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Abstract
The role of sequence variations in genes encoding cartilage extracellular matrix (ECM) proteins were
studied in osteoarthritis (OA) and multiple epiphyseal dysplasia (MED). The cartilage collagen genes
COL2A1, COL9A1, COL9A2, COL9A3, COL11A1, and COL11A2 were screened for sequence
variations in 72 Finnish probands and one US family with primary early-onset hip and/or knee OA.
Altogether 239 sequence variations were found, of which 16 were not present in the controls. Seven
of the unique variations — four in COL11A1, two in COL11A2, and one in COL2A1 — were studied
further, because they resulted in the substitution of conserved amino acids or were predicted to affect
mRNA splicing. Association analysis was performed by genotyping 6–12 common polymorphisms
from each gene in 72 OA patients and 103 controls; no common predisposing alleles were identified.
The results, however, suggest that mutations in the minor cartilage collagen genes can be the cause
of OA in a subgroup of OA patients.
Two MED families with clinical and radiographic features suggestive of a collagen IX mutation
were studied. Mutation screening of COL9A1, COL9A2, and COL9A3 yielded negative results.
Instead, an R718W mutation in COMP was identified in both families. Clinical and radiographic
overlap between patients with collagen IX mutations and patients with COMP mutations points to a
common supramolecular complex pathogenesis.
Clinical, radiological and molecular analyses of known MED genes were performed on a cohort
of 29 consecutive MED patients. The DTDST mutation was identified in four patients (14%), the
COMP mutation in three (10%), and the MATN3 mutation in three (10%). Two new distinct
phenotypic entities were identified in patients in whom no mutation was found. The findings suggest
that mutations in the above mentioned known MED genes are not the major cause of MED and are
responsible for less than half of the cases. The existence of additional MED loci is supported by the
exclusion of known loci and finding of the specific subgroups among these patients.
The results suggest that genetic defects in ECM genes can predispose to OA and cause MED, even
though the major genes involved in both disorders remain to be found.
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1 Introduction
Hyaline cartilage is the most common, prototypic form of cartilage and it is found in the
articular surfaces of joints, cartilaginous anlagen of developing bone, epiphyseal growth
plates, costochondral cartilages, and the cartilaginous parts of the trachea, bronchi,
larynx, and nose. Hyaline cartilage has an important role throughout the human’s lifetime
from the development of the cartilaginous anlagen of the skeleton during the embryonic
stage until adulthood, when its main role is to enable smooth joint articulation that resists
the tensile and compressive forces applied to the joints. The unique composition and
structure of the hyaline cartilage makes these functions possible.
The mature hyaline cartilage contains only a few cells embedded in an abundant
extracellular matrix (ECM). The major components of this ECM are collagens and
proteoglycans. Collagen II is the major cartilage collagen interacting with the minor
cartilage collagens IX and XI to form heterotypic collagen fibrils. Collagens III, VI, X,
XII, XIII, XIV, and XVI also contribute to the mature cartilage matrix. The main
proteoglycan of cartilage is aggrecan, which is mainly responsible for the compressive
stiffness of the hyaline cartilage, whereas collagen fibrils are responsible for providing
the tensile strength of the cartilage tissue. Noncollagenous proteins present in cartilage,
such as cartilage oligomeric matrix protein (COMP) and matrilins, have an important
function in cartilage structure by providing interactions between different components of
the ECM as well as in cell-matrix interactions, and play a role in cartilage metabolism
and regulating chondrocyte proliferation.
Defects in the genes encoding these components can lead to disturbed formation and
maintenance of hyaline cartilage. This may cause a wide spectrum of disorders ranging
from perinatally lethal, severe chondrodysplasias to mild chondrodysplasias, where
precocious osteoarthritis as a result of the degeneration of articular cartilage is often part
of the phenotype. One example of the mild chondrodysplasias is multiple epiphyseal
dysplasia (MED), in which the normal endochondral ossification process is disturbed.
Abnormalities in epiphyseal and growth plate cartilage result, leading to delayed and
irregular ossification. Patients usually present symptoms such as joint pain, stiffness, or
waddling gait during childhood or later in life, as early-onset osteoarthritis.
Osteoarthrosis or osteoarthritis (OA) is the most common joint disorder affecting
millions of people worldwide. The hallmark finding of OA is the gradual degradation of
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articular cartilage. The etiology of OA is still not well understood, but it has long been
known to have a strong genetic component. Despite the numerous studies performed and
advances in genetics, the major disease-causing or predisposing genes in OA have not yet
been identified.
The characterization of genetic defects will not only give us more information about
the function of the proteins, but will also lead to a better understanding of the
pathogenesis of the diseases. With that knowledge, it might be possible in the future to
develop treatments for e.g. OA patients which would not only treat the symptoms but also
address the cause of the disease.
The goal of this thesis was to study the role of sequence variations in the cartilage
collagen genes in primary hip and knee OA, as well as to study the role of mutations in
known MED genes and the phenotype-genotype correlation in MED. Mutation and
association analyses of COL2A1, COL9A1, COL9A2, COL9A3, COL11A1, and COL11A2
of patients with primary, early-onset hip and/or knee OA were performed. The genotypephenotype correlation in MED was further improved by a thorough mutation and clinical
analysis of MED patients, resulting in the identification of two new phenotypic entities
among patients in whom the mutation screening of known MED genes (COMP, COL9A1,
COL9A2, COL9A3, MATN3, and DTDST) had yielded negative results.

2 Review of the literature
2.1 Cartilage
Cartilage is a specialized form of connective tissue, and there are three different types of
cartilage in the human body. The most common type of cartilage is hyaline cartilage,
which originally forms the cartilaginous model of the developing skeleton and is later
replaced by bone during the process of endochondral ossification of the long bones and
vertebrae. It can also be found in the growth plates until puberty. In adults, hyaline
cartilage can be found in the articular surfaces of joints, in costochondral cartilages, and
in the cartilaginous parts of the trachea, bronchi, larynx, and nose. The other types of
cartilage are fibrocartilage, found in the annulus fibrosus of the intervertebral disk,
tendinous and ligamentous insertions, menisci, the symphysis pubis, and insertions of
joint capsules, and elastin cartilage, found in the pinna of the ears, in the epiglottis, and in
the arytenoid cartilages of the larynx. (Schiller 1994.)
The properties of these different kinds of cartilage are due to their different structures.
Two features common to all these cartilage types are the relatively low content of cells,
chondrocytes, and the abundance of ECM secreted by the chondrocytes. The cartilage
tissue is highly hydrated, and the main components of the ECM are collagens and
proteoglycans, where collagens provide the fibril framework for the amorphous material
consisting of mainly of proteoglycans and other proteins. The fibril network of hyaline
cartilage consists mainly of collagen II fibrils, whereas in fibrocartilage the main fibrilforming collagen is collagen I. In elastin cartilage the main structural component is
elastin. Therefore, the different functional properties of the cartilage types arise from their
structural components. (Schiller 1994.)

2.2 Development of the skeleton and the formation of synovial joints
Skeletal development has fascinated quite a large number of researchers, and currently
the major steps of skeletal development are relatively well known for the mouse; the
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molecular background and regulation of these processes are still being studied in more
detail. The main phases of skeletal development are summarized below. (For reviews see
DeLise et al. 2000, Olsen et al. 2000 and Kronenberg 2003.)
The formation of the skeleton is a highly organized, complex process that begins with
the migration of undifferentiated mesenchymal cells to areas destined to become bone
and joints. The next step in the process is mesenchymal cell condensation. Cells from the
cranial neural crest condense to form craniofacial skeleton, those from the somites give
rise to the axial skeleton, and cells from the lateral mesodermal plate form condensations
that give rise to the limb bones. From this point on, the development continues differently
in the craniofacial versus other parts of the skeleton. The majority of the bones of the face
and skull form via intramembranous ossification, in which undifferentiated mesenchymal
cells convert directly into bone-forming osteoblasts. In contrast, the skeletal components
of the axis, pelvis, and limbs form by endochondral ossification. Prior to condensation,
mesenchymal cells secrete an ECM rich in hyaluronan and collagen I. It is known that the
transcription factor Sox-9 (SRY-type high mobility group box-containing transcriptor
factor) is essential for converting cells of condensations into chondrocytes, and it acts
further at every stage of chondrocyte differentiation. Bone morgphogenetic proteins
(BMPs), members of the transforming growth factor-β (TGF-β) family, also have an
important role in the formation of mesenchymal condensations as shown by the finding
that various inactivating mutations in the Bmp5 gene lead to either several abnormal or
absent condensations in short ear mice (Kingsley et al., 1992). As the differentiation of
chondrocytes begins as a result of the interactions of multiple signalling pathways, these
developing chondrocytes begin to produce cartilage-specific proteins, such as collagens
II, IX and XI, and aggrecan, while the expression of collagen I is turned off. The
cartilaginous anlagen elongate and expand in width as a result of chondrocyte
proliferation and the deposition of ECM. Chondrocytes in the central region undergo
maturation to hypertrophic chondrocytes shortly after their formation. These cells start
producing a differently composed ECM characterized by the expression of collagen X
and angiogenic factors such as vascular endothelial growth factor (VEGF), which induce
sprouting angiogenesis from the perichondrium surrounding the cartilaginous anlage.
Osteoblasts, osteoclasts, and hematopoietic cells arrive along with the blood vessels. In
these primary ossification centers, the hypertrophic cartilage is degraded, hypertrophic
chondrocytes undergo apoptosis, and in the end of this process, cartilage is replaced by
bone. Simultaneously, a collar of compact bone is formed by osteoblasts in the
perichondrium encapsulating the primary ossification center, which is then located inside
a bone tube and the diaphysis of bone is formed. (For more detailed review see DeLise et
al. 2000, Olsen et al. 2000, Kronenberg 2003.)
The processes of joint specification or patterning (those which determine where a joint
will form) and joint cavity formation (how a joint will form) both require precise
regulation. The idea that joint cavity formation occurs within an apparently uninterrupted
extracellular matrix was first presented as early as in the late 19th century (Bernays 1878).
The synovial joints form between opposing discrete regions of mesenchymal expansion,
whose location and length are predetermined by previous limb patterning events. The
mechanisms regulating joint cavitation must lead to the formation of a non-adherent
plane of cleavage, which involves both a local, precisely defined loss of tensile strength
within the fragile interzone, where opposing skeletal elements meet, and the separation of
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the cartilaginous surfaces by a matrix that facilitates their almost frictionless motion
against one another. This interzone consists of three morphologically different layers: an
intermediate looser cell layer consisting of mesenchymal cells, which becomes trapped
between the ends of two outer chondrogenic layers consisting of densely packed
mesenchymal cells at the interface of the interzone and the cartilaginous epiphyses. As
the development progresses and the cartilaginous skeletal elements continue to expand,
these interzonal regions become increasingly flattened.
It is now clear that the cavitation process does not appear to involve merely a
liquification of the ground substance or cells, but rather a series of continuous,
progressive changes in cell differentiation status leading to the distinct range of
connective tissue of the joint (Lamb et al. 2003). There are two opinions of how the
cavitation occurs. The first and still widely accepted theory suggests the formation of a
partial cavity within the interzone as a result of local changes in the ECM and its
enlargement by mechanical factors (Whillis 1940, Andersen & Bro-Rasmussen 1961,
Murray & Drachman 1969, Doskocil 1985). The second one is based on selective cell
degeneration and increased apoptosis within the interzone (Mitrovic 1977, 1978; Nalin et
al. 1995, Abu-Hijleh et al. 1997). Some more recent studies (Ito & Kida 2000, Kavanagh
et al. 2002) have concluded that apoptosis does not contribute to knee joint cavitation, but
rather changes in the organization, shape, and contents of the interzone are essential.
After the joint cavity has been formed, the cells in the outer chondrogenic layers of the
interzone differentiate into chondrocytes that form the articular cartilage of the joint,
while cells from the perichondrium differentiate and form the adjacent tendons and
ligaments. (For a review, see Lamb et al. 2003.)
In recent studies the function of signalling pathways involved in the joint formation
has been highlighted. Wnt-14, a secreted growth factor of the Wnt-gene family, is known
to be highly expressed in joint-forming regions in the interzone and the neighbouring
nonchondrogenic cells (Hartmann & Tabin 2001). This Wnt-14 expression seems to
promote the interzone phenotype in prechondrogenic mesenchymal cells, and thus it has
been suggested that Wnt-14 expression dictates the position of future joints. Another
signalling pathway involved is the CDMP1/Gdf5 pathway. Normally Gdf5
(growth/differentiation factor 5) is expressed in developing joints throughout the
cavitation process, and mutations in the genes coding for cartilage-derived
morphogenetic protein 1 (CDMP1) and its mouse homolog, Gdf5, have been shown to
cause defects in joint formation resulting in the shortening or missing of phalanges (for
reviews, see Shum & Nuckolls 2002 and Lamb et al. 2003.) The molecular mechanisms
of joint formation and articular chondrocyte differentiation are not currently fully
understood, but the results of ongoing research will hopefully better describe the normal
developmental processes in the future. (For reviews, see Shum & Nuckolls 2002 and
Lamb et al. 2003.)
As the development of the skeleton continues after the formation of joints and the
elongation of the cartilaginous anlagen, secondary ossification centers are formed within
the chondroepiphysis at the ends of long bones distal to growth plates (Figure 1). This
process is less well known when compared to the formation of primary ossification
centers, but it is thought that the appearance of cartilage canals might participate in the
initiation of secondary ossification centers. These canals contain blood vessels and
penetrate from the perichondrium through the noncalcified cartilage matrix into the
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avascular epihyseal cartilage, but their exact role is still unclear. Roach et al. (1998)
suggested, based on their studies and the previous literature, that prior to the initiation of
the ossification center, several cartilage canals converge around the future ossification
center, and hypertrophy of the chondrocytes at this site is induced by factors diffusing
from the canals. This is then followed by the same sequential steps, leading to the
mineralization of cartilage as in the growth plate, which is described in more detail in the
next chapter. As the secondary ossification centers are formed at the ends of the
epiphyseal cartilage, a cartilaginous growth plate is left between them. The process of
chondrocyte proliferation and differentiation in this growth plate then controls the
longitudinal growth of the skeleton. (Ballock & O’Keefe 2003, Olsen et al. 2000.)

Fig. 1. Schematic presentation of a developing bone with different zones of grown plate
shown.

2.3 Structure and function of the growth plate
and epiphyseal cartilage
The growth plate can be divided into a series of anatomic zones (Figure 1) that represent
unique morphological and biochemical stages during chondrocyte differentiation. The
resting zone facing the epiphysis consists of chondrocytes which are in a relatively
quiescent state, and it contains the highest proportion of ECM when compared to other
zones of the growth plate. The next zone beneath the resting zone is the proliferating
zone, where chondrocytes begin to divide, assuming a flattened appearance and
becoming organized into columns. In the maturation zone, the rate of synthesis of ECM
components is increased, allowing the separation of recently divided cells from each
other. The hypertrophic zone consists of terminally differentiated chondrocytes, which
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have increased cellular volume and increased alkaline phosphatase activity and collagen
X expression. (Ballock & O’Keefe 2003.)
The general composition of this ECM is fairly similar to that of the ECM in the
articular cartilage, consisting of collagens, proteoglycans, other noncollagenous proteins
and water. The composition varies somewhat between different zones. The major
collagen in the growth plate is collagen II (von der Mark & von der Mark 1977,
Mizoguchi et al. 1990), and collagens IX and XI are also highly expressed (Mendler et al.
1989, Ballock & O’Keefe 2003). In addition, collagens VI, XII, and XIII have been found
in the growth plate cartilage (Keene et al. 1988, Sandberg et al. 1989, Gregory et al.
2001). The principal proteoglycan in the growth plate is aggrecan (Mundlos et al. 1991),
and other smaller proteoglycans such as decorin and biglycan are present (Heinegård &
Oldberg 1989). COMP is found in human (Hecht et al. 2004), rat (Hedbom et al. 1992,
Shen et al. 1995), bovine (Hedbom et al. 1992) and porcine (Ekman et al. 1997)
epiphyseal and growth plate cartilage, and its strongest expression seems to be in the
territorial matrix of the proliferative zone. Matrilin-3 is also expressed in all regions of
the growth plate and epiphyseal cartilage both in humans (Kleemann-Fischer et al. 2001)
and in mice (Klatt et al. 2000, Segat et al. 2000, Klatt et al. 2002, Ko et al. 2004), with
the strongest expression being found in the territorial and interterritorial regions. The
characteristic protein expressed by hypetrophic chondrocytes is collagen X (Schmid &
Linsenmayer 1985).
Mineralization of cartilage ECM occurs in a somewhat directional pattern. Matrix
vesicles, which are formed by the budding of the chondrocyte plasma membrane and
deposited into the surrounding ECM of the hypertrophic zone, serve as a nidus for
mineralization. Capillary loops from the metaphysis invade the mineralized cartilage,
entering the lacuna of hypertrophic chondrocytes and bringing the osteoblasts,
chondroclasts, and stromal cells needed for the completion of endochondral ossification.
The growth plate is dependent on the diffusion of nutrients and oxygen from these
vascular structures since the growth plate itself is avascular. The process of chondrocyte
proliferation and differentiation in the growth plate controls the longitudinal growth of
the skeleton. The rate of longitudinal bone growth diminishes as the developing skeleton
approaches maturity, and the proliferation of growth plate chondrocytes decreases.
Estrogen-mediated physeal closure occurs after puberty in humans and some other
mammals; the growth plate is completely resorbed and the fusion of the epiphysis to the
metaphysis occurs. (For reviews, see Ballock & O’Keefe 2003 and Olsen et al. 2000.)
The molecular mechanisms of this closure are still being studied, but it has been
suggested that estrogen might promote the programmed replicative senescence of growth
plate chondrocytes (Weise et al. 2001).
Both in vivo and in vitro studies using mouse models have shown that Indian
hedgehog protein (Ihh), secreted by prehypertrophic and early hypertrophic chondrocytes
in the developing bone, stimulates chondrocyte proliferation directly. Through the
stimulation of parathyroid hormone-related protein (PTHrP) synthesis, Ihh determines the
distance from the end of the bone at which chondrocytes stop proliferating and undergo
hypertrophic differentiation. At this site, Ihh also has an effect on perichondrial cells,
converting them into osteoblasts that form the bone collar. Many of the twenty-two
fibroblast growth factor (FGF) genes and four FGF receptor genes are expressed during
endochondral bone formation. To summarize the FGF studies, FGF signalling seems to
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decrease chondrocyte proliferation both directly and by suppressing Ihh expression. BMP
signalling antagonizes the effects of FGF signalling at several levels and promotes
chondrocyte proliferation by increasing Ihh expression in prehypertrophic chondrocytes.
In summary, chondrocyte proliferation during chondrogenesis and endochondral
ossification is regulated by FGFs, BMPs, PTHrP, Ihh, cell-cell and cell-matrix adhesion
and interactions, ECM components, and biomechanical signals. (For reviews, see Baitner
et al. 2000, DeLise et al. 2000, Olsen et al. 2000, Shum & Nuckolls 2002, Horton 2003,
and Kronenberg 2003). Various mutations have been characterized in the genes involved
in these processes both in humans (reviewed by Superti-Furga et al., 2001, Shum &
Nuckolls 2002, Kornak & Mundlos 2003, Zelzer & Olsen 2003) and in mice (reviewed
by McLean et al. 2001), which lead to disturbances in cartilage formation and
endochondral ossification and result in various chondrodysplasia phenotypes.

2.4 Structure and function of articular cartilage
Articular cartilage is a hypocellular, aneural, alymphatic, and avascular tissue covering
the ends of the bones in diarthrodial joints. The specific structural organization of the
extracellular matrix produced by sparsely scattered chondrocytes is responsible for
providing resistance to compressive forces, distributing load and, together with the
synovial fluid, enabling frictionless movement of joints. The cell volume averages only
approximately 1-2 % of the total cartilage volume in human adults and with aging, the
number of chondrocytes and the production of the ECM decreases progressively. (Huber
et al. 2000, Poole et al. 2001, Aigner & Stöve 2003.)
The organization of the ECM, chondrocytes and the proportion of different ECM
components varies between the different zones of articular cartilage. There are four
different horizontal layers: the superficial, transitional (intermediate), deep, and calcified
zones (Figure 2). The superficial zone at the joint surface consists of flattened
chondrocytes aligned parallel to the surface and surrounded by densely packed layers of
thin collagen fibrils running parallel to each other and the surface. This zone, due to its
collagen composition, provides the highest tensile properties found in articular cartilage.
In the deeper zones, cell density decreases, while the diameter of collagen fibrils
increases and their orientation becomes more random. Aggrecan content reaches its the
maximum concentration in the deep zone. The chondrocytes in the calcified zone usually
have a hypertrophic phenotype expressing collagen X, but this calcified matrix is not
fully resorbed and provides structural integration with the subchondral bone. (For
reviews, see Huber et al. 2000, Poole et al. 2001, and Aigner & Stöve 2003.)
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Fig. 2. Schematic presentation of the structure and zones of articular cartilage.

The ECM of articular cartilage is composed of tissue fluid, which is composed of water,
dissolved ions, gases, small proteins, and metabolites, and macromolecules, which
include collagens, proteoglycans, and noncollagenous proteins. Approximately 80 % of
the weight of articular cartilage comes from water bound to proteoglycans, whereas
collagens account for about 2/3 of the dry weight of cartilage. Collagen II is the major
cartilage collagen forming heterotypic collagen fibrils with the minor cartilage collagens
IX and XI (Huber et al. 2000, Poole et al. 2001, Aigner & Stöve 2003, Eyre 2004).
In addition, collagen X is expressed by chondrocytes in the calcified zone of normal
articular cartilage. Collagen VI, ubiquitously found in most tissues, forms a branched
filamentous network in the pericellular region of chondrocytes that can bind other ECM
components of the pericellular matrix, such as decorin, fibromodulin, hyaluronan and
fibronectin (Huber et al. 2000, Poole et al. 2001, Eyre 2002, Aigner & Stöve 2003). In
addition, collagens III (Wotton & Duance 1994, Young et al. 2000), XII (Gregory et al.
2001), and XVI (Lai & Chu 1996) have been detected in articular cartilage, but they are
not considered to be cartilage-specific as their main expression is in noncartilaginous
tissues.
The major proteoglycan of cartilage is aggrecan, which consists of a protein core as
well as keratan sulphate and chondroitin sulphate glycosaminoglycan chains. The
hydration of these side chains provides the compressive stiffness of cartilage, and the
subsequent swelling of the molecules is restricted by the fibrillar collagen network. The
aggrecan monomers bind to hyaluronan and link protein to form large aggregates
(Knudson & Knudson 2001). In addition, numerous non-collagenous proteins are
expressed in articular cartilage, such as small proteoglycans containing leucine-rich
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repeats (e.g decorin, biglycan, fibromodulin, and lumican), which have been shown to
interact with the fibrillar collagens, perlecan, COMP, fibrilin-1, lubricin, chondroadherin,
and proline-arginine-rich end leucine rich protein (PRELP) (see Roughley 2002, Poole et
al. 2001, and Svensson et al. 2001.) Mutations in the genes encoding these proteins
usually lead to disturbances in the developing cartilage or cartilage integrity as shown by
mouse models and human chondrodysplasias (for reviews, see Aszódi et al.. 2000,
Bateman 2001, Superti-Furga et al., 2001, McLean & Olsen 2001, Helminen et al.. 2002,
Shum & Nuckolls 2002, Kornak & Mundlos 2003, and Zelzer & Olsen 2003).

2.4.1 Collagenous components of cartilage
Collagens are a family of ECM proteins thal all consist of three polypeptide chains,
called α chains, that are wrapped around each other into a triple helix. In some collagens
all three α chains are identical, whereas in others all three α chains can be different. Each
chain contains at least one domain composed of repeating –Gly-X-Y sequences, as well
as glycine as every third amino acid. The presence of glycine, the smallest of amino
acids, as every third amino acid is essential to the correct formation of the triple helix
because a larger amino acid would not fit into the restricted space in the center of the
triple helix. At least 27 vertebrate proteins with altogether 42 distinct α chains are now
defined as collagens. Most collagens form supramolecular assemblies such as fibrils and
networks, and traditionally collagens have been divided into fibrillar and nonfibrillar
collagens. The group of non-fibrillar collagens has been further divided into several
subgroups based on other structural and functional characteristics. The tissue distribution
of collagens varies; while some are found only in specific tissues, such as collagen II in
cartilage and cartilage-like tissues, others, eg. collagen VI, are ubiquitously expressed.
(For reviews, see Myllyharju & Kivirikko 2001, Gelse et al. 2003 and Myllyharju &
Kivirikko 2004.)

2.4.1.1 Collagen II
Collagen II is the most abundant and characteristic collagen of hyaline cartilage, but is
also found in the vitreous humour of the eye, in the nucleus pulposus and in the annulus
fibrosus of the intervertebral disks and inner ear. The COL2A1 gene, located on
chromosome 12q13.11-q13.12 (Takahashi et al. 1990), consists of 54 exons and codes for
the three identical α chains of homotrimeric collagen II (Ala-Kokko & Prockop 1990,
Ala-Kokko et al. 1995). The triple-helical domain consists of 1014 amino acid residues
and is flanked by very short amino (N) and carboxy (C)-telopeptide domains at each end.
The sequences coding for the N-terminal propeptide contain an alternatively spliced
exon, and it has been shown that collagen IIA including the cysteine-rich domain is
expressed in prechondrogenic and nonchondrogenic tissues during embryonic
development. This domain acts by binding and regulating bone morphogenetic proteins,
such as BMP-2 and TGF-β (Zhu et al. 1998). The collagen IIB form lacking this exon is
the main form expressed in cartilage (Sandell et al. 1991). Collagen II forms the
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backbone of the cartilage heteropolymeric fibrils, where collagen IX molecules are
located covalently bound to the surface of the fibril and collagen XI is mostly located
inside the fibrils (Figure 3). The features that make collagen II uniquely suitable for
cartilage are unknown, but it has been suggested to be due to its high hydroxylysine
content, which facilitates glycosylation, as well as its ability to interact with various other
ECM components to form the fibrillar network. (Cremer et al. 1998, Eyre 2002.)

Fig. 3. Schematic presentation of cartilage ECM showing heterotypic collagen fibril,
consisting of collagens II, IX, and XI, and its association with some of non-collagenous
components of cartilage, such as aggrecan, COMP (cartilage oligomeric matrix protein,
hyaluronan, link protein, and matrilin-3.

A variety of osteochondrodysplasias are caused by mutations in the COL2A1 gene. As
collagen II is expressed in the vitreous of the eye, the inner ear and the intervertebral
disks, in addition to cartilage, patients with these disorders typically have myopia,
sensorineural hearing defects, and spinal changes as well as a short stature and joint
problems. The severity of these chondrodysplasias ranges from developmental or
perinatal lethality (achondrogenesis type II, hypochondrogenesis), to moderately severe
dwarphism (spondyloepiphyseal dysplasia (SED), Kniest dysplasia), to Stickler syndrome
and precocious osteoarthropathy at the mild end of the spectrum. The most severe forms
are caused by glycine substitution mutations leading to a total absence of collagen II from
the cartilage matrix. The mildest phenotype, Stickler syndrome, is caused by premature
stop codons leading to functional haploinsufficiency of collagen II (for reviews, see
Kuivaniemi et al. 1997, Baitner et al. 2000, Bateman 2001, Myllyharju & Kivirikko
2001, Reginato & Olsen 2002, and Kornak & Mundlos 2003). Altogether 11 families
with an R519C mutation in COL2A1 leading to premature OA with only mild
chondrodysplasia have been reported (Ala-Kokko et al. 1990, Pun et al. 1994, Williams
et al. 1995, Holderbaum et al. 1996, Bleasel et al. 1998, Mier et al.. 2001, Moskowitz et
al. 2004). In addition, four families with an R75C mutation leading to precocious OA and
mild SED have been reported (Williams et al. 1993, Bleasel et al. 1995, Bleasel et al.
1996, Löppönen et al. 2004).
Several mouse lines with either a spontaneous deletion mutation in Col2a1 (Pace et al.
1997) or transgenic and knockout models have been studied and reported in recent years
(Table 1).
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Table 1. Mouse models of Col2a1 mutations
Defect

Reference

Spontaneous mutations:
dmm, 3 bp deletion in Col2a1

Pace et al. 1997

sedc, Col2a1 R1417C (corresponds to COL2A1 R789C)

Donahue et al. 2003

Transgenic mouse models:
Targeted inactivation of Col2a1

Li et al. 1995

Deletion of 150 bp of exon 7 and intron 7 (Del1)

Metsäranta et al. 1992, Säämänen et al. 2000

Deletion of exon 48

Barbieri et al. 2003

Expression of human COL2A1 with large internal deletion

Vandenberg et al. 1991, Helminen et al. 1993

Transgenic mouse models of point mutations:
Col2a1 G85C mutation

Garofalo et al. 1991

Expression of human COL2A1 with R519C mutation

Arita et al. 2002, Sahlman et al. 2004

Expression of human COL2A1 with R789C mutation

Gaiser et al. 2002

Col2a1 G904C mutation

So et al. 2001

In mouse models of Col2a1 mutations, homozygous transgenic mice carrying a defect
listed in Table 1 usually show a severe chondrodysplasia phenotype and die shortly
before or after birth. However, the naturally occurring R1417C mutation in Col2a1
(corresponding to the human COL2A1 R789C mutation) results in recessive congenital
SED in mice (sedc) (Donahue et al. 2003). It has also been shown for some of these
mutations that heterozygous mice develop early-onset OA with a mild chondrodysplasia
(for a review, see Helminen et al. 2002).

2.4.1.2 Collagen IX
Collagen IX belongs to the group of so-called Fibril-Associated Collagens with
Interrupted Triple helices (FACIT collagens), and its tissue expression pattern is similar
to collagen II. It is a heterotrimeric molecule consisting of three different α chains, that
form three triple-helical domains (COL1-3) flanked by four globular noncollagenous
domains (NC1-4). The molecule is covalently crosslinked to the surface of collagen II
fibrils in an antiparallel manner and in addition, collagen IX molecules are cross-linked to
each other (see Eyre et al. 2002, 2004 for reviews). It has been shown to also interact
with COMP (Holden et al. 2001, Pihlajamaa et al. 2004). In addition, it can be classified
as a proteoglycan since there is an attachment site for a chondroitin sulphate side chain in
the NC3 domain of the α2(IX) chain (Huber et al. 1986, McCormick et al. 1987). The
length of the NC3 domain differs in all three α chains, thus forming a kink in the
molecule (McCormick et al. 1987). When the collagen IX molecule is attached
covalently to the surface of collagen II fibrils, this kink allows the COL3 and NC4
domains to project away from the fibril surface (Bruckner et al. 1988, Vaughan et al.
1988). The NC4 domain of α1(IX) is larger than that of the α2(IX) and α3(IX) chains and
is encoded by six additional exons of COL9A1, compared to the COL9A2 and COL9A3
genes. In addition, there are two forms of α1(IX): the long form transcribed using the
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normal promoter and a short form transcribed using an alternative promoter in intron 6.
The short form of α1(IX) is primarily expressed in the eye (See Brewton & Mayne 1994).
The collagen IX α chains, α1(IX), α2(IX) and α3(IX), are encoded by their respective
genes as shown in Table 2.
Table 2. Genes encoding the collagen IX α chains
α chain

Gene

Location

Number
of exons

Size of
References
gene (kb)

α1(IX)

COL9A1

6q12-13

38

90

Kimura et al. 1989, Warman et al. 1993,
Pihlajamaa et al. 1998a

α2(IX)

COL9A2

1p32.3-p33

32

15

Perälä et al. 1993, Warman et al. 1994,
Pihlajamaa et al. 1998a

α3(IX)

COL9A3

20q13.3

32

23

Tiller et al. 1998, Paassilta et al. 1999a

The function of collagen IX is not completely known, but it has been suggested to act as a
macromolecular bridge between collagen fibrils and between collagen fibrils and other
ECM components. It also seems to have a role in endochondral ossification and in the
maintenance of ECM integrity in cartilage and intervertebral discs as mutations in genes
encoding different α chains of collagen IX lead to MED (See section 2.6.2.2) and
intervertebral disc disease in humans (Annunen et al. 1999a, Paassilta et al. 2001,
Solovieva et al. 2002). Mice lacking the α1(IX) chains (Fässler et al. 1994, Hagg et al.
1997, Aszódi et al. 2000) and transgenic mice heterozygous for a large in-frame deletion
of Col9a1 (Nakata et al. 1993, Kimura et al. 1996) had otherwise normal skeletal
development but developed precocious OA. The mice homozygous for the large in-frame
deletion of Col9a1 showed, in addition to precocious OA, mild chondrodysplasia with
spine involvement and ophthalmopathy (Nakata et al. 1993).

2.4.1.3 Collagen XI
Collagen XI is a member of the family of fibrillar collagens (Morris & Bächinger 1987).
It is a heterotrimer composed of three distinct α chains, α1(XI), α2(XI) and α3(XI) (Eyre
& Wu 1987). The α1(XI) and α2(XI) chains are encoded by COL11A1 and COL11A2
genes, respectively, while the α3(XI) chain is an overglycosylated form of the IIB
splicing variant encoded by the COL2A1 gene (Eyre & Wu 1987, Wu & Eyre 1995). The
COL11A1 gene is located on chromosome 1p21 (Henry et al. 1988), while the COL11A2
gene is located on chromosome 6p21.3 (Hanson et al. 1989, Law et al. 1990). The gene
and protein structures of α1(XI) and α2(XI) are fairly similar to each other and to the α
chains of collagen V (Fichard et al. 1994). In cartilage, collagen XI forms fibrils mainly
composed of α1(XI), α2(XI) and α3(XI), whereas hybrid fibrils with collagen V exist in
articular cartilage and in noncartilaginous tissues (Kleman et al. 1992, Mayne et al.
1993).
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The α1(XI) and α2(XI) chains both contain similar N-terminal regions consisting of an
N-propeptide domain, a variable region where alternative splicing occurs, a minor triplehelical domain (COL2), and a short noncollagenous telopeptide domain (NC2) (Fichard
et al. 1994, Morris et al. 2000, Gregory et al. 2000). The major triple-helical region is
about 1000 amino acids long, and the C-propeptide region of both α chains is highly
conserved. Unlike other fibrillar collagens, some of the collagen XI molecules retain an
N-terminal noncollagenous domain in their fully processed form (Thom & Morris 1991,
Rousseau et al. 1996), whereas the cleavage of some collagen XI molecules occurs
between Ala253 and Gln254, seven residues before the end of this proline/arginine- rich Npropeptidedomain in chickens and rats (Rousseau et al. 1996, Medeck et al. 2003). It has
been shown that Bmp-1 can cleave different isoforms of α1(XI) in rat (Medeck et al.
2003). This cleavage is likely to occur at the same site also in humans since this region of
the cDNA is highly conserved (Rousseau et al. 1996). Thus, the variable region and
COL2 domain are an integral part of the fibril and have been shown to be located on the
surface of heterotypic fibrils (Keene et al. 1995, Gregory et al. 2000, Morris et al. 2000).
The COL11A1 gene consists of 68 exons and spans over 150 kb (Annunen et al.
1999b). Alternative splicing of exons 6A, 6B, and 8 occurs, giving rise to formation of
the six distinct isoforms with different spatial and temporal distributions during
development and in mature tissues (Zhidkova et al. 1995, Oxford et al. 1995, Morris et
al. 2000). The peptides encoded by exons 6A and 8 are acidic (pI 3.4), while exon 6B
encodes a very basic peptide (pI 11.9) (Oxford et al. 1995, Zhidkova et al. 1995). The
combination of exons 6A-7-8 appears to be the predominant and default splicing form in
noncartilaginous tissues (Oxford et al. 1995, Yoshioka et al. 1995). The most abundant
splice forms in mature cartilage are forms containing exons 6B-7 or containing only exon
7. (Chen et al. 2001). Expression of splice form p6b seems to be restricted in rat to the
cartilage in the diaphysis adjacent to the perichondrium (Morris et al. 2000). It is likely
that the different physiological properties of these isoforms could result in different
interactions between different ECM components and the α1(XI) isoforms during
development, since this variable region is located on the surface of heterotypic fibrils.
This proposed function might explain the specific tissue distribution of the isoforms
(Gregory et al. 2000, Morris et al. 2000, Chen et al. 2001). Despite the differential
localization of the p8 and p6b isoforms in developing rat cartilage, no significant
difference in fibril diameter was noted when fibrils from different regions were compared
(Morris et al. 2000).
The COL11A2 gene contains 66 exons and spans 28 kb (Vuoristo et al. 1995). There is
alternative splicing of exons 6-8, and it has been shown that these α2(XI) mRNA
isoforms are differentially expressed during mouse development. The major isoform in
cartilage lacks exons 6-8, whereas the isoform containing exons 6-8 has been found in
nonchondrogenic tissues such as the calvarium and periosteum (Sugimoto et al. 1998).
Human fetal tissues also show developmentally stage-specific expression of different
α2(XI) mRNA splice forms (Lui et al. 1996).
In addition to cartilage, all collagen XI α-chains are co-expressed with collagen II in
cartilaginous tissues such as the nucleus pulposus of intervertebral discs and the inner ear,
while the α2(XI) chain is replaced by the α2(V) chain in the vitreous of the eye (Cremer
et al. 1998). The expression of the collagen XI α chains has also been detected in several
human fetal tissues including the calvaria, kidney, skeletal muscle, brain, long bones,

27
tendon, and lung (Lui et al. 1995). The α1 chain is expressed also in several fetal tissues
of the chicken and mouse, such as odontoblasts, trabecular bones, the atrioventricular
valve of the heart, tongue, the intestine and the otic vesicle (Nah et al. 1992, Yoshioka et
al. 1995).
The organization of collagens II, IX and XI into heterotypic fibrils occurs in cartilage
(for reviews, see Cremer et al 1998 and Eyre 2002, 2004). Collagen XI is mainly located
within the fibrils and covalently crosslinked to collagen II, while the persisting Nterminal noncollagenous domain of collagen XI is extended to the surface of these fibrils.
Collagen XI molecules are also covalently crosslinked to each other (Cremer et al. 1998,
Eyre 2004). Collagen XI has an essential role in the assembly, organization, and
development of cartilage as shown by the cho-mouse model, where mouse homozygous
for a naturally occurring single nucleotide deletion leading to a frame shift and premature
termination codon resulted in functional knockout. Collagen α1(XI) chains were absent
from the cartilage of cho/cho mice; the collagen fibrils in these mice were abnormally
thick and the ECM and cartilage unorganized (Li et al. 1995, Li & Olsen 1997). Collagen
XI seems to also have a role in regulating cartilage integrity, since the heterozygous chomice show precocious osteoarthritic changes in their joints (Xu et al. 2003, Rodriquez et
al. 2004). These functions seem to be mediated by the coordination of fibril diameter by
collagen XI molecules either by steric hindrance or by the binding of other ECM
components (Gregory et al. 2000). Currently it is known that collagen XI can interact
with proteoglycans (Vaughan-Thomas et al. 2001).
Mutations in COL11A1 have been shown to cause two dominantly inherited
chondrodysplasias in humans, Stickler and Marshall syndromes (Richards et al. 1996,
Griffith et al. 1998, Annunen et al. 1999b, for reviews, see Baitner et al. 2000 and
Kornak & Mundlos 2003) as well as non-syndromic Robin sequence (Melkoniemi et al.
2003).
The phenotypic spectrum caused by mutations in COL11A2 ranges from dominant and
recessive chondrodysplasias (Vikkula et al. 1995, van Steensel et al. 1997, Pihlajamaa et
al. 1998b, Sirko-Osadsa et al. 1998, Melkoniemi et al. 2000, Vuoristo et al. 2004, Harel
et al. 2005) to non-syndromic hearing loss (McGuirt et al. 1999). In addition, an allele of
COL11A2 has been shown to be associated with the ossification of the posterior
longitudinal ligament of the spine (OPLL), which is the major cause for spinal stenosis in
Japan (Maeda et al. 2001a, 2001b). The same association was reported also in Finnish
spinal stenosis patients (Noponen-Hietala et al. 2003). A number of mutations have been
charaterized in patients with otospondylomegaepiphyseal dysplasia (OSMED), a
recessively inherited chondrodysplasia with severe sensorineural hearing loss and
phenotypic overlap with Stickler and Marshall syndromes. However, OSMED patients do
not have the ocular phenotype as the α2(XI) chain is not expressed in the eye (Vikkula et
al. 1995, van Steensel et al. 1997, Melkoniemi et al. 2000, Harel et al. 2005). COL11A2
mutations have also been found in the dominantly inherited form of non-ocular Stickler
syndrome (sometimes referred to as heterozygous OSMED) (Vikkula et al. 1995,
Pihlajamaa et al. 1998b, Sirko-Osadsa et al. 1998, Vuoristo et al. 2004). Mice
homozygous for the disrupted Col11a2 gene lack the full-length α2(XI) chain and show a
chondrodysplasia phenotype with severe deafness comparable to OSMED in humans;
heterozygous mice have no discernible abnormal phenotype by the age of one year (Li et
al. 2001).
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2.4.2 Noncollagenous components of cartilage
The ECM of cartilage contains a number of noncollagenous proteins, including aggrecan,
small leucine rich proteoglycans, cartilage oligomeric matrix protein, and matrilin-3
(Huber et al. 2000, Poole et al. 2001, Eyre 2002, Aigner & Stöve 2003). A review of
some of these proteins is presented in the following sections.

2.4.2.1 Cartilage oligomeric matrix protein
Cartilage oligomeric matrix protein (COMP) is a pentameric glycoprotein composed of
five identical 110 kDa monomers (Hedbom et al. 1992, Oldberg et al. 1992, Mörgelin et
al. 1992), and it is found predominantly in the ECM of cartilage (DiCesare et al. 1994a),
tendons (DiCesare et al. 1994b, Smith et al. 1997), and ligaments (Muller et al. 1998).
The human COMP gene is located on chromosome 19p12 (Newton et al. 1994) and
consists of 19 exons encoding a protein of 757 amino acids (Briggs et al. 1995). COMP
consists of a pentamerizing coiled-coil domain at the N-terminus followed by four type II
(epidermal growth factor (EGF)-like) repeats, eight calcium-binding type III (calmodulinlike, T3) repeats, and a globular C-terminal domain (Oldberg et al. 1992, Briggs et al.
1995, Malashkevich et al. 1996). It is the fifth member of the thrombospondin protein
family (Oldberg et al. 1992, Newton et al. 1994, Adams 2001), and its type III repeats,
unique to thrombospondins, have been shown to bind calcium-ions (Ca2+) cooperatively
and with high affinity (Chen et al. 2000). It has been shown that COMP can interact with
fibrillar and nonfibrillar collagens (collagens I, II, III and IX) with high affinity
(Rosenberg et al. 1998, Holden et al. 2001, Thur et al. 2001, Pihlajamaa et al. 2004) as
well as with fibronectin (DiCesare et al. 2002), at least in vitro via its C-terminal domain.
In addition, COMP can interact with all matrilins, but the precise site for these
interactions is not yet characterized (Briggs et al. 2002, Mann et al. 2004). The
interactions with collagens are divalent cation-dependent, and the putative collagen
binding site in COMP is located between residues 579-595 (Holden et al. 2001). An RGD
cell-binding motif is present in the 3rd T3-repeat of human COMP, but its function is still
unknown (Newton et al. 1994). Also there are three potential sites for N-linked
glycosylation (Asn101, Asn124, Asn721), of which Asn124 appears to be unsubstituted in
humans (Zaia et al. 1997). The five-stranded N-terminal coiled-coil domain forms a
continuous axial pore with binding capacities for hydrophobic compounds including
prominent cell signalling molecules such as vitamins D and A, and all-trans retinol
(Malashkevich et al. 1996, Guo et al. 1998, Özbek et al. 2002).
Mutations in COMP have been identified in two human chondrodysplasias,
pseudoachondroplasia (PSACH) and MED, and these mutations are clustered within
exons 8-19 in regions encoding either T3-repeats or the C-terminal domain (for reviews,
see Briggs & Chapman 2002 and Chapman et al. 2003). Some of these mutations have
been shown to affect the normal protein structure and calcium-binding of COMP, leading
to accumulation of COMP, collagen IX, and matrilin-3 in the rough endoplasmic
reticulum (rER) of chondrocytes. This contributes to the abnormal assembly and
organization of the ECM (Hecht et al. 2005). The knockout mouse model of COMP
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showed that the absence of COMP did not affect normal growth or development as
homozygous and heterozygous mice did not differ from the wild-type mice (Svensson et
al. 2002). This suggests that the lack of COMP is better than the presence of mutated
COMP for skeletal growth and maintenance (Hecht et al. 2004). Even though the
biological function of COMP is not yet fully known, it is likely to play an essential role in
the assembly, organization, and maintenance of ECM in both developing and mature
cartilage based on its interaction capacities, its role in PSACH and MED and its structural
characteristics Furthermore, COMP may also serve a storage and delivery function for
signalling molecules relevant to cartilage tissue. (Hecht et al. 2004, 2005.)

2.4.2.2 Matrilin-3
Matrilin-3, first isolated from chicken and mouse cartilage (Belluoccio & Trueb 1997,
Wagener et al. 1997), is a member of the matrilin protein family, four of which (matrilin1, -2, -3 and -4) are ECM proteins with a modular structure consisting of a vonWillebrand
factor A-like (vWFA) domain and EGF-like domains, as well as a C-terminal α-helical
coiled-coil oligomerization domain (Deák et al. 1999, Segat et al. 2001). In addition to
matrilins, numerous other ECM components including collagens VI, VII, XII, and XIV,
and the α-chains of seven integrins have been reported to contain vWFA domains (Deák
et al. 1999). Human matrilin-3 is encoded by the MATN3 gene located on chromosome
2p24-p23, and the coding sequence of MATN3 is organized into eight exons spanning
approximately 21 kb, encoding a protein of 486 amino acids (Belluoccio et al. 1998). The
protein consists of seven domains: a signal peptide, a single vWFA domain followed by
four EGF-repeats, and a coiled-coil oligomerisation domain (Belluoccio et al. 1998).
Matrilin-3 expression is restricted to cartilage, cartilaginous tissues, and bones in humans
(Belluoccio et al. 1998, Kleemann-Fischer et al. 2001, Pullig 2002) and in mice (Segat et
al. 2000, Klatt et al. 2000, Klatt et al. 2002). It is present in various types of cartilage
such as developing cartilaginous anlage, growth plates, epiphyseal and articular cartilage
as well as subchondral bone. It has been shown that matrilin-3 forms both homooligomers, preferentially homotetramers, and heterotetramers with matrilin-1 in human
(Kleemann-Fischer et al. 2001), bovine (Wu & Eyre 1998, Klatt et al. 2000), mouse
(Klatt et al. 2002) and chicken cartilage (Zhang & Cheng 2000), giving rise to a bouquetlike structure. These proteins are often co-localized in tissues, though clear differences in
their spatial distribution have been observed (Kleemann-Fischer et al. 2001, Klatt et al.
2002).
It has been shown that matrilin-3 can interact with COMP (Mann et al. 2004, Briggs &
Chapman 2002), and interactions between matrilin-1 and fibrillar collagens
(Winterbottom et al. 1992) as well as between matrilin-1 and aggrecan (Hauser et al.
1996) have been reported. In a recent study, biglycan/matrilin-1 or decorin/matrilin-1
complexes were shown to act as linkers between collagen VI microfibrils and aggrecan or
alternatively with collagen II; matrilin-3 was also found in these complexes (Wiberg et al.
2003). Thus, it is thought that matrilin-1 and -3 have an adapter function in the ECM
connecting macromolecular networks. The importance of matrilin-3 in performing this
task in cartilage is highlighted by the finding of mutations in a region encoding the

30
vWFA-domain in MED patients (Chapman 2001, Mostert et al. 2003, Jackson et al.
2004, Mabuchi et al. 2004). In addition, a polymorphism causing increased susceptibility
to hand OA has been reported (Stefánsson et al. 2003). Matn3 knockout mice, however,
appear to be normal without any evidence of skeletal disorders (Ko et al. 2004). This
suggests that MATN3 mutations are likely to alter the folding or function of matrilin-3
and thus contribute to evident ECM disorganization via a dominant-negative effect.

2.4.2.3 Diastrophic dysplasia sulphate transporter
Diastrophic dysplasia sulphate transporter, DTDST, also known as SLC26A2 is an anion
transporter acting as an Na+-independent sulphate/chloride antiporter (Hästbacka et al.
1994, Satoh et al. 1998). It is a member of the newly delineated SLC26 anion transporter
gene family (for a review, see Dawson & Markovich 2005), currently consisting of six
known homologous human genes: liver sulphate anion transporter SLC26A1 (also known
as SAT-1) (Lohi et al. 2000), the major intestinal chloride/bicarbonate or
chloride/hydroxide exchanger SLC26A3 (alias CLD or DRA), which causes congenital
chloride diarrhea when defective (Höglund et al. 1996), SLC26A4 (alias PDS), a
chloride/iodide or chloride/formate exchanger which causes Pendred syndrome when
defective (Everett et al. 1999, Scott et al. 1999, Scott & Karniski 2000), SLC26A5 (alias
prestin) (Zheng et al. 2000), and SLC26A6, a pancreatic anion exchanger (Lohi et al.
2000).
The human DTDST gene was mapped to chromosome 5q32-q33.1 by positional
cloning (Hästbacka et al. 1994) during the search for the gene responsible for diastrophic
dysplasia, and the full transcript was expected to be 8.4 kb (Hästbacka et al. 1994, Haila
et al. 2001). The coding sequence of DTDST is organized in two exons and encodes a
protein of 739 amino acids (Hästbacka et al. 1994). The DTDST gene contains a large 3’
UTR region of approximately 5.6 kb, and the 5’-UTR sequence was found to have an
additional exon; a mutation affecting the splice donor site of this exon was found to be
the founder mutation in Finnish diastrophic dysplasia patients (Hästbacka et al. 1999).
The DTDST protein is predicted to have 12 transmembrane domains as well as a Cterminal, cytoplasmic, moderately hydrophobic domain (Hästbacka et al. 1994). The
function of the carboxy-terminal hydrophobic domain is not known, but is shows
homology to bacterial proteins known as antisigma-factor antagonists, which are kinase
antagonists and themselves kinase substrates (Aravind & Koonin 2000). Although the
main expression of DTDST is detected in the developing hyaline cartilage, it is also
expressed in the colon, placenta, bronchial glands, tracheal epithelium, pancreas, and
eccrine sweat glands in humans. Its expression was almost absent from mature articular
cartilage (Haila et al. 2001).
Mutations in the DTDST gene have been shown to cause four recessively inherited
osteochondrodysplasias: lethal achondrogenesis type 1B (ACG1B), lethal
atelosteogenesis type 2 (AO2), non-lethal diastrophic dysplasia (DTD), and nonlethal
recessive multiple epiphyseal dysplasia (rMED). (For a review, see Rossi & SupertiFurga 2001). Depending on the location and type of the mutation, mutations either
abolish or diminish the function of the sulphate transporter, leading to undersulfation of
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the newly synthesized proteoglycans both ex vivo and in cell culture, which may explain
the histological and physical changes of cartilage and thus the abnormal development and
growth of the skeleton (Rossi et al. 1996, Rossi et al. 1998, Superti-Furga et al. 1994).
Despite its widespread expression (Haila et al. 2001), the predominance of the phenotype
in cartilage may be explained by several factors such as the high rate of proteoglycan
synthesis and thus of sulphate requirement, the reduced vascular supply of thiols, and
perhaps the low rate of thiol oxidation in cartilage (Rossi & Superti-Furga et al. 2001).
Recently a knock-in mouse model was generated with a partial loss of function of the
Dtdst sulphate transporter due to a human A386V mutation; additionally the presence of a
neomycine cassette within intron 2 resulted in a reduced level of correctly spliced
transcripts through the induction of abnormal splicing. The homozygous mice were
characterized by growth retardation, skeletal dysplasia, and joint contractures closely
resembling the human DTD phenotype (Forlino et al. 2005).

2.5 Osteoarthritis (OA)
OA is the most common joint disorder and is a major cause of morbidity and disability as
well as a burden on health care resources. OA is no longer regarded as a simple
consequence of ageing and cartilage degeneration, but as the result of active processes
manifested by morphological, biochemical, molecular, and biomechanical changes of
both cells and the ECM. These changes lead to the softening, fibrillation, ulceration, and
loss of articular cartilage, sclerosis and the eburnation of subchondral bone, osteophytes,
and subchondral cysts. As risk factors, pathophysiology, clinical features, and outcome
vary from joint to joint, it has been suggested that OA may not be a single disorder but
rather a group of overlapping distinct diseases. (Creamer & Hochberg 1997, Felson 2000,
Buckwalter et al. 2004.)

2.5.1 Clinical features, diagnosis and classification of OA
OA most commonly affects the joints of the hands, knees, and hips. When OA becomes
clinically evident, it is characterized by symptoms such as joint pain, tenderness,
limitation of movement, crepitus, occasional effusion, and variable degrees of intraarticular inflammation without systemic effects. The clinical diagnosis of OA is usually
confirmed by the finding of typical radiographic changes consisting of jointspace
narrowing (JSN), the formation of marginal osteophytes, subchondral bone sclerosis, and
subchondral cyst formation. As the jointspace narrowing becomes evident in x-rays only
when cartilage loss is quite advanced, normal x-rays may not be sensitive enough to
detect the early stages of OA. In addition, persons with evident radiographic changes due
to OA may be totally asymptomatic. The symptoms best correlate with joint space
narrowing, and sometimes the classification of OA into radiographic versus symptomatic
OA is used. (For reviews, see Creamer & Hochberg 1997 and Buckwalter et al. 2004.)
Most OA patients suffer from the primary, idiopathic form of the disease where there
is no evident predisposing factor. Secondary OA can develop as a consequence of
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traumas, congenital or developmental defects (including chondrodysplasias and
metabolic diseases), calcium deposition diseases (calcium pyrophosphate deposition
disease, hydroxyapatite arthopathy), destructive artropathies (gout, rheumatoid arthritis),
or miscellaneous other diseases including endocrine and neuropathic diseases. In
addiation, OA can be classified as localized, affecting a certain joint, or as a generalized
form of disease affecting three or more joint areas (Altman 1995, Creamer & Hochberg
1997, Buckwalter et al. 2004).

2.5.2 Prevalence of OA
The prevalence of OA in all joints is strongly correlated with age, with an almost
exponential increase in prevalence after the age of 50 years. Regardless of how OA is
defined, it is uncommon under the age of 40 years but prevalent in persons older than 60
years (Felson 2000, Buckwalter et al. 2004). It has been estimated that approximately
400 000 persons in Finland suffer from symptomatic knee or hip OA based on the
findings of Mini-Finland and Health 2000 health examination surveys, where the
diagnosis of hip or knee OA was based on a clinical examination and an interview about
joint problems. Hip OA was diagnosed in 5 % of men and 4 % of women, and the
corresponding figures for knee OA were 5 % for men and 7 % for women (Heliövaara
1996, Aromaa et al. 2002). A large recent population-based OA study evaluated the
presence of radiological OA (ROA) in the hand, hip, knee, and thoracolumbar spine in
1355 Dutch subjects aged 55-65 years. Only 17 % of the studied persons were free from
ROA in all joints; 61 % were found to have hand OA (at least one affected hand joint), 18
% had knee ROA, 11 % had hip ROA, and 69 % had disc degeneration in the spine (Zhai
et al. 2004). Many population-based radiographic prevalence surveys for the hip OA have
been performed. Most studies have been performed in Caucasian populations where the
prevalence of ROA in the hip ranges from 1.6 % to 20 %, with an increase in prevalence
with aging; hip ROA seems to be a little more common in men. (For a review, see
Ingvarsson 2000). The most commonly affected joint is the hand, where OA usually
affects the interphalangeal and first metacarpophalangeal joints. The prevalence of
radiographic hand OA ranges from 64 % to 78 % in men over 65 years; the corresponding
figures for women over 65 years are 71 % to 99 % (Mikkelsen & Duff 1970, Swanson &
Swanson 1985, van Saase et al. 1989, Cauley et al. 1993, Haara et al. 2003).

2.5.3 Etiopathogenesis of OA
OA is currently considered a multifactorial disease, where genetic, local mechanical, and
individual constitutional risk factors have an important role in the development of the
disease.
The systemic risk factors for OA include a person’s age, sex, ethnic characteristics,
bone density, inherited susceptibility to OA, and other systemic factors, which probably
operate by making cartilage more vulnerable to daily injuries and less capable of repair.
Once systemic risk factors are in place, local biomechanical factors begin to play a role in
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joint breakdown. These include obesity, joint injury, joint deformity, sports participation,
and muscle weakness (For reviews, see Felson & Zhang 1998 and Felson 2000, 2004.)
OA has a higher prevalence and is more often generalized in women than in men.
However, before the age of 50 years, men have a higher prevalence and incidence than
women. The increase in the incidence and prevalence of OA with age is likely a
consequence of several biological changes that occur with aging. Racial characteristics
are also associated with OA susceptibility. The prevalence of hip OA seems to be low in
Asians. In addition, hip OA is less prevalent in Blackfeet and Pima Native Americans.
Several studies have shown that genetic factors are involved in OA susceptibility as
reviewed in the next chapter. Evidence also suggests an inverse relationship between OA
and osteoporosis. The preponderance of cross-sectional studies demonstrate that high
bone mineral density is associated with an increased prevalence of hip, hand, and knee
OA. In addition, some studies have reported an association between OA and the use of
estrogen replacement therapy, vitamins C and D intake, and serum C-reactive protein
levels. These findings, however, have been somewhat inconsistent. (For reviews, see
Felson & Zhang 1998 and Felson 2000, 2004.)
Obesity increases the risk of developing knee OA, while being overweight also
increases the risk for radiographic progression. The relationship between obesity and hip
OA is not as strong as it is with knee OA. Although the relationships between acute joint
trauma and the development of post-traumatic osteoarthritis remain poorly understood, it
is clear that articular surface fractures, joint dislocations, and ligament and meniscal
ruptures increase the risk of later OA, as do joint dysplasias. (For reviews, see Felson &
Zhang 1998 and Felson 2000, 2004.)
OA involves the degeneration of articular cartilage together with changes in
subchondral bone and limited intra-articular inflammation. Degeneration is first observed
at the articular surface in the form of fibrillation, which involves splits more or less
parallel to the articular surface. This superficial fibrillation is associated with the
increased denaturation and loss of collagen II from collagen fibrils (Hollander et al. 1994,
1995). In addition, there is a local loss of aggrecan (Lark et al. 1997) and small
proteoglycans, including decorin and biglycan (Poole et al. 1996). These changes result
in an increase in water content and the loss of tensile strength in the cartilage matrix as
the OA lesion progresses (Poole et al. 2002). The chondrocytes at the articular surface
show increased expression of various matrix metalloproteinases (MMP) early in the
degenerative process, which leads to the increased cleavage of collagen II and
proteoglycans (Murphy et al. 2002). The collagenases implicated in collagen II
degredation include collagenases 1, 2, and 3 (MMPs 1, 8, and 13, respectively) and
membrane type 1 (MT1)-MMP (MMP14) (Mitchell et al. 1996, Billinghurst et al. 1997,
Shlopov et al. 1997, Imai et al. 1997, Dahlberg et al. 2000). A major role in cartilage
degradation has been suggested for MMP-13 due to its increased expression in OA
cartilage and its ability to more effectively degrade type II collagen (Knauper et al. 1996,
Mitchell et al. 1996, Wu et al. 2002). MMP-3, MMP-8, and MT1-MMP all can degrade
aggrecan, but there is evidence that the primary event in “aggrecanase” cleavage is the
preceding chondrocyte-mediated catabolism of aggrecan (Lark et al. 1997, Nagase &
Kashiwagi 2003). Considerable data implicate a role for the synovium- and the
chondrocyte-derived proinflammatory cytokines, interleukin-1 (IL-1) and tumor necrosis
factor-α (TNF-α), in the cartilage destruction associated with OA (Goldring & Goldring
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2004). IL-1 and TNF-α have been shown to colocalize with MMPs in the superficial
regions of OA cartilage (Tetlow et al. 2001). In addition, IL-1 and TNF- α can induce the
expression of MMPs, aggrecanases, and other catabolic genes (Saklatvala 1986, Bunning
& Russell 1989, Campbell et al. 1990, Lefebvre et al. 1990, Meyer et al. 1990) and
inhibit the synthesis of proteoglycans and type II collagen by chondrocytes (Goldring et
al. 1988, 1994; Chadjichristos et al. 2003), thus promoting chondrocyte dedifferentiation
and preventing cartilage repair. However, the initial inducers of cartilage catabolism in
OA have not been identified. Despite evidence of transient repair attempts by
chondrocytes as shown by the increased expression of collagens IIA, III, VI, and X in the
early OA lesion, the repair of matrix components is limited and, unless this process is
interrupted, the damage to the cartilage matrix architecture cannot be regenerated by the
adult articular chondrocyte (Poole et al. 2002). It has also been suggested that the loss of
articular cartilage might reflect in part an insufficiency of anabolic growth factors such as
insulin-like growth factor-1 (IGF-1) and transforming growth factor-β (TGF-β) (Trippel
2004). The TGF-β pathway is important in regulating cartilage turnover and maintaining
healthy cartilage, as it has been shown that the articular cartilage degenerates in mice
with a defective TGF-β type II receptor (Serra et al. 1997) or TGF-β driven SMAD
signalling pathway (Yang et al. 2001). In addition, disruption of the normal pattern of
expression of matrix components associated with certain genetic abnormalities can also
predispose the cartilage to OA (Reginato & Olsen 2002). Despite active research work in
the field of the molecular pathology of OA, the triggers of this cartilage destruction and
the pathways used are still to be defined. (For reviews, see Poole 1999, Goldring 2000,
Murphy et al. 2002, Poole et al. 2002, Goldring & Berenbaum 2004, Goldring &
Goldring 2004, Martel-Pelletier 2004, and Trippel 2004.)

2.5.4 Inheritance of OA
Familial clustering of Heberden’s nodes of the fingers was first formally studied by
Stecher in the 1940s, when he discoverd the condition to be twice as frequent in the
mothers and three times as frequent in the sisters of affected women when compared to
the control population (Stecher 1941). Kellgren et al. (1963) reported same kind of
familial clustering of generalized form of OA in the 1960’s, reporting that the first degree
relatives of patients with the generalized nodal OA were twice as likely to have radiologic
evidence of the disease as the control population. These initial findings provided the
rationale to investigate the inheritance and genetics of OA in more detail.
The development of hip OA seems to be strongly genetically determined. A British
twin study estimated the heritability of hip OA to be approximately 60 % (MacGregor et
al. 2000). Studies designed to evaluate the prevalence of hip OA among siblings of
probands who have undergone total hip replacement (THR) have usually shown 2- to 3fold increases in the risk of OA relative to controls (Lindberg 1986, Chitnavis et al. 1997,
Ingvarsson et al. 2000), whereas the odds ratio for developing hip OA in siblings was 4.9
(95 % CI 3.9-6.4) in a large British study, where JSN <1.5 mm was used as a definition
for probable hip OA (Lanyon et al. 2000).
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Heritability estimates for knee OA have varied between 39-62 % (Spector et al. 1996,
Neame et al. 2004). In a UK sibling study, the relative risk for total knee replacement
(TKR) in siblings of probands compared to that found in the spouses of probands, who
had undergone TKR, was 4.8 (95 % CI 0.64-36.4). However, the data was not adjusted
for important risk factors, and the confidence intervals were wide because none of the
controls had undergone TKR (Chitnavis et al. 1997). A more recent and thorough British
study investigating the risk of tibio- and patellofemoral OA in siblings versus controls
reported a relative risk of 2.9 (95 % CI 2.3-3.7) for tibiofemoral OA and 1.7 (95 % CI
1.4-2.2) for patellofemoral OA after adjusting for environmental factors (Neame et al.
2004). In addition, an MRI-based twin study showed that cartilage volume in different
areas of knee joint were under genetic control, as the heritability for total knee cartilage
volume was 73 % (95% CI 51-85%) (Hunter et al. 2003). These studies together confirm
that genetic factors are likely to play an important role in the development of knee OA .
Hand OA and disc degeneration of the spine are also strongly influenced by genetic
factors. Two studies have reported heritability values for hand OA at the same range, 56
% (95 % CI 0.34-0.76) in a Dutch sibling study (Bijkerk et al. 1999) and 59 % (95 % CI
0.49-0.70) in a British female twin study (Spector et al. 1996). Genetic factors seem to be
important in disc degeneration in the spine, since the estimates of the heritability of disc
degeneration have been approximately 70 % when based on normal radiographs (75 %,
95 % CI 0.30-1.00) or magnetic resonance imaging (74 %, 95 % CI 64-80 %) (Bijkerk et
al.1999, Sambrook et al. 1999).
In addition, community-based segregation analyses of hand and polyarticular OA
(Framingham and Baltimore longitudinal studies) have demonstrated a significant role for
genetic factors in OA. The Framingham study suggested a Mendelian recessice
inheritance pattern with a major recessive gene and a multifactorial component,
representing either polygenic or environmental factors (Felson et al. 1998b, Hirsch et al.
1998). (For reviews, see MacGregor & Spector 1999, Loughlin 2001, Loughlin 2002a,
Loughlin 2003, and Spector & MacGregor 2004.)

2.5.4.1 Association analysis of candidate genes in OA
As there is a wealth of evidence supporting the involvement of genetic factors in OA, the
genetic basis of OA has been investigated by association studies of candidate genes or
genome-wide linkage analysis of either affected sib-pairs or rare families where OA
seems to be inherited in a Mendelian way. Numerous association studies have been
performed since the late 1990’s with a total number of over 50 candidate genes
investigated, including genes encoding ECM components, genes affecting bone
characteristics such as bone mineral density, and genes encoding catabolic and anabolic
cytokines. The genes encoding ECM components have usually been genes in which
mutations lead to more rare osteochondrodysplasia phenotypes with secondary earlyonset OA of weight-bearing joints (for a review, see Reginato & Olsen 2002). Findings
have rarely been consistent, possibly due to the use of different strategies in the studies.
The most consistent finding is the involvement of polymorphisms in the vitamin D
receptor gene (VDR) and in the interleukin-1 cluster in OA, with the relative risk being
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approximately 2 as expressed in odds ratio (OR) (range 1.5-2.6) (Keen et al. 1997,
Uitterlinden et al. 1997, Uitterlinden 2000, Loughlin et al. 2002b, Meulenbelt et al. 2004,
Smith et al. 2004; for a review, see Spector & MacGregor 2004). Recently two
association studies have reported the association of hip OA with the frizzled motif
associated with bone development (FRZB) and the interleukin 4 receptor α (IL4R) genes,
which were positional candidate genes based on the results of previously performed
linkage analysis studies (Loughlin et al. 2004, Forster et al. 2004a). A Japanese group
reported the association of an aspartic acid repeat polymorphism in the asporin gene
(ASPN), a member of the small leucine-rich proteoglycan family, with knee and hip OA.
In addition, they showed that asporin suppressed the TGF-β-mediated expression of
aggrecan and collagen II in an in vitro model of chondrogenesis. This effect was allelespecific, with the OA-associated D14 allele resulting in greater inhibition than other
alleles (Kizawa et al. 2005). Supplemental table 1 summarizes the results and
characteristics of these association studies performed with hand, hip, or knee OA. (For
reviews, see Brandi et al. 2001, Newman & Wallis 2002, Loughlin 2002a, Reginato &
Olsen 2002, Loughlin 2003, and Spector & MacGregor 2004.)

2.5.4.2 Genome-wide linkage studies of OA
The genome-wide linkage studies of OA reported to date have been performed using
either rare families where OA is inherited in an almost Mendelian manner, or using
cohorts of affected sib-pairs. As the epidemiological studies (Lanyon et al. 2000,
MacGregor et al. 2000, Spector & MacGregor 2004) have highlighted potential
differences in the degree of OA heritability between different joint sites (hip, knee, and
hand) and between sexes, most of the studies reported have stratified their data based on
gender and the affected joint. Currently, there are results available from only one
genome-wide linkage scan with hip and/or knee OA (Chapman et al. 1999, Loughlin et
al. 1999, Loughlin et al. 2000, Chapman et al. 2002, Loughlin et al. 2002c, 2002d;
Forster et al. 2004b, Loughlin et al. 2004), and the exclusion of l0 OA candidate genes
(COL2A1, VDR, COL9A2, COL11A1, COL11A2, HLA, COMP, CRTL1, α1AT, DTDST)
was performed prior to the genome-wide scan by analyzing the linkage of microsatellites
in these OA families (Mustafa et al. 2000). Results from three genome-wide scans of
hand OA have been reported (Leppävuori et al. 1999, Demissie et al. 2002, Stefánsson et
al. 2003, Hunter et al. 2004).
To summarize the genome-wide linkage studies, multiple chromosomal regions have
shown linkage with either hand or hip OA, and these findings are consistent with the
heterogenous nature of OA. For hip OA, a linkage to overlapping regions of chromosome
16 has been reported by two different studies (Loughlin et al. 1999, Ingvarsson et al.
2001, Forster et al. 2004b), whereas linkages to chromosomes 2q24.3-q31.1, 4q13.14q13.2, 6p12.3-q13, 11q13.4-q14.3, and 11q21.1-q23.2 have not been replicated
(Chapman et al. 1999, Loughlin et al. 1999, 2000; Chapman et al. 2002, Loughlin et al.
2002c,d, 2003; Forster et al. 2004b, Loughlin et al. 2004, Southam et al. 2004). However,
evidence of the linkage of hand OA to chromosome 11q region overlaps with the linkage
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of hip OA to 11q13.4-q14.3, suggesting that 11q is likely to harbour an OA susceptibility
gene(s) (Demissie et al. 2002, Chapman et al. 2002).
In subsequent association analysis studies performed with candidate genes located in
some of these regions, a UK group has reported the association of female hip OA with
functional SNPs. Inheriting either the specific haplotype of the FRZB gene (OR 4.1),
located in the 2q23-32 region, or the minor allele of two of the IL4R SNPs (OR 2.4),
located on 16p12.1, seems to predispose females to hip OA (Loughlin et al. 2004, Forster
et al. 2004a).
The most promising linkage of hand OA has been to the chromosome 2p24-p21 region
detected by two large independent linkage studies (Demissie et al. 2002, Stefánsson et al.
2003). Furthermore, the association of hand OA with T303M variant in the MATN3 gene
located in this chromosomal region was reported by the Icelandic group (Stefánsson et al.
2003). Meanwhile, various other chromosomal regions warrant further studies (Demissie
et al. 2002, Stefánsson et al. 2003, Hunter et al. 2004). The linkage of chromosomal
region 2q to hand OA has been the most thoroughly studied, but despite the initial
positive findings of Wright et al. (1996), the larger study by their group found no linkage
of nodal hand OA (200 families) or knee OA (210 families) to chromosome 2q11.2-q36.3
(Gillaspy et al. 2002). Similar negative results of a linkage between 2q and hand OA have
been obtained from an Australian study of 22 families with radiological hand OA
(Stankovich et al. 2002). The only current study reporting positive linkage to this region
is by Leppävuori et al. (1999). A study of 295 Russian nuclear families with radiological
hand OA could not confirm the linkage of hand OA to chromosomal region 11q12-13
(Kalichman et al. 2003). A summary of OA linkage studies is shown in Table 3. (For
reviews, see Loughlin 2002a, Loughlin 2003, and Spector & MacGregor 2004.)
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Table 3. Linkage studies of hip and hand OA with suggestive linkage (LOD >1.5)
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DIP

JSN in hand

JSN in hand

Thumb IP

CMC I

JSN in hand

DIP

MCP I

DIP

JSN in hand

DIP

DIP

DIP

Joint or feature linked

Associated

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

candidate gene

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

USA

Finland

Iceland

Finland

Country

Demissie et al. 2002

Demissie et al. 2002

Hunter et al. 2004

Hunter et al. 2004

Hunter et al. 2004

Hunter et al. 2004

Hunter et al. 2004

Hunter et al. 2004

Demissie et al. 2002

Hunter et al. 2004

Demissie et al. 2002

Demissie et al. 2002

Hunter et al. 2004

Hunter et al. 2004

Hunter et al. 2004

Hunter et al. 2004

Hunter et al. 2004

Hunter et al. 2004

Demissie et al. 2002

Leppävuori et al. 1999

Stefánsson et al. 2003

Leppävuori et al. 1999

Reference

interphalangeal, IP = interphalangeal, MCP = metacarpophalangeal; PIP = proximal interphalangeal; JSN = joint space narrowing; K/L = Kellgren/Lawrence

a Linkage study of one family; b Linkage study of two families. MLS = multipoint LOD score; LOD = logarithm of odds; CMC = carpometacarpal; DIP = distal

19

LOD 2.2
LOD 2.3

22

LOD 6.3

81

17

LOD 1.7

72

LOD 1.6

118

15

87

14

LOD 1.6
LOD 2.3

36

166

13

LOD 1.7
LOD 1.8

166

12

LOD 1.6

77

11

LOD 2.3

76

9

LOD 2.1

105

8

LOD 3.3

~128

LOD2.3

LOD-score

4q

(interval)

4q26-q27

Chromosome

Table 3. Continued.
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2.6 Multiple epiphyseal dysplasia (MED)
2.6.1 Clinical and radiological features of MED
Multiple epiphyseal dysplasia (MED) is a relatively mild, heterogeneous
chondrodysplasia with a primarily autosomal dominant inheritance, although a recessive
form (rMED) of the disorder also exists. It was initially recognized as a distinct
chondrodysplasia by Sir Thomas Fairbank in 1947 (Fairbank 1947). A diagnosis of MED
implies that radiographically there is a generalized abnormality of epiphyseal ossification
without significant vertebral involvement. This can include a delay in ossification and
abnormalities in epiphyseal size and contours. There is also an early-onset degenerative
OA of the large weight-bearing joints (hips, knees), which suggests the presence of other
mechanisms in addition to epiphyseal ossification abnormalities. In recent years, the
molecular and genetic basis of MED has been under active research, and currently six
different genes have been implicated in MED. (For reviews, see Unger & Hecht 2001,
Briggs & Chapman 2002, Chapman et al. 2003, and Lachman et al. 2004). It is estimated
that MED affects at least 1-4/10 000 individuals (Andersen et al. 1988).
MED patients usually have symptoms such as joint pain and stiffness, a waddling gait,
easy fatique, and/or mild short stature in childhood. In addition, a MED diagnosis can
sometimes be made based on the finding of early-onset OA of the knees and hips in adult
patients. Patients with a severe form of the disease can be of short stature, while most
patients have normal or mildly short stature. The radiological findings consist of initial
delayed epiphyseal ossification, while later on ossification centers are usually small and
sometimes fragmented with irregular contours. Usually the epiphyses of the hips and
knees are the most severely affected, while ivory epiphyses of the hands and doublelayered patella are other radiographic signs associated with the disorder. Spinal changes,
if present, are mild and usually consist of Schmorl’s nodes in the thoracolumbar
vertebrae. In adulthood, the articular surfaces of the joints may be flattened and
dysplastic with early-onset OA features that can be indistinguishable from the primary
OA. Genu varum and genu valgum may also be present. (For reviews, see Unger & Hecht
2001, Briggs & Chapman 2002, Chapman et al. 2003, and Lachman et al. 2004).
Mutations in six different genes (COMP, COL9A1, COL9A2, COL9A3, MATN3, and
DTDST) have been identified in MED patients, and some genotype-phenotype
correlations have been suggested. MED patients with COMP mutations usually have the
most severe changes in the hip joints, and in many cases the disease is progressive,
leading to early-onset hip OA requiring joint replacement. Some patients with COMP
mutations also have joint laxity. In contrast, the hip joints of patients with collagen IX
mutations typically are relatively spared, while the most drastic radiographic findings are
observed in the knees (Briggs & Chapman 2002, Unger et al. 2001). Myopathy in
addition to epiphyseal dysplasia has been reported in two families with a COL9A3
mutation (Bönnemann et al. 2000, Lohiniva et al. 2000). The hips and knees are the most
commonly affected joints in patients with MATN3 mutations, but the hip involvement is
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intermediate relative to that caused by COMP or collagen IX mutations (Chapman et al.
2001, Mäkitie et al. 2004). The presence of epiphyseal changes in combination with a
double-layered patella and/or clubfoot is characteristic of rMED caused by DTDST
mutations (Superti-Furga et al. 1999, Rossi & Superti-Furga 2001, Ballhausen et al.
2003, Mäkitie et al. 2003).

2.6.2 Molecular genetics of MED
As the clinical phenotype is variable, the disorder is also genetically heterogenous.
Mutations in the genes COMP, COL9A1, COL9A2, COL9A3, and MATN3 genes have
been shown to cause dominantly inherited MED, while patients with the recessive form
of MED are either homozygous or compound heterozygous for mutations in the DTDST
gene (Table 4).

2.6.2.1 Mutations in COMP
Mutations in the COMP gene were the first to be identified in MED (Briggs et al. 1995),
and it has been shown that mutations in COMP cause a dominantly inherited form of
MED (EDM1, OMIM 600310). Since then, altogether 22 different mutations in 25
probands have been described (Table 4); three of the mutations (D302V, D385N, T585M)
have been recurrent. The majority of these MED-causing COMP mutations cluster in
exons 8-14, which encode the calcium-binding T3-repeats, while the other mutations are
found in exons 16-18, which encode the C-terminal globular domain (Briggs et al. 1995,
Susic et al. 1997, Ballo et al. 1997, Loughlin et al. 1998, Igekawa et al. 1998, Briggs et
al. 1998, Deere et al. 1999, Delot et al. 1999, Czarny-Ratajzack et al. 2001, Briggs &
Chapman 2002, Kawaji et al. 2002, Mabuchi et al. 2003, Song et al. 2003). A majority of
MED mutations have either been point mutations predicted to result in amino acid
substitutions or small in-frame deletions or insertions (3-6 bp); only one mutation leading
to a premature termination codon due to an out-of-frame insertion of 1 bp has been
reported (Mabuchi et al. 2003). This suggests that mutations in COMP cause
preferentially qualitative, not quantitative, defect (Chapman et al. 2003). Mutations in
COMP also cause pseudoachondroplasia, a more severe chondrodysplasia, but the
phenotypes are partly overlapping (Unger & Hecht 2001, Briggs & Chapman 2002).
The exact mechanism by which COMP mutations cause MED is not fully known, but
the incorporation of mutant COMP monomers into COMP pentamers is likely to cause a
dominant-interference effect with only 3 % of COMP pentamers being likely to consist of
five normal monomers (Chapman et al. 2003). The cellular pathology of allelic PSACH
has been more thoroughly investigated, and some data for MED pathology can be derived
from these studies since similar kinds of mutations have been reported in MED
(Chapman et al. 2003). It is known that mutations in the calcium-binding T3-repeats of
COMP have a profound effect on the structure of this region, decreasing its ability to bind
calcium, but these abnormal COMP monomers can be incorporated into pentamers (Delot
et al. 1998, Chen et al. 2000, Maddox et al. 2000, Thur et al. 2001, Kleerokoper et al.
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2002). Another mechanism by which dominant negative interference may occur is the
accumulation of pentameric COMP in the rough endoplasmic reticulum of chondrocytes.
Collagen IX, aggrecan and matrilin-3 have also been present in these RER vesicles
(Stanescu et al. 1993, Maddox et al. 1997, Chapman et al. 2003, Hecht et al. 2004).
Furthermore, normal interactions between COMP and other ECM components can be
disturbed as a result of these mutations, and the altered binding of collagens I, II, and IX
with mutated COMP has been demonstrated in the case of some mutations (Holden et al.
2001, Thur et al. 2001).

2.6.2.2 Mutations in COL9A1, COL9A2 and COL9A3
Mutations in the genes coding for the collagen IX α chains have been shown to cause a
dominantly inherited form of MED, and altogether nine such mutations have been
identified in 10 families, with one of the mutations being recurrent (Table 4). All these
mutations cluster in the splice-donor or acceptor site of exon 3 of COL9A2 (EDM2, MIM
600204) (Muragaki et al. 1996, Holden et al. 1999, Spayde et al. 2000, Fiedler et al.
2002) or COL9A3 (EDM3, MIM 600969) (Paassilta et al. 1999b, Bönnemann et al. 2000,
Lohiniva et al. 2000, Nakashima et al. 2005) or in the splice-donor site of exon 8 of
COL9A1 (Czarny-Ratajczak et al. 2001). These mutations result in the skipping of exon 3
of COL9A2 and COL9A3, or exon 8 and/or 10 of COL9A1, during RNA splicing. The
resulting 36-bp deletion at the mRNA level gives rise to a 12-amino acid in-frame
deletion in the α2(IX) or α3(IX) chains. The deletion of 75, 63, or 138 bp in COL9A1 is
predicted to cause an in-frame deletion of 25, 21 or 49 amino acids from the α1(IX)
chain. These deletions are all located in an equivalent region of the COL3 domain of
collagen IX, suggesting an important function for this domain.
It is known that the COL3 and NC4 domains of collagen IX are projected away from
the collagen fibril surface into the cartilage ECM, where they possibly interact with other
matrix molecules. A deletion of 12 or more amino acids from this domain may alter the
conformation of the molecule with subsequent changes in its ability to interact with other
ECM molecules (Chapman et al. 2003). In addition, some collagen IX mutations have
been reported to lead to decreased mRNA stability and incomplete splicing of exon 3
(Holden et al. 1999, Spayde et al. 2002). The cell and matrix pathology of MED resulting
from collagen IX mutations is not yet thoroughly studied and much work remains to be
done to fully understand the disease process.

2.6.2.3 Mutations in MATN3
A genome-wide screen of a family with autosomal dominant MED not linked to the
COMP, COL9A2, and COL9A3 genes provided significant evidence of a linkage to
chromosome 2. Subsequently, the first mutation in MATN3 was identified in this family,
implicating the fifth gene for the autosomal dominant form of MED (EDM5, MIM
602019) (Chapman et al. 2001). Now a few years later, MATN3 mutations seem to be a
quite common cause of this relatively mild and possibly self-limiting form of MED, with
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nine different mutations being reported in altogether 17 probands (Table 4); two of the
mutations (T120M, R121W) have been recurrent (Chapman et al. 2001, Mostert et al.
2003, Jackson et al. 2004, Mabuchi et al. 2004). All are missense mutations located in the
exon 2 of MATN3, affecting the β-sheet region of the vWFA domain, with the exception
of the F105S mutation located within an α-helix region (Chapman et al. 2001, Mostert et
al. 2003, Jackson et al. 2004, Mabuchi et al. 2004). As matrilins have been found in
collagen-dependent and -independent filamentous networks and preliminary data has
demonstrated that matrilin-3 can bind with high affinity to COMP, collagen II, and the
collagenous regions of collagen IX, it is possible that these mutations modify the normal
interactions of ECM components by altering the structure and/or function of the vWFA
domain of matrilin-3, thus causing structural abnormalities within the ECM of cartilage
(Chapman et al. 2003).

2.6.2.4 Mutations in DTDST
Mutations in the DTDST gene had previously been shown to cause more severe recessive
chondrodysplasias, achondrogenesis 1B, atelosteogenesis type 2, and diastrophic
dysplasia (for a review, see Rossi & Superti-Furga 2001). Superti-Furga et al. (1999)
reported the first patient with a recessive form of MED (rMED) with molecular
verification; the patient was found to be homozygous for the most common rMED
mutation, R279W. The current number of reported probands being R279W homozygotes
is 18 (Superti-Furga et al. 1999, Huber et al. 2001, Czarny-Ratajzak et al. 2001,
Ballhausen et al. 2003). In addition, four other mutations (‘Finnish’ IVS1+2T>C, N77H,
G237V, C653S) have been reported to result in rMED when either homozygous (C653S)
or compound heterozygous (see Table 4) in six probands. Thus, DTDST mutations seem
to be a common cause of MED, and these patients usually present with either clubfoot
and/or double-layered patella in addition to epiphyseal dysplasia (Superti-Furga et al.
1999, Rossi & Superti-Furga 2001, Ballhausen et al. 2003, Mäkitie et al. 2003).

44
Table 4. Reported MED mutations by gene
Gene

Exon/
intron

COMP

Nucleotide

Predicted

Location

N of casesa Reference
Sp

Fam

variation

Protein change

8

c.827C>G

P276R

T3-1

1

Czarny-Ratajzak et al.

9

c.905A>T

D302V

T3-2

2

Deere et al. 1999

10

c.1024G>C

D342Y

T3-3

2001
1

Briggs et al. 1995

10

c.1081G>T

D361Y

T3-4

1

Loughlin et al. 1998

10

c.1082A>T

D361V

T3-4

1

Igekawa et al. 1998

10

c.1098-1191del

del RG

T3-4

CGGGGC

367-368

10

c.1111T>A

C371S

T3-4

1

Susic et al. 1997

10

c.1112G>T

C371F

T3-4

1

Mabuchi et al. 2003

11

c.1153G>A

D385N

T3-4

1

Song et al. 2003

11

c.1247G>T

D408Y

T3-5

1

Loughlin et al. 1998

12

c.1284A>C

D420A

T3-6

1

Czarny-Ratajzak et al.

13

c.1358G>A

N453S

T3-7

1

Briggs et al. 1998

13

c.1371-1373del

E457del

T3-7

13

c.1405-1419

InsD

T3-7

insGAC

469-473

1

Loughlin et al. 1998

1

Mabuchi et al. 2003

2001
1

Mabuchi et al. 2003
1

Delot et al. 1999

13

c.1418G>A

D473G

T3-7

1

Briggs et al .2002

13

c.1467G>C

N489K

T3-8

1

Briggs et al. 2002

14

c.1501-1509del

G501_V503
del

T3-8

1

Mabuchi et al. 2003

14

c.1569C>G

N523K

T3-8

1

Ballo et al. 1997

16

c.1754C>G

T585R

Ct

1

Briggs et al. 1998

16

c.1754C>T

T585M

Ct

1

Czarny-Ratajzak et al.

1

Song et al. 2003

2001
18

c.2152C>T

R718W

Ct

1

Mabuchi et al. 2003

18

c.2223-2224insC

N742fs

Ct

1

Mabuchi et al. 2003

COL3

1

Czarny-Ratajczak et al.

COL3

1

Muragaki et al. 1996

X743
COL9A1

IVS8 IVS8 ds +3 ins T

del of 25,
21 or 47 aa

COL9A2

IVS3 IVS3 ds+2 T>C

del of 12 aa

2001

IVS3 IVS3 ds+5 G>C

del of 12 aa

COL3

1

Holden et al. 1999

IVS3 IVS3 ds-1 G>A

del of 12 aa

COL3

1

Holden et al. 1999
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Table 4. Continued.
Gene

Exon/

Nucleotide

Predicted

intron

variation

Protein

Location

N of casesa Reference
Sp Fam

change

COL9A3

MATN3

DTDST

IVS3 IVS3 ds+6 T>G

del of 12 aa COL3

1

Spayde et al. 2000

IVS3 IVS3 ds-1 G>C

del of 12 aa COL3

1

Fiedler et al. 2002

IVS2 IVS2 as-1 G>A

del of 12 aa COL3

1

Lohiniva et al. 2000

1

Bönnemann et al. 2000
Paassilta et al. 1999

IVS2 IVS2 as-2 A>T

del of 12 aa COL3

1

IVS3 IVS3 ds+5 G>A

del of 12 aa COL3

1

Nakashima et al. 2005

2

c.314T>C

F105S

vWFA (α1)

1

Mabuchi et al. 2004

2

c.359C>T

T120M

vWFA (βB)

1

Jackson et al. 2003

3

Mabuchi et al. 2004

2

c.361C>T

R121W

vWFA (βB)

1

Chapman et al. 2001

3

Jackson et al. 2003

3

Mabuchi et al. 2004

2

c.368C>A

A123K

vWFA (βB)

1

Mabuchi et al. 2004

2

c.382G>C

A128P

vWFA

1

Mostert et al. 2003

2

c.400G>A

E134K

vWFA (βC)

1

Jackson et al. 2003

2

c.575T>A

I192N

vWFA (βD)

1

Jackson et al. 2003

2

c.581T>A

V194D

vWFA (βD)

1

Chapman et al. 2001

2

c.656C>A

A219D

vWFA (βΕ)

1

Jackson et al. 2003

2

c.862C>T

R279W

homoz.

1

Superti-Furga et al. 1999

2

Huber et al. 2001

2

Czarny-Ratajczak et al.
2001

3

c.1984T>A

15b

Ballhausen et al. 2003

C653S

homoz.

2

Ballhausen et al. 2003,

Finnish /

compound

1

Ballhausen et al. 2003

R279W

heteroz.

Finnish /

compound

1

Ballhausen et al. 2003

c.1984T>A

C653W

heteroz.

e2/ e2 c.256A>C /

N77H /

compound

1

Ballhausen et al. 2003

R279W

heteroz.

G237V /

compound

1

Ballhausen et al. 2003

R279W

heteroz.

Mäkitie et al. 2003
IVS1/e IVS1+2T>C /
2

c.862C>T

IVS1/e IVS1+2T>C /
3

c.862C>T
e2/e2 NA /
c.862C>T
a

Sp = sporadic; Fam = familial; homoz. = homozygous: heteroz. = heterozygous

b

Includes the original proband reported by Superti-Furga et al. 1999

3 Outlines of the present study
As there is a wealth of evidence for the involvement of genetic factors in OA, association
studies of candidate genes, or genome-wide linkage analysis of either affected sib-pairs or
rare families where OA seems to be inherited in a Mendelian way, has been performed to
find the susceptibility genes. Some previous association and linkage studies and
transgenic mouse models had suggested that sequence variations in COL2A1 might play a
role in the pathogenesis of OA. It had already been demonstrated that mutations in the
minor cartilage collagen genes (COL9A1, COL9A2, COL9A3, COL11A1, and COL11A2)
resulted in milder chondrodysplasias with early-onset OA as a part of the phenotype. In
addition, mice lacking the α1(IX) chains and transgenic mice heterozygous for a large inframe deletion of Col9a1 developed degenerative joint disease similar to human OA.
When this study was initiated, no studies concerning the role of sequence variations in
minor cartilage collagens in OA had been reported.
The phenotype of MED cases, especially in adulthood, is sometimes indistinguishable
from that of primary OA and it was thought that characterization of the genetic defects in
MED patients could help in the search for OA susceptibility genes. Although mutations
had already been reported in six different genes in MED patients, these were thought to
account for less than 50 % of MED cases. It was not yet evident what proportion of cases
was due to mutations in each gene implicated in MED, and genotype-phenotype
correlations were still not thoroughly known. None of the reported studies had analyzed
the patients for all of these MED genes, and no cohort-based reports of the prevalence of
mutations in these genes had been reported.
Based on the indirect evidence of the potential contribution of defects in minor
cartilage collagens in OA pathogenesis, it was hypothesized that mutations in the
cartilage collagen genes, especially those coding for minor cartilage collagens IX and XI,
might play a role in OA pathogenesis. In addition, the characterization of genetic defects
in clinically well-studied MED cases and in a cohort of MED cases would improve the
knowledge of genotype-phenotype correlations and help to estimate the prevalence of the
MED mutation. It might potentially lead to the characterization of a subset phenotype of
MED patients who do not have mutations in the currently known genes, enabling further
studies which could potentially identify new MED genes. The object of this work was
therefore to increase our knowledge of OA pathogenesis by studying the role of the
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sequence variations in cartilage collagen genes in OA patients with early-onset primary
hip and/or knee OA and to further evaluate the genetics and genotype-phenotype
correlations in MED. The specific aims were:
1.

2.
3.

to study whether sequence variations in cartilage collagen genes (COL2A1, COL9A1,
COL9A2, COL9A3, COL11A1, and COL11A2) contribute to OA pathogenesis by
performing a mutation and association analysis of these genes in patients with
primary early-onset hip and/or knee OA,
to search for a disease-causing mutation in two MED families where the phenotype
was suggestive for a collagen IX mutation, and
to search for MED-causing mutations in the genes implicated in MED (COMP,
COL9A1, COL9A2, COL9A3, MATN3, and DTDST) in a cohort of Canadian MED
patients and to estimate the prevalence of the MED mutations in this cohort. In
addition, we sought to evaluate the genotype-phenotype correlations both in patients
with an identified genetic defect and in patients in whom no mutations in the known
genes were identified to possibly characterize new subsets of MED phenotypes.

4 Materials and methods
The materials and methods are described in detail in the original papers I-III.

4.1 Patients and controls (I-III)
Seventy-two unrelated Finnish patients with early-onset (< 50 years) hip and/or knee OA
from the Departments of Orthopaedics at Jyväskylä Central Hospital and Kuopio
University Hospital were included in the mutation and association analysis study of the
cartilage collagen genes. They had all undergone at least one hip or knee arthroplasty or
other open or arthroscopic surgery of the knee joint (Table 1 in article I) in which the
diagnosis of OA was confirmed in addition to clinical and radiographical examinations.
Altogether 103 unrelated controls were obtained; 50 controls were from Jyväskylä
Central Hospital and 53 from Kuopio University Hospital. They were all over 45 years of
age and had no history or symptoms of OA. They were not examined clinically or
radiologically. In addition, a North American family with early-onset OA was referred to
us for mutation analysis and was included in this study.
Two small MED-families with a phenotype suggesting a collagen IX mutation were
referred to us for mutation analysis, and all subjects were examined clinically and
radiographically. The Canadian MED cohort consisted of altogether 30 consecutive
unrelated patients who were followed by Dr. W.G. Cole at the Orthopaedic Clinic, The
Hospital for Sick Children, Toronto, during the years 1996 to 2002. Detailed clinical and
mutation data have been reported previously for four of these patients (Susic et al. 1997,
Ballhausen et al. 2003, Mäkitie et al. 2003). Of the remaining 26 patients, 25 consented
to participate in the study. Their hospital records were reviewed for symptoms, clinical
features and family history, and radiographs were assessed for skeletal characteristics of
MED. The diagnosis of MED was based on typical clinical and radiographic features by
expert clinicians in both MED studies.
Informed consent was obtained from all of the study subjects or their parents, and
genomic DNA was isolated from peripheral blood lymphocytes using standard protocols
and used for analyses.
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4.2 Conformation sensitive gel electrophoresis (CSGE) analysis (I-III)
The conformation-sensitive gel electrophoresis (CSGE) method (Ganguly et al. 1993,
Körkkö et al. 1998, Annunen et al. 1999b, Ganguly 2002) was used to screen the
candidate genes for mutations. The primers were designed to amplify the target sequence,
which consisted of the exonic sequence and its corresponding flanking intronic
sequences, by polymerase chain reaction (PCR) to obtain PCR products of 182 to 487 bp
to be used for mutation screening by CSGE. The amplifications were carried out in a
volume of 20 µl that contained 20 to 60 ng of genomic DNA, 5 to 10 pmol of the PCR
primers, 1.5 mM of MgCl2, 0.2 mM of dNTPs, and one unit of AmpliTaq Gold DNA
polymerase (Applied Biosystems). The PCR products were analyzed on 1.5 % agarose
gels prior to CSGE analysis to estimate the quality and concentration of each product.
The thermocycling and the CSGE analysis conditions were the same as described earlier
(Annunen et al. 1999b), with the exception that the CSGE gels were stained with SYBR
Gold nucleic acid gel stain (Eugene, USA) instead of ethidium bromide.

4.2.1 Mutation screening of the COL2A1, COL9A1, COL9A2, COL9A3,
COL11A1, and COL11A2 genes in OA patients (I)
Sequences corresponding to all 52 exons of the COL2A1 gene (Ala-Kokko et al. 1995),
all 38 exons of COL9A1 (Pihlajamaa et al. 1998a), all 32 exons of COL9A2 (Pihlajamaa
et al. 1998a), 31 of the 32 exons (exons 2-32) of COL9A3 (Paassilta et al. 1999a), all 68
exons of COL11A1 (Annunen et al. 1999b) and all 66 exons of COL11A2 (Vuoristo et al.
1995), as well as the corresponding intronic flanking sequences, were amplified by PCR
to obtain products of 182 to 487 bp. Each sample was analyzed by CSGE to reveal
possible sequence variations in OA patients. The control samples were analyzed for the
presence of sequence variations identified in OA patients in these genes using CSGE and
sequencing when needed. If a patient was found to have a possibly pathogenetic
mutation, all available family members of such patients were also analyzed for the
presence of this sequence variation either by CSGE and sequencing or restriction enzyme
analysis, and their clinical status was evaluated to study the co-segregation of the
variation with the phenotype.

4.2.2 Mutation screening of the COL9A1, COL9A2, COL9A3, COMP,
MATN3 and DTDST genes in MED patients (II, III)
Since all reported MED mutations in the collagen IX genes are clustered in the splice
sites of exon 3 of COL9A2 or COL9A3 or the splice donor site of exon 8 of COL9A1
(Briggs & Chapman 2002), sequences corresponding to exons 8 to 10 of COL9A1, exons
2 to 4 of COL9A2 and COL9A3, as well as the flanking intronic sequences, were
amplified by PCR to obtain products of 252 to 396 bp for mutation screening by CSGE
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followed by direct sequencing of these samples. Sequences corresponding to all 19 exons
and exon boundaries of COMP were amplified by PCR to obtain products of 259 to 401
bp and were analyzed by CSGE. As all COMP mutations causing MED have been
reported to be located between exons 8 and 19 (Briggs & Chapman 2002), these exons
and the flanking intronic sequences were also analyzed by direct sequencing of all
samples in addition to CSGE analysis. Since the DTDST exons are large in size, these
exons (1 to 3) and their flanking sequences were amplified by PCR in four fragments,
which were analyzed for nucleotide variations by sequencing. Mutation analysis of all the
exons and flanking intronic sequences of MATN3 had been performed previously on 20
of the 25 patients and the results of this analysis reported earlier (Jackson et al. 2004,
Mäkitie et al. 2004). As five additional patients had been ascertained since the initial
analysis, MATN3 exon 2 was amplified from their samples as previously described
(Jackson et al. 2004) and analyzed for sequence variations by CSGE and sequencing. If a
patient was found to have a possibly pathogenic mutation, all available family members
of such patients were also analyzed for the presence of this sequence variation either by
CSGE and sequencing or restriction enzyme analysis, and their clinical status was
evaluated to study the co-segregation of the variation with the phenotype.

4.3 Sequencing of PCR products (I-III)
Sequencing of the PCR products showing heteroduplexes in CSGE analysis, PCR
products containing certain MED hot-spot exons, or PCR products containing known
SNPs to be genotyped for OA association analysis was carried out with an ABI PRISM™
377 or 3100 Sequencer (Applied Biosystems) using either the DYEnamic ET Terminator
Cycle Sequencing Kit (Amersham Pharmacia) or the BigDye Terminator Cycle
Sequencing Kit (Applied Biosystems). The PCR products had been treated prior to
sequencing with exonuclease I and shrimp alkaline phosphatase to remove residual PCR
primers and nucleotides (Hanke & Wink 1994, Werle et al. 1994).

4.4 RT-PCR (I, III)
RT-PCR analysis of two OA patients was performed to study the effect of the observed
sequence variations (COL11A2 IVS42-2del A, COL2A1 c.2659G>A affecting the last
nucleotide of exon 38) on splicing. RNA analysis of COMP in MED patients 7 and 9 was
performed to search for possible mutations resulting in larger gene rearrangements that
were not detected by CSGE and to confirm the negative findings of the mutation
screening at the DNA level performed that was performed with CSGE and sequencing.
Total RNA was extracted from EBV-transformed lymphoblasts of a North American
OA patient (subject II:2; Figure 1 in article I), from a Finnish OA patient (proband J35),
and from MED patients 7 and 9 using either the TRIzol LS Reagent Kit (Gibco BRL) or
the RNeasy kit (Qiagen) and used as a template for RT-PCR. The first strand was
synthesized using either random hexamer or oligo(dT) primers (Superscript
Preamplification System, Gibco BRL). A region corresponding to exons 39 and 47 of the
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COL11A2 gene and exons 35 to 41 of the COL2A1 gene was amplified by PCR from the
cDNAs of individual II:2 and proband J35, respectively. For the RT-PCR analysis of
COMP in MED patients 7 and 9, primers were designed to amplify the COMP cDNA in
five overlapping fragments. PCR amplifications of the cDNAs were performed with
gene-specific primers using AmpliTaq Gold DNA polymerase (Applied Biosystems), and
these products were analyzed on agarose gels. The PCR products of the COL11A2 cDNA
were analyzed on agarose gels, cloned, and sequenced; for the other genes the obtained
PCR products were directly sequenced with RT-PCR or nested sequencing primers as
described in section 4.3.

4.5 Genotyping of polymorphisms for OA association analysis (I)
Six to twelve relatively common polymorphisms that were initially detected as
heteroduplexes in CSGE analysis were selected from each cartilage collagen gene for full
genotyping in 72 Finnish OA cases and 103 controls. This lead to the analysis of a total of
49 single nucleotide polymorphism (SNPs) and other polymorphic sites. These
polymorphisms were analyzed either by direct sequencing of PCR products or by
restriction fragment length polymorphism analysis of PCR products as indicated in the
supplemental information to article I.

4.6 Linkage analysis of candidate genes in MED families 7 and 9 (III)
The known loci for autosomal dominant MED (COL9A1, COL9A2, COL9A3, COMP and
MATN3) were analyzed for linkage in the families of MED patients 7 and 9. Markers
509-8B2 (in intron 5 of COL9A1) and 509-12B1 (<15 kb 5’ of COL9A1) were used for
COL9A1, the ATTA/GT repeat (<29 kb 5’ of COL9A2) and L-myc (200 kb 5’ of
COL9A2) for COL9A2, the CA repeat (16 kb 5’ of COL9A3) for COL9A3, D19S460 (450
kb 5’ of COMP), the TAAA repeat (in intron 9 of COMP) and D19S443 (225 kb 3’ of
COMP) for COMP, and the GT repeat (in intron 3 of MATN3) for MATN3 and analyzed
as previously described (Mortier et al. 2001, Briggs & Chapman 2002). In addition, three
COMP polymorphisms, c.1755G>A, c.1915-45C>T, and c.2228-40T>C, were genotyped
in both families by sequencing.

4.7 Statistical analysis (I)
The computer program Polyphen was used to predict whether observed amino acid
substitutions were likely to be pathogenetic (Sunyaev et al. 2000, Sunyaev et al. 2001,
Ramensky et al. 2002). The observed allele frequencies for all the genotyped
polymorphisms were compared between the OA cases and controls. To verify that the
allele frequencies do not differ between the individuals enrolled at Jyvaskylä Central
Hospital and Kuopio University Hospital, negative control analyses were conducted
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between cases from both hospitals and between controls from both hospitals. Fisher's
"exact" test was used for the analysis of individual diallelic polymorphisms, one
polymorphism at a time. Stratification of data by gender and the affected joint was
performed and the observed allele frequencies in these subgroups were compared to those
of the control group using Fisher’s “exact” test. Joint analysis of all polymorphisms
within a gene was performed using the Dismult computer program, which implements a
multiple two-point approach for linkage disequilibrium analysis (Terwilliger 1995).

5 Results
5.1 Mutation and association analysis of cartilage collagen genes in
patients with primary early-onset hip and/or knee OA (I)
The screening of cartilage collagen genes (COL2A1, COL9A1, COL9A2, COL9A3,
COL11A1, and COL11A2) in 72 Finnish probands with early-onset hip and/or knee OA
and in a North American family with early-onset OA by CSGE and sequencing identified
altogether 239 sequence variations in probands; sixteen of them were not found in
controls. Two of these unique variants were in COL2A1, five in COL11A1, three in
COL11A2, two in COL9A1, one in COL9A2, and three in COL9A3 (Table II in article I).
Seven of the variations, one in COL2A1, four in COL11A1, and two in COL11A2, were
studied in more detail because they were predicted to result in amino acid substitutions or
cause splicing abnormalities. In addition, the association of polymorphisms in cartilage
collagen genes with primary early-onset hip and/or knee OA was evaluated by
genotyping from six to twelve common polymorphisms from each gene in 72 OA patients
and 103 controls and comparing the observed allele frequencies between these groups.

5.1.1 Identification of mutations in cartilage collagen genes in OA
patients with early-onset hip and/or knee OA
A small US family with early-onset OA was referred to us for mutation analysis (Figure
1 in article I). The proband had undergone bilateral hip and knee replacements due to
severe OA. She had near-normal vision, but had developed hearing loss with advancing
age. Her daughter was asymptomatic, but her son was found to have some very mild
Stickler-like features in addition to OA of the knees and cervical spine. Analysis of
COL11A2 identified the deletion of nucleotide A (c.3151-2) at the 3’-splice site of intron
42 (data not shown) in both affected family members, and RT-PCR analysis of RNA
prepared from lymphocytes of the proband’s affected son was performed to study the
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effect of this variation on splicing. Two PCR products were obtained, one of about 750 bp
corresponding to the wild-type allele and one of about 650 bp. Sequencing indicated that
the shorter one was lacking the sequences for exon 43, and thus had an in-frame deletion
of 108 bp, or 36 amino acids.
Seventy-two Finnish probands with primary early-onset hip and/or knee OA were
screened by CSGE for sequence variants in the six genes coding for collagens II, IX and
XI. Fifteen unique variants not present in controls were identified. Two of these unique
variants were in COL2A1, five in COL11A1, two in COL11A2, two in COL9A1, one in
COL9A2, and three in COL9A3. Six of the variations, found in five probands, were
studied in more detail because they were predicted to result in either splicing defects or
substitutions of conserved amino acids (Table II in article I). To further ascertain the role
of these sequence variations in OA, members of the families of four of the five probands
were examined. Co-segregation of the sequence variation and the phenotype was
observed in three of these families, while the fourth could not be assessed because the
parents of the proband were deceased and the only close relative available for testing was
the proband’s unaffected sister, who did not have these variants. One individual in the
random population was found to have the two variations, however, and clinical and
radiological examinations revealed that she also had OA, suggesting some significance of
these variations for the disease. One of the variations, a c.2659G>A change in the last
nucleotide of exon 38 of COL2A1, was shown to be likely to cause a quantitative or
“leaky” splicing defect that results in aberrant splicing and nonsense-mediated mRNA
decay, most likely by the use of a cryptic splice site in some but not all mRNAs from the
mutant allele. None of the unique sequence variations identified in the collagen IX genes
altered the known splicing consensus sequences or resulted in amino acid substitutions.

5.1.2 No evidence for the association of polymorphisms in cartilage
collagens with primary early-onset hip and/or knee OA
Between six and twelve polymorphisms were chosen, on the basis of being relatively
common, for full genotyping in all six examined collagen genes, leading to a total of 49
SNPs and other polymorphic sites being studied. The observed allele frequencies were
compared between the 72 unrelated Finnish probands and the 103 unrelated Finnish
controls. Fisher's "exact" test was used to analyze the individual diallelic polymorphisms,
one polymorphism at a time. No statistically significant differences in allele frequencies
(after adjusting for multiple testing) were detected between the probands and controls at
any site in any gene, either when considering all the affected subjects (Table 3 in article I)
or when subdividing them into cases of OA of the knee or the hip (data not shown).
Stratification of the data set by sex showed a marginal difference in the allele frequencies
of two SNPs (c.3025-23A>T, p 0.028; c.4512C>T, p 0.033) in COL11A1 between the
female cases and controls, but when multiple testing was taken into account these
differences were no longer considered significant.
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5.2 Identification of mutations in MED patients and the clinical and
radiographical analysis of MED patients (II, III)

5.2.1 Identification of a recurrent R718W mutation in COMP and
the description of the associated MED phenotype (II)
A three-generation MED family where two children cases presented with muscular
weakness, moderate creatine kinase elevation, and knee joint epiphyseal dysplasia was
clinically and radiographically examined and then referred to us for mutation analysis
(Figure 1, family 1 in article II). Clinical and radiographic findings suggested a collagen
IX mutation (Figures 2 and 3 in article II), but screening of the candidate exons of
COL9A1, COL9A2, and COL9A3 by CSGE and sequencing yielded negative results.
Instead, a heterozygous R718W mutation in the COMP gene was identified (Figure 5 in
article II), which was the same mutation that had recently been reported in a Japanese
MED patient (Mabuchi et al. 2003). The same mutation was then identified in a second
family with dominantly inherited MED (family 2 in Figure 1 in article II) that had similar
radiographic findings and also had tested negative for collagen IX mutations. Even
though the radiographical findings of these patients were similar to those reported in
patients with collagen IX mutations, the affected family members in the first family
developed early-onset osteoarthritis of the hips requiring THR when the patients were in
their 30’s or 40’s.
Analysis of radiographic changes in the knee joints of these seven individuals (Figure
3 in article II) with the same COMP mutation illustrated the time window in which
epiphyseal changes were recognizable and their dynamic nature. Between age 11 yrs and
13 yrs (probably coincidental with the pubertal growth spurt and osseous maturation), an
additional ossification appeared in the medial condyles of the femur and tibia, and
extended to form a ring at the periphery of the epiphysis. The finding was characteristic
at this stage (resembling a “crevice” in a glacier) at this age and could be seen both in the
distal femoral and in the proximal tibial epiphysis. Before this age period, epiphyses were
moderately small with irregular contours. At later ages, the “crevice” sign was no longer
visible; the epiphyses were flatter than normal.

5.2.2 Results of the mutation screening of COL9A1, COL9A2, COL9A3,
COMP, DTDST, and MATN3 in the Canadian MED patient cohort (III)
Altogether 29 consecutive unrelated MED patients, who were followed at the Orthopedic
Clinic, The Hospital for Sick Children, were included in the study. Detailed clinical and
mutation data had previously been reported for four of these patients: three patients with
clinical findings consistent of MED were homozygous for DTDST mutations (Ballhausen
et al. 2003, Mäkitie et al. 2003) and one patient had findings typical of EDM1 and had a
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COMP mutation (Susic et al. 1997). Mutation screening of the known MED genes
(COL9A1, COL9A2, COL9A3, COMP, DTDST and MATN3) in the remaining 25 patients
or their affected parents was performed using CSGE and/or direct sequencing, and the
causative mutation was identified in six of the 25 patients (Table 1 in article III).
Two patients were found to have a COMP mutation, one was homozygous for the
most common rMED mutation (R279W) in DTDST, and three patients had a MATN3
mutation. MED patient 20 with a de novo D422A mutation in the 6th T3-repeat in COMP
had clinical and radiographical findings consistent with EDM1, whereas MED patient 10
with an A735V mutation in the C-terminus of COMP had myopathic symptoms in
addition to epiphysel dysplasia. This patient had inherited the mutation from her mother,
who had had knee and hip pain since her teens and had undergone bilateral hip THR in
adulthood. Patient 19 had a clubfoot deformity in addition to generalized epiphyseal
dysplasia and he was found to be homozygous for the most common rMED mutation
R279W in DTDST. Two mutations in MATN3 were identified in three probands: a
recurrent R121W mutation in MED patient 1 and a recurrent I192N mutation in MED
patients 4 and 13 (Table 1 in article III, Jackson et al. 2004). Their clinical and
radiographical findings were very similar to those described in MATN3-associated MED.
No disease-causing mutations were found in the CSGE and sequencing analyses of exons
8-10 of COL9A1 or exons 2-4 of COL9A2 and COL9A3.
The mutation was identified in altogether 10 of the 29 probands, including the
previously reported mutations (Susic et al. 1997, Ballhausen et al. 2003, Mäkitie et al.
2003). Four patients had a mutation in DTDST (14 %), three in COMP (10 %), and three
(10 %) in MATN3; no mutations were identified in the collagen IX genes. Thus, the
known MED genes were responsible for 34 % of the cases in this cohort.

5.2.3 Linkage analysis of candidate genes in the families of Canadian
MED patients 7 and 9 and the results of RT-PCR analysis of COMP in
these patients (III)
Since the phenotype of MED in the families of patients 7 and 9 was typical for MED and
the mutation screening of COMP, COL9A1, COL9A2, COL9A3, DTDST, and MATN3 at
the DNA level had yielded negative results, we wanted to study whether we could
exclude these known candidate genes. Clinical data and blood samples were obtained
from family members (Figure 1a and 1b in article III), and linkage analysis with
microsatellite markers for COL9A1, COL9A2, COL9A3, COMP, and MATN3 was
performed. Recombinations were observed between COL9A1, COL9A3, COL9A3, and
COMP and the MED phenotype in family 7, the loci for MATN3 could not be excluded
since all family members were homozygous for the MATN3 marker. The loci for COL9A1
and COMP could not be excluded in family 9. (Figure 1a and b in article III).
RNA analysis of COMP in patients 7 and 9 was performed to search for mutations
possibly resulting in larger gene rearrangements and to confirm the negative findings of
the mutation screening of COMP at the DNA level, since initially the COMP locus could
not be excluded in the linkage analysis. Also, the mutation screening of COMP by CSGE
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and sequencing did not identify a disease-causing mutation. The COMP cDNA was
amplified in five overlapping fragments and no size differences or sequence variations
were detected in the PCR-amplified cDNA fragments of patients 7 and 9.

5.2.4 Identification of two new phenotypic entities among patients with
no mutations in the known MED genes (III)
No disease-causing mutation in the known MED genes was identified in 19 of the 29
patients. In all, 18 of them were found to have variable bilateral hip involvement when
their hip radiographs were analyzed. Knee radiographs were available for 16 of the
patients, and all except one had radiographic changes in the knees. Hand radiographs
were usually normal. Seven patients were found to have mild spinal changes, and ankle
radiographs revealed epiphyseal changes in seven cases. (Table 1 in article III).
Two distinctive new phenotypic entities were identified among the patients with no
observed mutations. One of them was characterized by severe, early-onset dysplasia of
the proximal femurs with almost complete absence of the secondary ossification centers,
and abnormal development of the femoral necks was found in three of the MED patients
(patients 17, 24, and 25 in Table 1 in article III, Figures 3 and 4 in article III). The other
phenotype was characterized by “mini-epiphyses”, resulting in severe dysplasia of the
proximal femoral heads (Figures 5 and 6 in article III) in two patients (patients 14 and 16
in Table 1 in article III) with no family history of MED, suggesting either a new dominant
mutation or recessive inheritance.

6 Discussion
6.1 The role of genetic factors in osteoarthritis
Over the past decade, about 1200 genes causing human diseases and traits have been
identified, largely by a process that is generally referred to as ‘positional cloning’. This
approach has been fruitful in Mendelian diseases, identifying high relative risk genes in
these diseases, where the observed phenotype was due to a simple difference in a single
gene or locus that usually caused a rare and severe early-onset phenotype (Risch 2000,
Peltonen & McKusick 2001, Botstein & Risch 2003). However, the identification of
genes involved in more common complex chronic diseases has been a major challenge to
the scientific community. These diseases typically vary in the severity of symptoms and
age of onset, resulting in difficulies in defining an appropriate phenotype and selecting
the best population to study. In addition, they can vary in their etiological mechanisms,
possibly involving various biological pathways. But perhaps most importantly, these
complex diseases are more likely to be caused by mutations in several, and even
numerous genes, each with a small overall contribution and relative risk (Risch 2000,
Peltonen & McKusick 2001, Tabor et al. 2002, Botstein & Risch 2003).
Osteoarthritis is an example of a chronic disease with a multifactorial etiology that
includes modifiable risk factors such as obesity, in addition to a strong genetic
susceptibility (Felson & Zhang 1998, Felson et al. 2000). Classic twin studies have
shown strong heritability for hand (56-65 %) and hip OA (60 %) and for disc
degeneration of the cervical and lumbar spine (73- 75 %), whereas the heritability for
knee OA is lower (39 %- 62 %) (Spector & MacGregor 2004, for further review see
section 2.5.4). These and the siblings risk studies that have been performed have
highlighted potential differences in the degree of OA heritability between different joint
sites and between sexes, suggesting a high level of heterogeneity in the nature of the
encoded susceptibility (Loughlin 2003). The finding that OA susceptibility is largely
determined by genetic factors had prompted the search for OA genes. Clues for OA
candidate genes have come from studies of inherited chondrodysplasias in which OA
forms a part of the phenotype (for reviews, see Kuivaniemi et al. 1997, Baitner et al.
2000, Reginato & Olsen 2002), from mouse models of OA (for a review, see Helminen et
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al. 2002) and from rare examples of familial OA, which have tended to implicate the
gene for collagen II encoding the major collagen of cartilage (see section 2.4.1.1. and
Spector & MacGregor 2004).
There is evidence for the possible involvement of COL2A1 sequence variations in OA
susceptibility based on the rare familial OA cases with COL2A1 mutations (Ala-Kokko et
al. 1990, Williams et al. 1993, Pun et al. 1994, Bleasel et al. 1995, Williams et al. 1995,
Bleasel et al. 1996, Holderbaum et al. 1996, Bleasel et al. 1998, Moskowitz et al. 2004,
Löppönen et al. 2004), and an increased tendency to develop OA in several heterozygous
transgenic mouse lines (for a review, see Helminen et al. 2002). Association studies have
also provided some evidence for the role of COL2A1 polymorphisms in OA (for a review,
see Loughlin 2001). Similarly, mutations in the collagen IX genes have been shown to
cause MED, which is a relatively mild chondrodysplasia characterized mainly by knee
OA in adult patients (see section 2.6.2.2.). Further support for the possible role of
collagen IX in OA had been obtained from animal studies in which mice lacking the
α1(IX) chains (Fässler et al. 1994) and transgenic mice heterozygous for a large in-frame
deletion of Col9a1 (Nakata et al. 1993, Kimura et al. 1996) developed degenerative joint
disease similar to human OA. Mutations in the COL11A1 and COL11A2 genes have been
shown to cause different chondrodysplasias, including Stickler and Marshall syndromes,
and recessive otospondylomegaepihyseal dysplasia (for reviews, see Baitner et al. 2000
and Reginato & Olsen 2002), in which precocious OA is typically present. Two recent
studies indicated that heterozygosity for a loss-of-function mutation in Col11a1 resulted
in the increased development of OA in heterozygous cho/+ mice (Xu et al. 2003,
Rodriquez et al. 2004).
With this indirect evidence suggesting a potential role for these cartilage collagen
genes in OA, analyses of the COL2A1, COL9A1, COL9A2, COL9A3, COL11A1, and
COL11A2 genes in 72 unrelated Finnish OA probands with early-onset primary hip
and/or knee OA and in a North American family were performed using CSGE and
sequencing to study whether there were rare sequence variants in these genes that would
contribute to OA susceptibility as rare high-risk alleles. A subsequent association analysis
using 6 to 12 simple nucleotide polymorphisms including SNPs and small
deletion/insertion polymorphisms from each gene, leading to a total of 49 polymorphisms
being analyzed, was performed to study whether these more common variants contributed
to OA susceptibility as moderate-to-low risk alleles.
Although no common predisposing alleles were found in any of the genes in the
association analysis, the screening for sequence variants identified altogether 16 unique
sequence variations in the cartilage collagen genes in thirteen probands. Seven of the
variations, found in six probands, were studied in more detail because they were
predicted to result in either splicing defects or substitutions of conserved amino acids. To
further ascertain the role of the sequence variations in OA, members of the families of
five of the six probands were examined. Co-segregation of the sequence variation and the
phenotype was observed in four of these families, while the fifth could not be assessed
because the parents of the proband were deceased and the only close relative available for
testing was proband’s unaffected sister, who did not have these variants. As in other
complex diseases, these families with potential disease-causing variants may represent
the rare Mendelian, early-onset form of OA. To estimate the proportion of OA cases due
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to these observed variants or the risk they cause requires study using larger patient and
control material.
The finding of certain types of mutations, including the G to A change in the last
nucleotide of exon 38 of COL2A1 resulting in a splicing defect and nonsense-mediated
mRNA decay, as well as the splicing mutation c.3151-2delA in intron 42 of COL11A2
which results in the skipping of exon 43 and thus an in-frame deletion of 108 bp, that
have usually been associated with chondrodysplasias (Vikkula et al. 1995, Sirko-Osadsa
et al. 1998, Reginato & Olsen 2002, Vuoristo et al. 2004) suggest the possibility that
some of the OA patients with early-onset OA may have a mild form of chondrodysplasia
that presents only as early-onset OA later in life. The significance of the identified
COL2A1 mutation that possibly leads to the slightly reduced expression but not
haploinsuffiency of COL2A1 in OA pathogenesis is supported by the report of Loughlin
et al. (1995), who showed that the reduced expression of one of the COL2A1 alleles can
contribute to the development of OA. Thus, it is possible that a minor reduction in
COL2A1 expression due to different mutations could result in the OA phenotype, whereas
the haploinsufficiency of COL2A1 results in Stickler syndrome (van der Hout et al. 2002)
Interestingly, four missense mutations affecting conserved amino acids were found in
COL11A1 and one in COL11A2 in OA patients. The identified R53W mutation in the
α2(XI) chain is of particular interest, since this variant co-segregated with the OA
phenotype in the family. Tryptophan is not normally present in the triple-helical domains
of collagens, and two Trp mutations in collagen IX have previously been reported to be
associated with a common human disease, lumbar disc disease (Annunen et al. 1999a,
Paassilta et al. 2001). It is possible that tryptophan, the most hydrophobic amino acid, has
an effect on the triple-helix conformation or interactions with other matrix molecules.
Two recent independent analyses of the cho/+ mouse model, where mice are
heterozygous for a loss-of-function mutation in Col11a1, have shown development of OA
in these otherwise normal mice with increased degradation of collagen II similar to that
seen in human OA (Xu et al. 2003, Rodriguez et al. 2004). Taken together, these and our
results suggest that mutations in the genes encoding the collagen α1(XI) and α2(XI)
chains can cause increased susceptibility to OA in a subgroup of OA patients. Whether
these mutations have a dominant-negative effect or possibly lead to premature
degradation of mutant α-chains remains to be studied.
No statistically significant differences were detected in allele frequencies (after
adjusting for multiple testing) between the probands and controls at any site in any gene
in our association analysis, either when considering all the affected subjects or when
subdividing them into cases of OA of the knee or the hip, or when subdividing cases by
sex. However, our sample size was quite small, decreasing the power to detect common,
low-risk alleles. Also, partly due to the small sample size, we did not attempt to estimate
haplotype frequencies for all the polymorphisms genotyped in a given collagen gene, nor
compare them between the probands and controls even though the use of haplotypes over
single SNPs has been more powerful in many cases (Cardon & Bell 2001). In addition,
our controls were not radiographically examined, though they were free of clinical OA,
the sex and age distribution was similar to OA cases, and no population stratification due
to different ethnicity was present as both groups were from Central Finland. Results from
previous association studies of COL2A1 and OA have been somewhat contradictory
(Loughlin 2001). No evidence of association was found between COL9A1 with hip OA in
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a British study (Loughlin et al. 2002c). A Japanese group studied the association of a few
SNPs from each cartilage collagen gene and found modest evidence for the association of
female knee OA with a synonymous c.1740C>T SNP in COL9A3 (Ikeda et al. 2002), but
this SNP showed no association in our study. Thus, our results suggest, and are supported
by the views of Reginato and Olsen (Reginato & Olsen 2002), that OA may consist of a
group of distinct but overlapping phenotypes, and that the number of genes and alleles
within a gene involved in its pathogenesis may well be higher than is currently thought.
The findings of OA association studies have generally been inconsistent, with the most
consistent findings being for the involvement of VDR and IL-1 gene cluster variants as
OA susceptibility loci (Keen et al. 1997, Uitterlinden et al. 1997, Uitterlinden 2000,
Loughlin et al. 2000, Meulenbelt et al. 2004, Smith et al. 2004; for a review see, Spector
& Macgregor 2004). Some of the studies have used radiological evaluation of population
based samples (The Rotterdam cohort, Chingford cohort), whereas most of studies
performed to date are case-control studies, in which OA cases usually have had severe
end-stage OA as ascertained by the need for total joint replacement. Controls used in
these studies have usually been asymptomatic for joint problems, but their disease status
has rarely been ascertained using radiographic examination. In addition, most of the
association studies with case-control design have been of limited sample size, leading to a
decrease in statistical power to detect small effects and thereby increasing the probability
of false-positive findings. Furthermore, not all studies have adjusted the findings for
potential confounders, such as age, gender, and BMI. In larger studies with positive
findings, the phenotype has usually been specific, involving only hand, hip or knee OA,
not a mixture of all of these. As proposed by Tabor et al. (2002) and Risch (2000) in
general, the non-replication seen in OA association studies is likely to be due to
differences in the study design and from a low prior probability that the few gene
polymorphisms examined are in fact causally related to the disease outcomes studied,
even though population stratification might also play a role.
The studies assessing the role of genetics in OA have shown that better
characterization of the OA phenotype would increase the possibility for positive findings
both in association and linkage analyses. The heterogeneity in the phenotype is known to
decrease the ability to detect linkage (Altmüller et al. 2001, Botstein & Risch 2003), and
this has been shown by OA linkage studies, where the site-specificity of the gene effects
has been demonstrated. This is shown by the findings of Loughlin et al. (1999), who after
stratification their data into hip and knee OA were able to detect multiple suggestive
linkages. Further support came from the linkage analysis of hand OA in the Framingham
cohort, where the initial analysis of hand OA as a single entity showed only a suggestive
linkage to various chromosomal regions, whereas after joint-specific analysis, the
obtained results markedly improved with significant linkage of CMC1 OA to
chromosome 15 with multipoint LOD score (MLS) 6.25 being found (Demissie et al.
2002, Hunter et al. 2004). In addition, association studies have implicated different genes
(e.g. COL2A1 and VDR) with the occurrence of jointspace narrowing and osteophytosis
(Uitterlinden et al. 2000, Valdes et al. 2004). Thus, it is clear that OA studies will provide
more information if careful assessment of the selected OA phenotype is performed
(Spector & MacGregor et al. 2004).
The results of OA linkage studies have rarely been replicated, and this has also been
the case with OA association studies (for a review, see Loughlin et al. 2003). For hip OA,
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linkage to overlapping regions of chromosome 16 has been reported by two different
studies (Loughlin et al. 1999, Ingvarsson et al. 2001, Forster et al. 2004), whereas
linkage to chromosomes 2q24.3-q31.1, 4q13.1-4q13.2, 6p12.3-q13, 11q13.4-q14.3, and
11q21.1-q23.2 has not been replicated (Chapman et al. 1999, Loughlin et al. 1999, 2000,
Chapman et al. 2002, Loughlin et al. 2002c,d; Loughlin 2003, Forster et al. 2004b,
Loughlin et al. 2004). However, evidence of the linkage of hand OA to the chromosome
11q region overlaps with the linkage of hip OA to 11q13.4-q14.3, suggesting that 11q is
likely to harbor an OA susceptibility gene(s) (Demissie et al. 2002, Chapman et al. 2002).
The most promising linkage of hand OA has been to the chromosome 2p24-p21 region
detected by two large independent linkage studies (Demissie et al. 2002, Stefansson et al.
2002). One of these studies reported the association of hand OA with the T303M variant
in MATN3 (Stefansson et al. 2003). In addition, various other chromosomal regions
warrant further study (Leppävuori et al. 1999, Demissie et al. 2002, Stefansson et al.
2003, Hunter et al. 2004). (For reviews, see Loughlin 2002, Loughlin 2003, and Spector
& MacGregor 2004.) In our initial findings of the genome-wide linkage analysis, a cohort
of 10 Finnish families with hip and/or knee OA showed a suggestive linkage to
chromosome 2q21-q23 with a multipoint lod score of 2.135 occurring between markers
D2S112 (141 cM) and D2S142 (161 cM) and to a region around 11q23 with a maximum
multipoint lod score of 1.824 at marker D11S925 (123.5-126 cM). These results support
the findings of a UK group even though the regions are not completely overlapping
(Jakkula et al., unpublished data). Fine mapping and association analysis of the abovementioned chromosomal regions is likely to define multiple moderate-to-low OA risk
alleles, whereas some of the OA families are likely to have high-risk alleles in other
genes. The search for these genes goes on, and hopefully positive results from these
studies combined with a wealth of new information from functional genomics and cell
and animal model studies of OA will enable the development of new means for diagnosis,
follow-up, and treatment of OA patients.

6.2 Allelic and non-allelic heterogeneity in MED in relation to
genotype-phenotype correlations
As the identification of genes responsible for Mendelian disorders has been much more
successful than in complex diseases, the genetic basis of MED has also been partially
solved during the last decade. MED is a clinically heterogenic disorder with variable
degrees of severity and with variable radiological findings. Common to all forms is the
generalized epiphyseal dysplasia affecting mainly the hips and knees, whereas the
absence of severe spinal involvement and minimal metaphyseal defects allow the
differential diagnosis of MED from other chondrodysplasias with similar clinical features
(e.g. spondyloepimetaphyseal dysplasia and spondyloepiphyseal dysplasia). MED is also
genetically heterogenous, showing both allelic and non-allelic genetic heterogeneity, as
causative mutations have been identified in five different genes (COMP, COL9A1,
COL9A2, COL9A3, and MATN3) in the dominant form of MED and in one gene
(DTDST) in the recessive form. In addition to this genetic heterogeneity, there is marked
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intrafamilial variability in clinical phenotype, suggesting that environmental or modifying
genetic factors also play a role. (For a recent review, see Chapman et al. 2003).
To further characterize the genotype-phenotype correlations in MED, a clinical,
radiographical, and mutation analysis of two families with MED suggesting a collagen IX
mutation and of a cohort of 29 unrelated Canadian MED cases was performed.
Radiographic features and the presence of myopathy in the first MED family suggested a
collagen IX mutation, but screening of COL9A1, COL9A2, and COL9A3 yielded negative
results. Instead, a heterozygous R718W mutation in the COMP gene was identified. The
same mutation was then identified in a second family with dominantly inherited MED
that had similar radiographic changes and also had tested negative for collagen IX
mutations. Mabuchi et al. (2003) had previously observed the same R718W mutation
segregating within a family, but little clinical details or radiographic data were initially
given, except for height at –3 SD and a diagnosis of “Fairbank” type MED. After our
report, they reported that in their affected family members, the hips were the most
severely affected and myopathy was not present. Their cases with the COMP R718W
mutation were evaluated in adulthood, and thus it is difficult to compare the phenotype in
detail, but in both families hip changes were progressive leading to a need for total hip
replacement (Igekawa 2004). The knee “crevice” sign and the accessory cranial
ossification center of the patella seen in the patients with a COMP R718W mutation have
also been observed in collagen IX-associated MED (Muragaki et al. 1996, Lohiniva et al.
2000). Thus, neither of the signs is specific for a collagen IX mutation and there is a
considerable overlap in phenotypes caused by mutations in different MED genes. Unlike
collagen IX mutations, this COMP R718W mutation led to early-onset hip OA requiring
THR in early adulthood which is not usually seen in collagen IX-associated MED.
The analysis of COL9A1, COL9A2, COL9A3, COMP, DTDST, and MATN3 in the
Canadian MED cohort of 29 probands identified a disease-causing mutation in 10
probands (34 %); the detailed results for four of the probands had been reported
previously (Susic et al. 1997, Ballhausen et al. 2003, Mäkitie et al. 2003). Of the 25
unrelated probands analyzed here, three had a MATN3 mutation, two had a COMP
mutation, and one proband was homozygous for the most common rMED mutation,
R279W in DTDST. When the previously reported results are combined with the ones from
this study, a DTDST mutation was found in four probands (14 %), a COMP mutation in
three (10 %), and a MATN3 mutation also in three (10 %). No mutations were identified
in collagen IX genes. The overall mutation frequency obtained in this study does not
greatly differ from that reported in two slightly larger studies (Czarny-Ratajzak et al.
2001, Mabuchi et al. 2004), even though MATN3 (24 %) and COMP (20 %) mutations
have been found more frequently in the Japanese MED patients (Mabuchi et al. 2004).
When the results from the MED studies presented in this thesis are taken into account
with all previously reported studies, altogether 47 different MED causing mutations have
been identified in 82 probands, with nine mutations being recurrent. COMP and DTDST
mutations seem to be the most common causes of MED cases with an identified genetic
defect, as 24 different COMP mutations have been identified in 29 probands (35 % of the
probands with an identified genetic defect) and five different DTDST mutations have
been found either as homozygous or compound heterozygous in 25 probands (30 %)
(Table 5). However, the causative mutation has been found in the known MED genes
only in approximately 1/3-1/2 of the probands studied (Briggs et al. 1995, 1998; Czarny-
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Ratajzak et al. 2001, Mabuchi et al. 2003, 2004, article III), suggesting that additional
MED loci are likely to exist.
Table 5. Summary of identified mutations in MED probands by gene
Gene

Identified
mutations

Recurrent
mutations

Probands with
identified mutation

% of probands

COMP

24

4

29

35a

COL IX

9

1

10

12b

MATN3

9

2

18

22c

DTDST

5*

2

25

30d

Total

46

9

82

* Five different mutations in DTDST have been reported in MED patients, the number of different combinations
is currently 6 (homozygous and compound heterozygous)
a

References: Briggs et al. 1995, Ballo et al. 1997, Susic et al. 1997, Briggs et al. 1998, Igekawa et al. 1998,

Loughlin et al. 1998, Deere et al. 1998, Delot et al. 1999, Czarny-Ratajzak et al. 2001, Briggs et al. 2002,
Mabuchi et al. 2003, Song et al. 2003, articles II and III; b References: Muragaki et al. 1996, Holden et al. 1999,
Paassilta et al. 1999, Bönnemann et al. 2000, Lohiniva et al. 2000, Spayde et al. 2000, Czarny-Ratajzak et al.
2001, Fiedler et al. 2002, Nakashima et al. 2005; c References: Chapman et al. 2001, Mostert et al. 2003,
Jackson et al. 2004, Mabuchi et al. 2004, article III; d References: Superti-Furga et al. 1999, Czarny-Ratajzak et
al. 2001, Huber et al. 2001, Ballhausen et al. 2003, Mäkitie et al. 2003, article III

The patients with identified mutations in the COMP, MATN3, and DTDST genes in this
MED study presented with clinical and radiographical findings that were well in
accordance with the phenotypes previously reported in the presence of similar mutations.
It might be of interest to note that the proband with an A735V mutation in the C-terminus
of COMP suffered from myopathic symptoms. Thus, the association of myopathic
symptoms has been reported with two mutations in the C-terminus of COMP (R718W,
A735V; articles II and III) and with two COL9A3 mutations (Bönnemann et al. 2000,
Lohiniva et al. 2000). Little is known so far about possible functions of collagen IX and
COMP in muscle, and this aspect remains to be investigated. However, in a view of the
molecular interactions between COMP and collagen IX (Holden et al. 2001, Pihlajamaa
et al. 2004, Mann et al. 2004, Hecht et al. 2005), it is possible that a common
supramolecular complex in muscle (possibly at the junction between myocytes and
adjacent matrix structures) is affected. A careful assessment of clinical and radiographic
features could point to a certain candidate gene to be analyzed first if molecular
verification of MED is needed, even though there is a considerable overlap between
phenotypes caused by COMP, the collagen IX genes and MATN3 mutations (Mortier et
al. 2001, Unger et al. 2001, Mäkitie et al. 2004, article II). The presence of clubfoot
and/or double-layered patella is strongly suggestive for a DTDST mutation (Superti-Furga
et al. 1999, Ballhausen et al. 2003, Mäkitie et al. 2003), even though not totally specific
(Nakashima et al. 2005, in press).
Interestingly, a review of the radiographs of the MED patients with no identified
mutations revealed at least two new specific phenotypic entities. One of them was
characterized by severe, early-onset dysplasia of the proximal femurs with almost
complete absence of the secondary ossification centres and abnormal development of the
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femoral necks. The other phenotype was characterized by “mini-epiphyses”, resulting in
severe dysplasia of the proximal femoral heads. One of the patients with severe earlyonset dysplasia of the proximal femurs had a family history consistent with autosomal
dominant inheritance, but the pedigree was not large enough for a genome-wide scan.
The latter phenotypic entity might be due to a new dominant mutation or recessive
inheritance, since neither of the patients with “mini-epiphysis” had a family history of
MED.
The cellular and molecular pathology of MED is not well understood. As MED is
allelic to PSACH, and similar kinds of mutations in the calcium-binding T3 repeats and
in the C-terminal domain of COMP have been observed in both disorders (Briggs &
Chapman 2002), some evidence for the cellular and molecular pathology of MED can be
derived from PSACH studies. Some of these mutations have been shown to disrupt
calcium-binding and protein folding (Hecht et al. 1995, 1998; Chen et al. 2000, Hou et
al. 2000, Maddox et al. 2000) and this improper folding and abnormal processing of
COMP has resulted in intracellular retention of COMP in enlarged rER cisternae
(Maddox et al. 1997, Delot et al. 1998, Hecht et al. 1998). A recent crystallography study
of some of the T3-repeats and the C-terminus of structurally related thrombospondin-1
predicted that mutations in the C-terminal domain of COMP are likely to disrupt the
tertiary structure of the T3-C-terminus assembly, and thus the normal function of the
protein (Kvansakul et al. 2004). A hypothesis that PSACH and MED/EDM1 result from
the accumulation of mutant COMP within the chondrocyte, selectively impairing the
secretion of other matrix proteins and leading to downstream effects of abnormal ECM
and chondrocyte death, had been earlier proposed by Hecht and colleagues (Hecht et al.
1998, 2001; Duke et al. 2003, Hashimoto et al. 2003, Hecht et al. 2004, Hecht et al.
2005). Their recent study, which focused on the effects of three different PSACH
mutations in a 3-D cell culture model on the appearance and accumulation of cartilage
proteins within chondrocytes in cartilage nodules, showed that these COMP mutations
were associated with the accumulation of COMP, collagen IX, and matrilin-3 in the rER
cisternae. The amount of COMP, collagen IX, and matrilin-3 was greatly decreased in the
PSACH matrices and in the growth plate of PSACH patients, and as a result the normal
organization of the ECM was disturbed as shown by the absence of organized collagen
fibril bundles (Hecht et al. 2005). These findings suggest that COMP, collagen IX, and
matrilin-3 together play an important role in matrix assembly. Thus, it seems likely that
mutations in any of these genes can lead to similar consequences at the ultrastructural
level of the ECM and thus cause a similar MED phenotype. Other matrix molecules may
be involved in this supramolecular structure, as it seems that fibromodulin is also retained
within the rER (Vranka et al. 2001). Identifying the other proteins involved may help to
define still unknown MED genes.
The cellular pathology of MED due to collagen IX and MATN3 mutations is much less
known. Studies have shown that collagen IX interacts with COMP (Holden et al. 2001,
Mann et al. 2004, Pihlajamaa et al. 2004), and COMP interacts with matrilins (Mann et
al. 2004). However, a study of growth plate chondrocytes from a patient with a collagen
IX mutation showed no intracellular accumulation bodies, and the collagen fibrils of
cartilage seemed normal in electron microscopy (van Mourik et al. 1998).
As the phenotype of some MED patients is mild and can present as early-onset OA in
adulthood with radiographic features being sometimes indistinguishable from that of
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primary OA (Kawaji et al. 2002, Unger et al. 2001), it can be speculated that sequence
variations in these MED-associated genes may play a role in OA pathogenesis. However,
no such mutations were found in the collagen IX genes in our study of Finnish earlyonset OA patients or in COMP (J Lohiniva, personal communication). The MATN3 gene
maps to 2p24-23, and a linkage to the region including this gene has been identified in
two linkage studies of hand OA (Demissie et al. 2002, Stefansson et al. 2003). The latter
study found a T303M polymorphism in MATN3 to associate with hand OA (Stefansson et
al. 2003). Thus, the understanding of the pathogenesis and genes involved in MED could
also aid in elucidating the pathogenesis of a more common cartilage disorder, OA.
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936/760

280/469

p

361/1122p

371/369

65/318

61/254

133/375

61/254

456/399

456/399

456/399

557/557

68/51

38/848p

68/51

68/51

557/557

557/557

61/254

70/816p

controls

UK

UK

UK

UK
Netherlands

Japan

Germany

UK

Germany

UK

UK

UK

UK

USA

Netherlands

USA

USA

UK

UK

Germany

Netherlands

Country

OR (95 % CI)

BMD

(female)

p 0.02

No

No

No
p <0.01

p 0.039

No

No

No

p 0.004

p 0.01

p 0.03

p 0.009

No

1.5 (1.1-2.1)

BMI, BMD, smoking,, MP

1.3 (0.9-1.7)adj: age,

1.86 (1.03-3.24)

2.1 (1.3-3.5)

2.0 (1.2-3.3)

1.5 (1.1-2.1)

1.7 (1.2-2.4)

p 0.044 (a2) NA

No

No

No

No

No

adj: sex, age, BMI,

p 0.001 (a2) 1.7 (OR 0.9-3.1)

(p<0.05)

Association

Loughlin et al. 2004

Loughlin et al. 2004

Valdes et al. 2004

Loughlin et al. 2000b
Bergink et al. 2003

Ushiyama et al. 1998

Moos et al. 2000

Kawahara et al. 2005

Moos et al. 2000

Forster et al. 2004

Forster et al. 2004

Forster et al. 2004

Loughlin et al. 2002b

Stern et al. 2003

Meulenbelt et al. 2004

Stern et al. 2003

Stern et al. 2003

Loughlin et al. 2002b

Loughlin et al. 2002b

Moos et al. 2000

Meulenbelt et al. 2004

Reference

K
K

TaqI

2 SNPs

C>T

G>C, G48R

A1ACT

AACT

ACLP

ADAM12

C>T

SOD3

C282Y

C>T

H63D

HFE

OPG

A>G, G195E

IBSP

A>G, T1699A

A>G

DAF

C>T

Ha

C>T

CTSL

NCOR2

Ha

G>C, V102V

COX2

MMP-3

K

-120 A>C

CD36

K

K

K

K

K

K

K

K

H

ADAMTS3 6 polymorphisms

K

GOA

GOA

RFLP

H

IVS2+T>A

Ha/H/K/S

CA-repeat

A1AT

Ha/H/K/S

H

HT of e4 and e6 SNPs

CA-repeat

Site of OA*

Variation(s) tested

IGFBP7

IGF-1

Gene

F

F

F

F

F>M

F>M

F

F

F

F

F

F

F

F

F

NA

NA

F

F+M

F+M

F+M

Sex

ROA

ROA

ROA

ROA

ROA

ROA

ROA

ROA

ROA

ROA

ROA

THR

ROA

ROA

ROA

ROA

ROA

THR

ROA

ROA

THR

Dg

n of cases/

Netherlands

1355/191p

UK
UK

p

280/469p
144-

UK

280/469p

280/469p

280/469p

280/469p

280/469p

176/2138

176/2138

280/469p

UK

UK

UK

UK

USA

USA

UK

UK

UK

280/469p
280/469p

UK

280/469p

388/375

UK

UK

280/469p
280/469

UK

UK

35/125

35/125

UK

Netherlands

651/135p

144/375

UK

Country

936/760

controls

No

(progr)

p 0.047

p 0.015

No

p 0.029

No

No

No

No

p 0.027

p 0.020

No

p 0.004

No

(A9T)

p 0.013

p (0.02)

No

1.57 (1.09-2.25)

NA

0.66 (0.46-0.95)

0.77 (0.61-0.96)

1.84 (1.22-2.79)

RR 2.2

age, BMI, BMD

0.03
No

1.4 (1.0-1.8)adj: sex,

age, BMI, BMD

1.9 (1.2-3.1)adj: sex,

4.1 (1.6-10.7)

OR (95 % CI)

p for trend

p 0.02 (A3)

(female)

p 0.007

(p<0.05)

Association

Valdes et al. 2004

Valdes et al. 2004

Valdes et al. 2004

Valdes et al. 2004

Ross et al. 2003

Ross et al. 2003

Valdes et al. 2004

Valdes et al. 2004

Valdes et al. 2004

Valdes et al. 2004

Valdes et al. 2004

Kawahara et al. 2005

Valdes et al. 2004

Valdes et al. 2004

Valdes et al. 2004

Sakkas et al. 1990

Sakkas et al. 1990

Kawahara et al. 2005

Zhai et al. 2004

Meulenbelt et al. 1998

Loughlin et al. 2004

Reference

H

e4+37G>A, R144Q

F+M

F

F

F

Sex

THR

ROA

ROA

ROA

Dg

n of cases/

378/760

280/469p

280/469p

280/469p

controls

UK

UK

UK

UK

Country

No

No

(progr)

p 0.014

No

(p<0.05)

Association

OR (95 % CI)

Loughlin et al. 2004

Valdes et al. 2004

Valdes et al. 2004

Valdes et al. 2004

Reference

adj = adjusted for, BMI = body mass index; BMD = bone mineral density; HRT = use of hormone replacement therapy; MP = age at menopause

a Either patients with primary hip OA patients or patients with secondary OA due to hip dysplasia

progr = progression of OA

p = population based study

ROA = radiological OA; THR = total hip replacement; TJR = total joint replacement, either THR or TKR; TKR = total knee replacement

HT = haplotype; VNTR = variable number of tandem repeats

* Ha = hand; H = hip; K = knee; S = spine

K

e4+37G>A, R144Q

TNFAIP6

K

A>G, S106G

K

C>T, L124L

Site of OA*

TNA

Variation(s) tested

TIMP1

Gene
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Polypeptide/protein

α1 chain type IX collagen

α2 chain type IX collagen

α3 chain type IX collagen

α1 chain type XI collagen

α2 chain type XI collagen

Adhesion protein with leucine-rich repeats and immunoglobulin domains related to

COL9A1

COL9A2

COL9A3

COL11A1

COL11A2

ADLICAN

Aggrecan

Asporin

Biglycan

Cartilage intermediate-layer protein

Cartilage oligomeric matrix protein

Cartilage link protein

Diastrophic dysplasia sulphate transporter

Matrillin-1

Matrillin-3

3'-phosphoadenosine 5'-phosphosulphate synthase 2

AGC1

ASPN

BGN

CILP

COMP

CRTL1

DTDST (SLC26A2)

MATN1 (CRTM)

MATN3

PAPSS2

perlecan

α1 chain type II collagen

COL2A1

Cartilage ECM related genes

Gene

10q22-q24

2p24-p23

1p35

5q31-q34

5q13-q14.1

19p13.1

15q22

Xq22

9q21.3-q22

15q26

Xp22.33

6p21.3

1p21

20q13.3

1p32

6q12-q13

12q12-q13.1

Chromosomal location

NM_004670

NM_002381

NM_002379

NM_000112

NM_001884

NM_000095

NM_003613

NM_001711

NM_017680

NM_001135

NM_015419

NM_080680

NM_001854

NM_001853

NM_001852

NM_001851

NM_033150

Gene bank accession

Supplemental table 2. Candidate genes analysed in OA association studies, chromosomal location of these genes and proteins encoded by
them

Vitamin D receptor

Bone morphogenetic protein 2

Bone morphogenetic protein 5

Bone morphogenetic protein receptor; type 1A

Osteoglycin (osteoinductive factor)

BMP2

BMP5

BMPR1A

OGN

Interleukin-1 β

IL-1 receptor antagonist

Interleukin 4 receptor α

Interleukin-6

Interleukin-8

Tumor necrosis factor α

IL1B

IL1RN

IL4R

IL6

IL8

TNFa

Estrogen receptor α

Secreted frizzled-related protein3

Insulin-like growth factor-1

Insulin-like growth factor binding protein-7

α1-antitrypsin

α1-antichymotrypsin

Serine proteinase inhibitor, clade A (α-1 antiproteinase, antitrypsin), member 3

AE binding protein 1

A disintegrin and metalloproteinase domain 12 (meltrin α)

A disintegrin and metalloproteinase domain with thrombospondin motifs 3

CD36 antigen (type I collagen receptor; thrombospondin receptor)

ERa (ESR)

FRZB

IGF-1

IGFBP7

A1AT

A1ACT

AACT

ACLP (AEB1)

ADAM12

ADAMTS3

CD36

Other genes

Interleukin-1 α

IL1A

Inflammatory system related genes

α1 chain type I collagen

VDR

Polypeptide/protein

COL1A1

Bone related genes

Gene

17q11.2

4q13.3

10q26.3

7p13

14q32.1

14q32.1

14q32.1

4q12

12q21.3

2qter

6q22.3-q23.1

6p21.3

4q13.3

7p21

16p12.1

2q14.2

2q14

2q13

9q22

10q22.3

6p12.1

20p12

12q13.1

17q21.3-q22

Chromosomal location

NM_001001548

NM_014243

NM_003474

NM_001129

NM_001085

NM_000295

NM_001553

NM_000618

NM_001463

NM_000125

NM_000594

NM_000584

NM_000600

NM_000418

NM_173842

NM_000576

NM_000575

NM_033014

NM_004329

NM_021073

NM_001200

NM_000376

NM_000088

Gene bank accession

Prostaglandin-endoperoxide synthase 2

Cathepsin L

Decay-accelerating factor for complement (CD55)

Integrin-binding sialoprotein (bone sialoprotein)

Hemochromatosis gene

Matrix metalloproteinase-3

Nuclear receptor corepressor 2

Tumor necrosis factor superfamily, member11b (osteoprogerin)

Superoxide dismutase 3, extracellular

Tissue inhibitor of metalloproteinase 1

Tetranectin (plasminogen-binding protein)

Tumor necrosis factor α-induced protein 6

CTSL

DAF

IBSP

HFE

MMP-3

NCOR2

OPG

SOD3

TIMP1

TNA (CLEC3B)

TNFAIP6

Polypeptide/protein

COX2 (PTGS2)

Gene

2q23.3

3p22-p21.3

Xp11.3-p11.23

4p16

8q24

12q24

11q22.3

6p21.3

4q21-q25

1q32

9q21-q22

1q25

Chromosomal location

NM_007115

NM_003278

NM_003254

NM_003102

NM_002546

NM_006312

NM_002422

NM_000410

NM_004967

NM_000574

NM_001912

NM_000963

Gene bank accession

