Il collagen is a homotrimer, composed of three identical o chains, a1(1T)
(Figure Intro-2A). It has a large helical domain, with 1014 amino acid residues per chain,
which is flanked by two globular ends (propeptides). Tt’s gene shares homology with the
other major fibrillar collagens, types I and III. The human COL2A1 gene is |

approximately 30kb in size, containing 54 exons (Cole, 1994; Sandell and Boyd, 1990).
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It is located on chromosome band 12q13.11-q13.12 (Takahashi et al., 1990). The N-
propeptide is encoded by the first 7 exons. Exon 1 contains the untranslated 5’ sequence
and the signal peptide. The triple helical domain is encoded by exons 7-48. Like other
fibrillar collagens, the exons encoding this domain are generally 54bp, in multiples of 54
or in combinations of 45 and 54bp. All exons, begin with a glycine residue and encode
complete Gly-X-Y repeats (Ala-Kokko and Prockop, 1990). The C-propeptide is
encoded by the next four exons, 49-52. Unlike other fibrillar collagens, type 11 collagen
has two additional exons, 1B and 3B, which code for the amino-terminal domain (Chu

and Prockop, 1993).

There are two alternatively spliced forms of type II collagen, type ITA and TIB
(Metsaranta et al., 1991; Ryan et al., 1990). Exon 2 encodes a cysteine-rich region that is
alternately spliced (Ryan and Sandell, 1990). Type ITA includes this exon, while type 1B
does not (Sandell et al., 1991). Aside from the presence or absence of exon 2, the
isoforms are identical. Type IIB collagen is expressed primarily by chondrocytes (Ryan
and Sandell, 1990). It is the most abundant collagen in cartilage and, therefore, provides

most of the structural support to this tissue. Type IIA has been detected throughout
embryogenesis, in cartilage, notochord, heart, epidermis and brain (Cheah et al , 1991;
Sandell et al., 1994). Collagen type ITA has been reported to bind to TGF -p1 and BMP-2
and may aid in distributing these growth factors through out cartilaginous tissues (Zhu et

al., 1999). Throughout my thesis, “collagen type II” will refer to type IIB, unless stated

otherwise.

20



Assembly of collagen molecules

Collagen type 11 is first synthesized as a precursor procollagen molecule. The

three o chains are translated and assembled into triple helical structures before exiting the

cell. Procollagen molecules are made up of three distinct domains; a central triple helical

domain and the N and C propeptide domains (Figure Intro-2A). In addition, telopeptide

regions are located in between the helical domain and each end (not shown). Upon
secretion to the extracellular matrix, proteolytic cleavage of the propeptides and assembly

of the triple helical molecules into cross-banded fibrils occurs.

Single collagen polypeptide chains are synthesized on membrane-bound
ribosomes and transported to the endoplasmic reticulum (ER) as a pro-o chain. These
precursors have a short amino-terminal signal peptide, to direct the nascent chain to the
ER lumen, and propeptides located at each end. Heat Shock Protein (HSP) 47 has been
reported to bind the procollagen chain co-translationally and is thought to be involved in
its translation and translocation to the ER (Satoh et al., 1996; Sauk et al, 1994). As the
polypeptide chain is translocated across the ER membrane, it uﬁdergoes a series of

modifications to specific amino acid side chains.

Several of these modifications occur within the triple helical repeats (Kivirikko et
al., 1992). The hydroxylation of Y-position proline residues to 4-hydroxyproline
provides added stability to the triple helix, however the mechanism is controversial (Berg

et al.,, 1973; Germann and Heidemann, 1988; Holmgren et al., 1998; Panasik et al., 1994).

Hydroxylation of a few X-position prolines to 3-hydroxyproline also occurs. A few
specific lysine residues in the Y-position are converted to hydroxylysine, which stabilizes

extracellular crosslinking between secreted collagen molecules in the fibril.

21



g

.l’r. .




$
COLLAGEN FIBRIL MONOMER C — TERMINAL REGION

~g— 300 nm

Pro- a1

CLEAVAGE BY CLEAVAGE BY
N — PROTEASE C — PROTEASE

ROUGH ENDOPLASMIC
RETICULUM

Synthesis and modification
of procollagen chains o B2

iz

Mz

Chain asseciation and nucleation - !

Cleavage of N- and C-propeptides |

ag é
Assembly and cross-linking ) | /
of fibrils

23



Hydroxylysine can undergo further modifications including glycosylations, which are
thought to influence fibril structure. The timing between the o chain modifications and
the triple helix assembly is crucial, for after the helix has formed the o, chains are no

longer accessible to modifying enzymes (Berg and Prockop, 1973).

Once the polypeptide chains have translocated to the ER lumen, the C-propeptide
ends fold into a conformation that is stabilized by the formation of intrachain disulfide
bonds (Doege and Fessler, 1986). Tt is thought that the C-propeptides anchor to the ER
membrane to facilitate initial assembly (Beck et al., 1996). After the C-propeptides have
associated, interchain disulfide bonds form and a nucleus of the triple helix is presented.
The triple helix then continues to coil towards the amino-terminus (Bachinger et al.,
1980; Kielty et al., 1993). Similar to most proteins, procollagen molecules are then

secreted into extracellular space through the Golgi complex (Prockop et al., 1976).

Assembly of fibrils

The aggregation of collagen molecules into axially ordered fibrillar structures is a
self-assembly process. After the chondrocytes secrete the procollagen molecules, both
the N and C propeptides are cleaved by specific calcium dependent proteases, N-
proteinase and C-proteinase, respectively. The N- and C- propeptides have roles in
regulating fibril formation and diameter. The presence of the globular propeptides on the
ends of procollagen prevents aggregation and fibril assembly from occurring
intracellularly. When both propeptides have been cleaved, the processed collagen

molecule is ready to be assembled into fibrils.

24



The functional form of collagen type II is the fibril. The reversible and entropy
driven self-assembly of processed collagen molecules into fibrils is favored at body
temperature. Collagen molecules are organized into fibrils in a regularly staggered
pattern based on the alignment of hydrophobic and charged amino acids that overlap by
approximately one quarter of their length. The amino terminus of one molecule faces the
carboxyl terminus of the next, which are separated by a space. The molecules are about
4.4 times the length of the repeat period (67nm), called D. After the fibrils form they are
stabilized by the formation of covalent cross-links between specific lysyl and
hydroxylysyl residues. Collagen fibrils can then form ordered arrays, which further
assemble into large collagen fibers that are visible under the light microscope.

As mentioned earlier, cartilage collagen fibrils are composed of collagen types II,
IX and XI. Fibrillogenesis requires that each of the seven different o chains, that make
up the molecules in the fibril, are correctly translated and assembled into collagen
molecules. Specific enzymes required for residue modifications must also be present.
For example, lysyl hydroxylase deficiency has been reported to cause Ehlers-Danlos
syndrome type VI, causing hyperextensible skin and joint laxity (Wenstrup et al, 1989).
In addition, the propeptides must be cleaved and fibrils are to be packaged in a tight and
orderly arrangement. Considering the importance of collagen structure and the number
of enzymatic steps involved in forming a collagen fibril, it is not surprising that there are

many human genetic diseases that affect fibril formation.
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HUMAN COLLAGEN TYPE I1 MUTATIONS

Chondrodysplasias are heritable disorders affecting cartilage, and in turn, the
shape and the longitudinal growth of the skeleton. The clinical result of the biochemical
defect may be either generalized or localized to various portions of the skeletal system.
The disorders caused by collagen type II (COL2A1) mutations, often called type 11
collagenopathies, range in severity from prenatal lethal dwarfism to adults that have
normal stature with premature osteoarthritis. The initial identification of COL2A4 ]
mutations was based on the biochemical abnormalities and how they correlated with

affected skeletal tissues.

Type II Collagenopathies

Chondrodysplasias caused by COL2A [ mutations include achondrogenesis 11,
hypochondrogenesis, spondyloepiphyseal dysplasia congenita (SEDc) and its variable
forms, SED Strudwick, Kniest dysplasia and Stickler dysplasia (Horton and Hecht,
2000). The most severe disorders, achondrogenesis type II and hypochondrogenesis, are
characterized by a short trunk with a prominent abdomen, a large head, soft cranium and
a flat face. These patients die in ufero or shortly after birth. Radiographs reveal severely
underossified axial skeleton with short tubular bones. Histologically, growth plate
cartilage is disorganized with an apparent increased number of chondrocytes and a
reduced amount of matrix (Borochowitz et al., 1986). The cartilage collagen fibrils are
thick and irregular. Interestingly, collagen type I has been found in the cartilage of these

patients (Chan et al., 1995; Horton et al., 1987, Whitley and Gorlin, 1983).
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SEDc is diagnosed at birth and is evident as affected individuals have a short
trunk and, to a lesser extent, short limbs (Maroteaux et al., 1981; Spranger and LO
Langer, 1970). Patients typically survive infancy with normal growth, yet develop a
waddling gait while learning to walk. Characteristics of this disorder are quite variable
with patients ranging in height from 120-140 cm (Spranger et al., 1994). Clubfoot may
be present. The neck is short and the chest is barrel shaped with associated spinal
problems. Although cleft palate is sometimes present, the head and facies are generally
normal. Myopia with or without retinal detachment may develop. Radiographs show
delayed ossification primarily of the vertebral bodies and proximal extremities (Horton
and Hecht, 2000). Histological examination of the growth plate reveals shorter
chondrocyte columns with collagen fibrils being irregular (Chan et al., 1993; Horton et
al., 1985; Murray et al., 1989). A form of SED, SED Strudwick, appears similar to SEDc
through infancy; however, it differs in childhood with increased involvement of the
metaphysis where radiographs exhibit a mottled appearance (Anderson et al., 1982).

Kniest Dysplasia is usually diagnosed at birth with shortening of the trunk and
extremities (Lachman et al., 1975; Spranger et al., 1994). The face of affected
individuals is round and flat with midface hypoplasia and prominent eyes. Myopia,
retinal detachment, cleft palate and deafness are often observed. The joints are
abnormally large at birth, causing delayed motor skills. Painful joint enlargement
continues into adulthood. Histologically, the cartilage is extremely soft with vacuolar
degradation of botﬁ chondrocytes and matrix (Horton and Hecht, 2000). The amount of

cartilage collagen fibrils are reduced (Poole et al., 1988). Most mutations reported to
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cause this disorder are small in-frame deletions which result in premature translation stop
signals and subsequently leads to haploinsufficiency (Weis et al., 1998).

Stickler Dysplasia primarily affects the eyes, leading to myopia and occasional
retinal detachment. Cleft palate with small mandible, flat midface, hearing loss and
degenerative arthritis are also observed (Stickler et al., 1965). Patients often have a
slender appearance with normal height. Radiographically, irregular ossification of the
epiphyses are present during childhood, while evidence of joint degeneration is observed
before adolescence. Mutations in collagen type XI have been found to cause Stickler

dysplasia; however, being quite rare, these disorders are not clearly defined.

COL2A1 MUTATIONS

There are over 40 heterozygous COL2A4 1 mutations reported, most of which are
located within the triple helical region (Kuivaniemi et al., 1997). The majority of these
mutations involve amino acid substitutions (Kuivaniemi et al., 1997). Commonly, this
results in the replacement of a glycine, the smallest amino acid, for a bulkier residue. For
proper triple helix formation, a glycine is required to be present every third amino acid.
Other mutations reported have involved in-frame deletions and duplications and are
frequently associated with SED congenita. Premature stop codons, resulting from
frameshift mutations, are common among Stickler dysplasias. Recurrent COL2A1
mutations are not common; however, there are a few exceptions. Five families with late-
onset SED with precocious osteoarthritis have the Arg519Cys mutation, and this has been
suggested to be a mutation hot spot (Bleasel et al., 1998). Other recurrent mutations

include Arg75Cys, Arg789Cys and Gly997Ser (Horton and Hecht, 2000).
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The relationship between the type of mutation and the clinical manifestation is not
understood and is difficult to predict. With a few exceptions, the more severe clinical
phenotypes are caused by carboxyl-terminal mutations; however, there is not a strong
correlation between the mutation site and a specific disorder. Quantitative differences in
the amount of collagen fibrils in cartilage can explain some mildly affected patients when
compared to those with more severe symptoms. This is demonstrated when the parents
have somatic mosaicism with a milder phenotype than their affected child with the same
mutation (Winterpacht et al., 1993). This milder phenotype is explained by the fact that
in the parents, only a subset of cells produce abnormal collagen fibrils.

Most type 1T collagenopathies are thought to occur by a dominant negative
mechanism. For instance, one COL2A41 allele encoding a mutant o chain may prevent
proper folding of the helix, and as a consequence, disturb the function of the wild-type
chains. Because three o, chains are needed to form a procollagen molecule and wild-type
or mutant chains can be used, eight possible combinations could occur. Seven of these
combinations will include at least one mutant chain. It is not understood how many
mutant molecules are required to disturb procollagen assembly. However, depending on
the mutation, it could be as few as one. In addition, these mutations may cause a delay in
folding, allowing enzymes to overmodify residues in the unfolded chains. In most
instances, the net effect is a reduction in the number of collagen fibrils in cartilage
matrix.

There are several reasons why mutations in collagen molecules, and hence a
reduction in cartilage collagen fibril content, could prevent proper skeletal development

and growth. By reducing the number of functional collagen fibrils in cartilage, its
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mechanical properties are altered. Mutant cartilage would lack structural strength needed
for withstanding compressive forces on the growth plate during development or on
articular surfaces surrounding the joints. A defective cartilage precursor may not provide
a stable structure upon which bone matrix can be deposited during endochondral
ossification. In addition, other cartilage matrix proteins may be unable to function
properly without the normal number of collagen fibrils present. For example, aggrecan
holds water inside the collagen fibrillar network which creates hydrostatic pressure
needed to support a cartilaginous structure. Without the fibrillar network, resistance
against outside forces is decreased. Furthermore, cellular events may also be altered
without the proper extracellular environment.

Although these mutations often result in a cartilage matrix that has fewer,
irregular collagen fibrils, the fate of the mutant o chain is variable (Prockop, 1992).
Improperly folded molecules may be degraded intracellularly or retained in the fER. The
procollagen molecules with mutant chains may be secreted and assembled, leading to the
large irregular fibrils that have been reported. On the other hand, they may be secreted
and not included in fibril assembly, making them susceptible to matrix enzymes for
degradation. Any of these scenarios, could explain a cartilage matrix deficient of normal
collagen fibrils.

The most obvious difficulties with studying COL24/ mutations in human diseases
are the lack of cartilage, the difficulty of chondrocyte cultures, the mability to predict
accurately the type and site of the mutation from the clinical phenotypes and the

consequent need to sequence large regions of DNA to localize the mutations. Through
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site-directed mutagenesis of the Co/2al mouse gene, transgenic mice have provided the

opportunity to systematically study genotype-phenotype relationships.

MOUSE MODELS WITH Col2al MUTATIONS

Chondrodysplastic mice have been produced by either disrupting endogenous
Col2al or by introducing a Col2al transgene which expresses a mutated gene. Most of
the mice with mutations in Co/2al develop chondrodysplasia with characteristic features
including a short trunk, short thick limbs, short snout, cranial bulge, cleft palate and
delayed mineralization of bone. These features are shared by lethal and severe type II
collagenopathies, SED congenita, achondrogenesis and. hypochondrogenesis.

The first naturally occurring Co/2al mutation to be detected in mice was the
disproportionate micromelia (Dmm) mutant (Brown et al., 1981). These mice displayed
a severe form of skeletal dysplasia, with viable heterozygotes featuring short extremities
and a blunt head. Mice homozygous for the mutation die at birth due to lung hypoplasia,
exhibiting a severe phenotype with extremely shortened limbs, cleft palate and abnormal
cartilage structure (Foster et al., 1994). Collagen type II fibrils were greatly decreased in
cartilage tissues. This mutation was the result of irradiation of mouse sperm. Linkage
studies confirmed the Dmm locus to be close to the Col2al locus on chromosome 15.
Furthermore, sequence analysis showed the mutation to be a three nucleotide deletion
within the C-propeptide. A mutation in this location probably results in decreased
synthesis of procollagen molecules, and in turn, the assembly of collagen fibrils (Pace et

al., 1997). A mutation in human COL24 1, in the region encoding the C-propeptide, has
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been described for a Stickler dysplasia type I patient (Ahmad et al., 1995). The Dmm
mouse has been suggested to be a model for this disorder.

The most severe phenotype was reported in mice lacking type II collagen (Li et
al., 1995). By homologous recombination, Col2al was inactivated when a neomycin
resistance gene was inserted into exon 35. Homozygous mice die soon after birth, due to
lung hypoplasia. Their extremities and trunk are very short, with interrupted cleft palate
formation. The cartilage is abnormal with an extreme reduction of collagen fibrils and a
disorganized epiphyseal growth plate. In addition to the limb bones being short, they
feature thick cortical bone collars and lack bone marrow. The resulting phenotype
strongly suggests that collagen type IT is required for endochondral ossification and for
maintaining the strength of the cartilage matrix. The severe phenotype associated with a
lack of collagen type II has been comparable to the lethal human chondrodysplasia,
achondrogenesis type II (Chan et al., 1995).

Many transgenic mice have been generated which result in different forms of
chondrodysplasias, ranging from severe to mildly affected skeletal phenotypes. To test
whether the assembly of collagen fibrils is disturbed by overexpressing Col2al, a
transgene encoding the entire wild type gene sequence was used to generate transgenic
mice. Mice, with the highest expression, had large abnormal fibrils and died at birth
(Garofalo et al., 1993). However, unlike other mice with collagen type IT mutations, they
did not have cleft palate, abnormal facial or skeletal features with the exception of
slightly shorter extremities. Although the skeleton appears primarily normal, the
cartilage contains abnormally thick collagen fibrils, perhaps resulting from an excess of

collagen type II compared to types IX and XI.
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Mice expressing transgenes with internal deletions also have a lethal
chondrodysplastic phenotype. Two transgenic mouse lines were generated to have
deletions: (1) by expressing an internally deleted human COL2A / minigene and (2) by
expressing murine Co/2al with a deletion in exon 7 (Metsdranta et al., 1992; Vandenberg
etal., 1991). Each study resulted in a severe short-limbed dwarfism, a short trunk and
snout, a protruding tongue and cleft palate. The epiphyseal growth plates were
disorganized with a decrease in cartilage collagen fibrils. However, the minigene was
lethal in only 15% of the mice; the remaining heterozygotes were viable with mild
chondrodysplastic features developing symptoms of arthritis. After 15 months, these
animals had degenerative changes in the articular cartilage, similar to that séen in human
osteoarthritis.

To model COL2A41 mutations found to cause human disorders, transgenic mice
have also been generated with point mutations within the triple helical domain.
Transgenes encoding the Gly85Cys and Gly574Ser mutations resulted a lethal phenotype
with extreme abnormalities in mice (Garofalo et al., 1991; Maddox et al., 1997). These
shared severe features of chondrodysplasia similar to other mice described above,
including shortened long bones and a disorganized epiphyseal growth plate. The number
of collagen fibrils were reduced, which probably explains the common relationships
between phenotype and the different collagen type II mutations.

To better understand the functions of other cartilage matrix proteins and signaling
molecules, it has been convenient to use the Cof2a/ promoter to govern expression of
transgenic constructs (Mukhopadhyay et al., 1995; Zhou et al., 1995). Because Col2al is

expressed highest in chondrocytes, a chondrocyte-specific expression vector has been
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engineered, by altering the Col2al promoter and intron 1 (Figure Intro-3), to allow gene
targeting in transgenic mouse chondrocytes (Garofalo and Horton, 2000). With this tool
available, other transgenic lines have been generated which have proven to be good
models of human skeletal diseases (Garofalo et al., 1999).

Transgenic mouse technology is an extremely powerful method to analyze
biological processes and pathogenesis of disease. Mouse models have been important for
deciphering the mechanisms by which mutations, and their corresponding dysfunctional
proteins, cause specific phenotypes. The availability of mouse models of human diseases
offers us an experimental system to monitor disease progression and to test potential

therapeutic methods.

STRATEGIES FOR THERAPEUTIC INTERVENTION

The ability to insert or delete genetic material in transgenic animals provides
unique opportunities to dissect the role of specific genes and to evaluate novel
therapeutics. Animal models of chondrodysplasias allow the evaluation of new
treatments to correct or decrease the effects of mutations. Most strategies have involved
the replacement of functioning genes for nonfunctional ones. This approach has been
particularly successful for loss-of-function mutations involving enzyme deficiencies.
However, the addition of functional genes for defective genes will probably not work for
mutations that act through dominant negative mechanisms, like most COL24/ mutations.
Alternate therapeutic agents have been developed to discriminate between sequences,

DNA or RNA, to block the expression of mutant transcripts. Antisense technologies
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could potentially treat genetic disorders resulting from heterozygous dominant negative
acting mutations.

Strategies to selectively block gene expression are based on the fact that for a
gene or its mRNA to function properly, its nucleotide sequences must exist at least
transiently in an exposed, single stranded state (Wagner, 1994). If these exposed
sequences were to base pair with a complementary sequence, an antisense sequence, the
expression of the gene could be inhibited. Antisense (AS) nucleic acids that can be
specifically designed to inhibit gene expression can take the forms of short AS

oligodeoxynucleotides, AS oligodeoxyribonucleotides or ribozyme