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Abstract
Collagen IX belongs to the superfamily of collagenous proteins and is present on the surface of the
heterotypic collagen fibrils that are predominantly composed of collagen II, and also collagen XI. The
major sites of expression of collagen IX include the articular cartilage, intervertebral disc, inner ear
and the vitreous body of the eye. 

Previous reports have indicated that mutations in the genes encoding the three polypeptide chains
of collagen IX may lead to intervertebral disc disease and multiple epiphyseal dysplasia, a
chondrodysplasia characterized by early onset osteoarthritis. These observations and results from
genetically modified mouse lines suggest that collagen IX is crucial in the maintenance of the long-
term integrity of tissues. However, the structure-function relationship as well as detailed information
concerning the functional roles of this protein has remained unclear.

Recombinant human collagen IX was obtained using an insect cell expression system. Besides
full-length molecules, five truncated variants of collagen IX were produced to examine chain
association and trimerization. Contrary to previous observations, it was shown that the COL1 and
NC1 domains are not essential for trimerization. Instead, they seem to play an important role in the
specificity of chain selection. The results also suggest that the N-terminal domains, NC3 or COL3,
are required for complete folding and stabilization of collagen IX molecules, implicating
cooperativity between different domains in the folding process.

Collagen IX was found to mediate cell adhesion and bind efficiently to collagen receptor integrins
α1β1, α2β1, α10β1 and α11β1. The binding was found to represent a novel type of mechanism, and
the binding site of the integrin I domain was located at the N-terminal end of the COL3 domain in
collagen IX. The obtained results suggest that the FACITs may play an important role as mediators
of cell adhesion to collagen fibrils.

Antibodies binding to human recombinant collagen IX were measured among 53 patients with
seropositive rheumatoid arthritis (RA). These autoantibodies were significantly elevated among the
RA patients when compared to the controls, suggesting that autoantibodies to collagen IX show
diagnostic potential in early RA. However, no association was found between the antibody levels and
outcome. 

Keywords: collagen type IX, extracellular matrix, integrins, rheumatoid arthritis
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Abbreviations 

BM basement membrane 
CCP cyclic citrullinated protein 
CIA collagen-induced arthritis 
CIX collagen IX 
COL  collagenous domain 
COMP cartilage oligomeric matrix protein 
CRP C-reactive protein 
DMARD disease-modifying anti-rheumatic drug 
ELISA enzyme-linked immunosorbent assay 
ESR erythrocyte sedimentation rate 
FACIT fibril associated collagen with interrupted triple helices 
FcγR Fc gamma receptor 
GAG glycosaminoglycan 
IC immune complex 
IDD intervertebral disc disease 
Ig immunoglobulin 
IL interleukin 
MED multiple epiphyseal dysplasia 
MHC major histocompatibility complex 
MMP matrix metalloproteinase 
NC  noncollagenous domain 
OA osteoarthritis 
PCR polymerase chain reaction 
PDI protein disulphide isomerase 
PPI peptidyl proline cis/trans isomerase 
RA rheumatoid arthritis 
rCIX recombinant human collagen IX 
RF  rheumatoid factor 
SLRP small leucine-rich repeat proteoglycans 
TNFα tumor necrosis factor alpha 
vWFA von Willebrand factor A-like domain 
X or Y (in Gly-X-Y) any amino acid 
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1 Introduction 

The evolution of multicellular organisms has led to the formation of an 
extracellular matrix (ECM). This material provides structural support for the cells 
and also participates in many active processes in coordination with cells. These 
processes include development and morphogenesis, wound healing and tissue 
regeneration, inflammation, tumor growth and metastasis, for example. 
Specifically, cell survival, apoptosis, migration and proliferation as well as 
angiogenesis, formation and breakdown of matrix and release of growth factors 
and other components are regulated by the coordinated interplay between cells 
and the surrounding matrix. Thus, the ECM is far from an inert structural 
scaffold; rather it plays multiple important active roles in numerous physiological 
functions. 

The main constituents of the ECM are proteoglycans, structural 
glycoproteins, such as laminin and fibronectin, and fibrils of elastin and collagen. 
The collagens are a family of structurally related proteins serving in a multitude 
of functional roles within the ECM of virtually all tissues. The typical feature of 
collagens is their triple-helical structure, which provides tissues with flexibility, 
rigidity and strength. Collagens are traditionally classified as structural proteins of 
the ECM, but they also have a wide variety of distinct functional motifs, and 
therefore participate in multiple other functions e.g. some of those described in 
the first paragraph. Moreover, there is a large variety of proteins that contain 
collagenous sequences and structures. 

 The formation of a structurally intact, correctly folded triple helix is a 
prerequisite for the proper function of collagen in tissues. The key questions in 
understanding collagen assembly are the mechanisms by which the individual α 
chains are able to discriminate between each other and associate in correct 
stoichiometry, and how this association leads to triple helix formation. One of the 
main aspects of this dissertation was to investigate these phenomena with the best 
known FACIT, collagen IX, present in cartilage ECM. Collagen IX was also 
analyzed for its ability to mediate cell adhesion via binding to specific cellular 
receptors, integrins. The binding was localized to the NC3 domain of collagen IX 
and was found to represent a novel mechanism of interaction. The third aspect of 
this thesis represents applied or clinical research. It was found that the sera of 
patients with recent onset rheumatoid arthritis (RA) contain elevated levels of 
autoantibodies towards full-length human collagen IX. The presence of these 
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autoantibodies already at the early stages of the disease may reflect their 
diagnostic potential in RA.  
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2 Review of the literature 

2.1 Superfamily of collagens 

Collagens constitute a protein family of extracellular matrix proteins that 
currently comprises 28 individual members with 42 different gene products. 
Collagens may assemble with themselves and with other collagen types, and they 
display affinity to variety of molecules through charged residues. Importantly, 
they act as ligands for cellular receptors including integrins. In addition to having 
a structural function, they play important roles in cell adhesion and migration 
during development and morphogenesis, growth, differentiation and wound 
healing. They are essential for the formation, homeostasis and regeneration of 
tissues and organs. They are also involved in numerous pathological processes. 
(Myllyharju and Kivirikko 2004.)  

Collagens are numbered by roman numerals in the order of discovery. 
Traditionally they have been categorized as fibrillar or nonfibrillar collagens. 
When looking at their structure, supramolecular organization, and other features 
in more detail, collagens can be classified into the following groups: (i) fibril 
forming collagens, (ii) fibril-associated collagens with interrupted triple helices 
(FACITs), (iii) network-forming collagens, (iv) collagens forming beaded 
filaments, (v) collagens forming anchoring fibrils, (vi) basement membrane (BM) 
collagens, (vii) transmembrane collagens and (viii) multiplexins. (For reviews, 
see Gelse et al. 2003, Myllyharju & Kivirikko 2004 and Ricard-Blum & Ruggiero 
2005). In addition, there is a heterogenous group of proteins that contain 
collagenous domains but have not been defined as collagens. These proteins 
include C1q of complement, adiponectin, acetylcholinesterase, ectodysplasin and 
several members of macrophage receptors, collectins and ficolins (Myllyharju & 
Kivirikko 2004). The collagen types represented in the different subgroups as 
well as their chain composition and major sites of expression are presented 
collectively in Table 1. 
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Table 1. Chain composition of collagen types, classification and major sites of 
expression.  

Type Constituent α chains Structure/Group Tissue distribution 

I α1(I), α2(I) Fibrillar Bone, tendon, ligament and skin 

II α1(II) Fibrillar Cartilage, intervertebral disc, and vitreous humor 

III α1(III) Fibrillar Co-expressed with collagen I in vasculature and skin 

IV α1(IV), α2(IV), α3(IV) 

α4(IV), α5(IV), α6(IV) 

3D network Most basement membranes 

Glomerular and alveolar BM 

V α1(V),α2(V), α3(V)  Fibrillar Co-expressed with collagen I in lung, cornea and 

bone 

 α4(V)  Nervous system 

VI α1(VI), α2(VI), α3(VI) Microfibril Wide tissue distribution, not bone 

VII α1(VII) Anchoring fibril Squamous epithelium BM zone 

VIII α1(VIII), α2(VIII) Hexagonal lattice Many tissues, Descemet’s membrane of cornea 

IX α1(IX), α2(IX), α3(IX) FACIT Associated with type II fibrils in cartilage and cornea 

X α1(X) Hexagonal lattice Hypertrophic cartilage 

XI α1(XI), α2(XI), α1(II) Fibrillar Co-expressed with collagen II  

XII α1(XII) FACIT Associated with type I fibrils in perichondrium, 

ligament, and tendon 

XIII α1(XIII) Transmembrane Many tissues at a low level 

XIV α1(XIV) FACIT Associated with type I fibrils in many tissues 

XV α1(XV) Multiplexin Many BM zones 

XVI α1(XVI) FACIT Associated with type II fibrils in hyaline cartilage and 

with microfibrils in skin 

XVII α1(XVII) Transmembrane Skin and intestinal epithelia 

XVIII α1(XVIII) Multiplexin Endothelial and epithelial BM zones  

XIX α1(XIX) FACIT-like Rare BM zones, in developing muscle 

XX α1(XX) FACIT Associated with type I fibrils in sternal cartilage, 

cornea, and tendon 

XXI α1(XXI) FACIT Associated with type I fibrils in vessel walls 

XXII α1(XXII) FACIT-like Associated with microfibrils at tissue junctions 

XXIII α1(XXIII) Transmembrane Heart, lung and brain, metastatic cells 

XXIV α1(XXIV) Fibrillar Co-expressed with collagen I in bone and cornea 

XXV α1(XXV) Transmembrane Neurons 

XXVI α1(XXVI) FACIT-like Testis and ovary 

XXVII α1(XXVII) Fibrillar Co-expressed with collagen II in cartilage and 

epithelia 

XXVIII α1(XXVIII) Fibrillar Peripheral nerves 

Compiled according to the references quoted in the text. 

The collagen subunits, termed as α helices, contain Gly-X-Y sequences 
characteristic of collagenous proteins. This repetitive amino acid triplet sequence 
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defines the boundaries of collagenous domains (COL) and allows the formation 
of the triple helix that is the characteristic structural feature of the collagen 
superfamily. Glycine residues, being the smallest amino acid, occupy the core of 
the α helix, thus enabling the tight packing of the left-handed helix. The X 
position is frequently occupied by proline and the Y position by hydroxyproline 
residues. The presence of 4-hydroxyproline residues is essential for the formation 
of hydrogen bonds that contribute to the stability of the triple helices, which are 
formed when the three individual α chains are brought into close proximity and 
supercoiled around a common axis in a right-handed manner. The constituent α 
chains can be identical or products of two to three different genes representing 
homotrimeric or heterotrimeric compositions, respectively. These monomeric 
collagen molecules are then assembled into supramolecular structures, for 
example networks or fibers. Collagen fibers are often known to consist of more 
than one collagen type. For example, collagen I fibrils often contain small 
amounts of collagens III, V and XII, whereas fibrils consisting primarily of 
collagen II also contain collagens IX and XI. Some collagens (V and XI) can also 
form hybrid molecules, e.g. have an α1(XI) and an α2(V) chain in the same 
molecule. Furthermore, additional heterogeneity within the superfamily is caused 
by alternative splicing of some transcripts or the use of alternative promoters in 
some genes. Thus, it is the relative composition and amounts of different collagen 
types that co-assemble into heterotypic fibrils that define the structure and 
organization of the matrix network and determine the biomechanical properties of 
the tissues. 

The different collagen types are characterized by marked complexity and 
diversity in their structure, splicing, number and composition of non-collagenous 
domains and assembly. This complexity and the large number of different 
structures imply that the individual members of the collagen superfamily 
participate in numerous different biological functions. This is highlighted by the 
numerous diseases caused by mutations in the collagen coding genes. In addition, 
the varying roles of different collagens are reflected by their tissue- and time-
specific expression, specific supramolecular structure and other characteristics. 
Furthermore, during the few last years more insight has been gained on the roles 
of noncollagenous domains of different collagen types. It has become evident that 
proteolytic fragments of these domains play regulatory functions during 
development, wound healing and angiogenesis. Most of these proteolytically 
generated fragments seem to exert an inhibitory effect on cell proliferation, 
angiogenesis and tumorigenesis. The best known of these fragments is the C-
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terminal NC1 domain of collagen XVIII, endostatin (O’Reilly et al. 1997). The 
sister molecule to collagen XVIII, collagen XV, contains a homologous domain to 
endostatin called restin, in the NC10 domain of α1(XV) (Ramchandran et al. 
1999). Other fragments with cryptic biological activity include the NC1 domains 
of α1(IV), α2(IV) and α3(IV) called arresten, canstatin and tumstatin, 
respectively. A lot of attention has been paid to these molecules because of their 
antitumor activity in vitro and in vivo. Thus, intense medical and clinical research 
has been aimed to develop cancer therapies based on these molecules (Colorado 
et al. 2000, Kamphaus et al. 2000, Maeshima et al. 2000). In parallel, our 
understanding of the distinct members of the collagen family has evolved from 
structural constituents to active organizers and regulators of matrix homeostasis 
as well as modulators of cell-matrix interactions (Ortega & Werb 2002). 

More than 1300 disease-causing mutations have been described in 23 of the 
42 human collagen genes (Myllyharju & Kivirikko 2004). Most of these 
mutations are single-base substitutions that convert the codon of the obligate 
glycine to that of a bulkier residue and either prevent the folding of the triple 
helix beyond this point or cause an interruption in the helix. Because the triple 
helix of most collagens is propagated from the C-terminus to the N-terminus, the 
closer the glycine substitution is to the C-terminal end, the more severe phenotype 
it usually produces (Kivirikko & Prockop 1995). However, this is not always the 
case. This may be explained by the fact that the triple helix appears to contain 
regions of high and low stability (Steplewski et al. 2004). Mutations in different 
regions, therefore, have different effects that take place at different levels of 
biosynthesis and organization of collagenous matrices. The levels include (i) 
formation of a single molecule, (ii) formation of homotypic fibrils, (iii) formation 
of heterotypic fibrils, and (iv) interaction with other molecules or cells (see 
DiLullo et al. 2002, Steplewski et al. 2005). In general, mutations that lead to the 
production of a structurally altered polypeptide chain that is still able to associate 
with other chains usually cause more severe phenotypes than mutations that 
prevent trimer formation and heterozygous null alleles. This is because the 
resulting triple helices contain abnormalities that interfere with the formation of 
supramolecular structures and/or lead to aberrant function (Kivirikko & Prockop 
1995, Myllyharju & Kivirikko 2001). Other mutations involve codons in the X or 
Y position and cause substitutions or a translation stop codon. Most of the amino 
acid substitutions in the X and Y positions produce mild phenotypes or represent 
non-pathogenic polymorphisms. Further mutations may be represented by larger 
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reorganization of genetic material such as deletions, insertions, duplications or 
result in abnormal RNA splicing (Myllyharju & Kivirikko 2004). 

The majority of the collagen mutations result in relatively rare inheritable 
diseases, such as osteogenesis imperfecta, Ehlers-Danlos syndrome, Alport 
syndrome, epidermolysis bullosa and various chondrodysplasias. These diseases 
display a considerable spectrum of severity from perinatal lethality to a very mild 
disease. The majority of these diseases show a dominant inheritance pattern, 
although examples of recessive inheritance are known as well. Diseases or 
phenotypes involving mutations in the genes encoding collagen IX α chains are 
described in detail in section 2.5.3. 

2.1.1 Fibrillar collagens 

Fibrillar collagens are the classical group of structural collagens and have been 
studied for decades. As their name implies, these collagens form fibrils, which 
primarily act as supporting elements in the extracellular matrix. They share 
similarities in structural elements, the most prominent being a continuous 
collagenous sequence of about 1000 amino acids. This sequence makes up the 
triple helical domain which forms a rod-like structure with a length of about 300 
nm. All the exons encoding the triple-helical domain are of sizes that are 
multiples of 9 bp (e.g. 45, 54, 99, 108 and 162 bp), the most common size being 
54 bp. Because of this, it has been suggested that the ancestral gene for the fibril-
forming collagens has evolved by amplification of this 54-bp unit, possibly 
embedded in the intronic sequences (Yamada et al. 1980, see also Boot-Handford 
& Tuckwell 2003). Other similarities include the size and structure of the C-
propeptide, which are highly conserved among the fibril-forming collagen types. 
The N- and C-propeptides are linked to the main triple-helical domain by short, 
noncollagenous sequences called telopeptides. The telopeptides act as sites for 
intermolecular crosslinking, which is important for the stabilization of the 
collagen fibers (Eyre et al. 1984). The conservation of the numbers and locations 
of the cysteine residues in the C- propeptides is especially high. The conserved 
features of the C-propeptides are believed to reflect their essential roles in 
initiating chain assembly and triple helix formation. The N-propeptides show 
more diversity in their sizes and structures. In some cases the N- propeptides are 
retained in the collagen molecules present in fibrils, although their removal is 
generally regarded as a prerequisite for proper fibrillogenesis. It has, therefore, 
been suggested that the N-propeptides may regulate the fibril diameter (Birk 
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2001, Chapman 1989, Hulmes et al. 1989, Linsenmayer et al. 1993) or the 
production of collagen by a feedback mechanism (Bateman & Lamande 1996). 
Collagen molecules are secreted in the extracellular space as precursors, called 
procollagens, retaining the C- and N-propeptides. The procollagen molecules are 
processed to mature collagen molecules by cleavage of the N- and C-propeptides 
by specific N- and C-proteinases. Cleavage of the C-propeptides reduces the 
solubility of the protein, and the collagen molecules are then capable of self-
assembling into highly ordered, quarter-staggered, 67 nm banded fibrils typical of 
fibril-forming collagens (Kadler et al. 1987, Prockop & Hulmes 1994). 

The group of fibrillar collagens includes the classical collagen types I, II and 
III together with the minor types V and XI and new members, namely collagens 
XXIV and XXVII. Collagen I, the first member of the collagen protein family to 
be characterized, is the most abundant collagen in the human body. It is found 
especially in bone, tendon, ligament and skin. It consists of two identical α1(I) 
chains and one α2(I) chain. Low levels of the [α1(I)]3 homotrimer are also found 
in various tissues (Kielty & Grant 2002). Collagen II is a homotrimer consisting 
of three identical α1(II) chains, being the major collagenous component of 
cartilage (Miller & Matukas 1969, Miller & Gay 1987). It is expressed mainly in 
cartilage, the vitreous of the eye, intervertebral disc and inner ear, but it can also 
be found in many non-chondrogenic tissues during development (Brewton & 
Mayne 1992). Collagen II is the most important structural component of cartilage, 
accounting for up to 90-95% of its total collagen content (Eyre 1991, Mendler et 
al. 1989). Collagen III is typically found together with collagen I in many 
connective tissues (Miller et al. 1971, Miller & Gay 1987). It is the major 
collagen in blood vessels, but it is also found in many tissues that require elastic 
properties such as skin, lung and a number of other tissues. It forms only 
homotrimeric molecules of three α1(III) chains. Collagens V and XI share a 
number of common characteristics. They are minor constituents in a number of 
tissues and associate with the much more abundant collagen I to form heterotypic 
fibers. They are located at the core of these fibers where they are thought to 
regulate the lateral packing and diameter of the heterotypic fibers (Fessler et al. 
1986, Birk et al.1988 and Blaschke et al. 2000). At least three genetically distinct 
collagen V α chains, α1(V), α2(V) and α3(V), are currently known and they form 
homotrimers and heterotrimers with variable chain compositions (Mann et al. 
1992, Fichard et al. 1995). An additional collagenous polypeptide, showing 82% 
sequence identity to human α3(V) collagen and expressed in neonatal and adult 
brain and in neonatal peripheral nerves, has been termed α4(V) (Chernousov et al. 
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2000). The expression pattern of collagen V generally follows that of collagen I. 
Collagen XI is a quantitatively minor fibril-forming collagen found in cartilage. 
Like collagen II, it is also expressed in the vitreous body of the eye and the 
nucleus pulposus of the intervertebral disc (Eyre et al. 1987, Mayne & Brewton 
1993). Collagen XI is a heterotrimer of three α chains: α1(XI), α2(XI) and α3(XI). 
The α3(XI) chain is actually encoded by the collagen II gene COL2A1, except 
that the α3(XI) chain undergoes more extensive posttranslational glycosylation 
than α1(II) (Burgeson et al. 1982). Collagens XXIV (Koch et al. 2003) and 
XXVII (Boot-Handford & Tuckwell 2003b, Pace et al. 2003) are regarded as 
fibrillar collagens, even though they have interruptions in their collagenous 
sequences and are more homologous with each other than with the other fibrillar 
collagens. The expression of collagen XXIV is restricted to bone and cornea, 
whereas collagen XXVII is strongly expressed in cartilage containing heterotypic 
II/XI fibrils. A peculiar feature of human collagen XXVII is that it contains 
unexpected residues such as tryptophan and cysteine within the triple helical 
domain. Their significance is so far unclear.  

2.1.2 FACIT collagens 

The largest subgroup of non-fibrillar collagens are the FACITs. The members of 
the FACIT collagen subgroup are partially homologous multidomain molecules 
that possess common structural features. These collagens are characterized by (i) 
three or more triple helical domains interrupted by short noncollagenous 
sequences, (ii) the presence of two highly conserved cysteine residues separated 
by four amino acids at the NC1-COL1 junctions, (iii) the existence of two G–X–
Y triplet imperfections within the COL2 domain and (iv) the presence of a large 
N-terminal domain containing a thrombospondin subdomain next to the 
collagenous region (Ricard-Blum & Ruggiero 2005). Unlike fibrillar collagens, 
they are not capable of forming fibrillar polymers alone but are colocalized with 
them, presumably acting as molecular bridges that anchor and organize the 
interstitial collagen fibrils within the extracellular matrix. As defined by these 
characteristics, these molecules are collectively named fibril-associated collagens 
with interrupted triple helices, or FACIT collagens.  

In contrast to the highly organized structure of the triple helix, 
noncollagenous domains are characterized by structural and functional diversity. 
There is considerable variety in the number of the collagenous domains as well as 
in the size and composition of the N-terminal domains. N-terminal domains of 
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some of the FACIT members contain different numbers of von Willebrand factor 
A-like domains (vWFA) that may or may not be accompanied by a variable 
number of fibronectin type III repeats (see Ricard-Blum and Ruggiero 2005). 
Furthermore, at least collagens XII, XIV and XIX undergo alternative splicing of 
the transcripts, making their study and understanding even more complex and 
challenging. 

The members of the FACIT subgroup of collagens include collagens IX, XII, 
XIV, XVI (Myllyharju & Kivirikko 2004) and the more recently discovered 
collagens XX (Koch et al. 2001) and XXI (Fitzgerald & Bateman 2001, Tuckwell 
2002). In addition, collagens XIX, XXII, and XXVI are included in this category 
because they share common features of their primary structure with FACIT 
collagens. However, there are features of these three collagens that are distinctive 
from the other FACIT members. For example, while collagens IX (Olsen 1997) 
and XVI associate with type II fibrils in cartilage (the latter aggregating also with 
microfibrils) (Kassner et al. 2003), collagens XIX and XXVI have not been 
shown to associate with fibrils (Sato et al. 2002). Instead, purified collagen XIX 
seems to self-aggregate into higher-order structures (Myers et al. 2003). In 
addition, collagen XXII does not show affinity to collagen fibril extracts either, 
but to extrafibrillar microfibrils (Koch et al. 2004). The expression patterns of 
collagens XII and XIV follow that of collagen I, and they participate in the 
formation of collagen I fibrils in dense connective tissues such as skin, tendon 
and periosteum (Gelse et al. 2003). Also, collagen XX is likely to be expressed in 
these tissues (Koch et al. 2001). Collagen XIX is mainly expressed in the 
epithelial basement membrane zones, where it plays an important role in muscle 
differentiation (Myers et al. 1997, Myers et al. 2003). Collagen XXI, in turn, is 
highly expressed during fetal development, being particularly abundant in the 
vascular wall (Chou & Li 2002). As judged by its unique expression, collagen 
XXII seems to represent a novel marker for the tissue junction (Koch et al. 2004). 
At present, the biological functions of almost all the FACIT collagens are 
surprisingly poorly understood. In general, the FACIT collagens associate with 
the collagen fibrils by their C-terminal collagenous domains, while the 
noncollagenous N-terminus points out to the extracellular space, allowing 
interactions with ECM proteins (Olsen 1997). However, based on their specific 
expression patterns and unique structural properties, it is very likely that the 
FACITs display more specific and subtle functions than the originally suggested 
structural role and the stabilization of extracellular matrices. 
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2.2 Biosynthesis of collagens 

Biosynthesis of fibrillar collagens is usually regarded as a paradigm for collagen 
synthesis. It is a complex multistep process that requires multiple enzyme 
activities of which many are unique to collagens and collagen-like molecules. 
These activities include hydroxylation of proline and lysine residues by prolyl 4-
hydroxylase, prolyl 3-hydroxylase and lysyl hydroxylase (Kivirikko & 
Pihlajaniemi 1998), glycosylation of the hydroxylysine residues by 
galactosyltransferase and galactosylglucosyltransferase, cleavage of the N- and C-
propeptides by the specific N- and C-proteinases, and oxidation of the lysine 
residues by lysyl oxidase through which crosslink formation is accomplished. 
Other enzymes participating in collagen biosynthesis are peptidyl proline cis-trans 
isomerase (PPI), Hsp47 that acts as a chaperone during collagen synthesis, and 
protein disulphide isomerase (PDI). PDI has three functions: (i) it catalyzes the 
formation of intra- and interchain disulfide bonds, (ii) it acts as a chaperone 
binding to nascent collagen chains, thus preventing their aggregation, and (iii) it 
is present in the enzyme tetramer prolyl 4-hydroxylase representing its ß subunit 
(Myllyharju & Kivirikko 2004). 

Next, the main events of the biosynthesis of fibrillar collagens are briefly 
described. First, the intracellular events following the translation of the 
procollagen polypeptides in the ribosomes of the rough endoplasmic reticulum 
include cleavage of the signal peptide, hydroxylation of certain proline and lysine 
residues, and glycosylation of some hydroxylysine and asparagine residues. These 
hydroxylation steps start before the translation is complete and continue as 
posttranslational modifications until triple helix formation takes place (Kivirikko 
& Pihlajaniemi 1998). Further modifications are carried out by peptidyl proline 
cis-trans isomerase, Hsp47 and PDI. Then, association occurs at the C-terminus of 
α chains and initiates the nucleation and subsequent folding of the collagen triple 
helix. The process proceeds towards the N-terminus in a zipper-like manner. After 
intracellular processing, nascent triple-helical procollagen molecules are secreted 
from the cell into transport vesicles, followed by excision of the N- and C-
propeptides by N- and C-proteinases. The cleavage of the C- propeptide, in 
particular, lowers the solubility of collagen and triggers the spontaneous self-
assembly of the collagen fibrils into thicker fibers. Some recent data, however, 
suggest that processing of procollagens to collagens and collagen fibrillogenesis 
can also occur intracellularly or on the plasma membrane, thus providing a 
completely new perspective on the assembly of collagens (Canty et al. 2004, 
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Canty & Kadler 2005). Finally, the formation of intermolecular crosslinks 
provides the additional stability required for collagen to fulfill its structural 
functions (Prockop & Kivirikko 1995, Gelse et al. 2003). The assembly and fibril 
formation of the fibrillar and FACIT collagens are described in more detail in 
sections 2.4.1 and 2.4.2. 

2.3 Collagen IX 

2.3.1 Biosynthesis and degradation  

The intracellular steps during biosynthesis of collagen IX follow mostly those of 
other collagens. When compared to the fibrillar collagens, there are marked 
differences in the secretion and assembly mechanisms. Collagen IX, like other 
FACITs, does not contain large C- or N-propeptides at its termini and is not 
secreted as a procollagen. Thus, collagen IX is not proteolytically processed prior 
to its deposition into the extracellular matrix. However, the molecule undergoes 
heavy posttranslational processing, similar to other collagens. A more detailed 
description of the assembly process of FACIT collagens has been provided in 
section 2.4.2. 

Synthesis and degradation of the extracellular matrix and its constituents is a 
simultaneous continuous process taking place in both physiological and 
pathological states (see Matrisian 1992 or 2001 and Birkedal-Hansen et al. 1993). 
Matrix metalloproteinases (MMPs) are known to degrade a wide variety of ECM 
components and actively participate in the remodelling of the ECM. MMP-3 (also 
known as stromelysin-1) produced by chondrocytes and synovial fibroblasts is 
capable of degrading aggrecan, link protein and collagens II, IX, X and XI (Wu et 
al. 1991), and may therefore be able to remove collagen IX from the fibril 
surface. This would predispose the fibrils to attack by additional MMPs and other 
proteinases, thus compromising the integrity of the cartilage, seen for example in 
RA (Bonassar et al. 1995) and osteoarthritis (Okada et al. 1992). Also, MMP-9 
(Bollen & Eyre 1993), MMP-2 (Brown et al. 1996), cathepsins B and L 
(Maciewicz & Wotton 1991) and neutrophil elastase (Gadher et al. 1988) are able 
to cleave collagen IX. However, it is worth noting that in most reports soluble 
collagen monomers have been utilized to study the proteolytic activities of these 
enzymes. In contrast to soluble monomers, the collagen in tissue is arranged as 
cross-linked fibrils that are poor substrates for proteolysis and are degraded 
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slowly if at all. As collagen IX lies on the surface of cartilage collagen fibrils, it is 
conceivable that collagen II is protected from proteolysis by collagenases until 
collagen IX is removed. Since none of the three known collagenases are able to 
degrade collagens IX or XI at their triple-helical domains, the heterotypic fibrils 
of cartilage seem to present a complex and challenging substrate for proteolysis 
(Eyre et al. 2002). 

2.3.2 Tissue expression 

In general, the expression pattern of collagen IX follows those of collagens II and 
XI. Collagen IX is present in all hyaline cartilages as a minor component, 
representing about 1-2% of adult and even 10 % of fetal cartilage collagen (Eyre 
1991, 2002). A relatively constant ratio of 1:1:1 is usually exhibited in cartilage 
by the three different mRNAs (Perälä et al. 1997). Expression of the long variant 
of collagen IX is most abundant in mature tissues, while that of the short form 
predominates in the early stages of development (Hayashi et al. 1992, Swiderski 
& Solursh 1992) and in the vitreous of the eye (Warman et al. 1993). The 
presence of collagen IX in the ocular structures has also been demonstrated in 
chicken (Svoboda et al. 1988), bovine (Bishop et al. 1992 and 1994) and mouse 
(Liu et al. 1993) species.  

Collagen IX is also found in the intervertebral disc, both in the innermost 
layer, the nucleus pulposus, where the short form is predominant, and in the outer 
layer, annulus fibrosus, where both forms are present (Newall & Ayad 1995). In 
addition, collagen IX is expressed as a long variant in the cartilaginous endplates 
between the discs and the vertebrae. Some, but not all of the synthesized collagen 
IX molecules are observed to carry a GAG side chain (Buckwalter 1995, Newall 
& Ayad 1995). Besides the eye and the intervertebral disc, collagen IX is present 
at the mRNA level also in other extracartilaginous tissues such as skin, brain, 
kidney and heart. However, the ratios of the α1(IX), α2(IX) and α3(IX) mRNAs 
seem to vary considerably in these tissues, implying that the mRNA may not 
actually be translated into protein (Perälä et al. 1997). 
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2.3.3 Structure of collagen IX 

Gene structure 

The human α1(IX), α2(IX) and α3(IX) chains are encoded by the COL9A1, 
COL9A2 and COL9A3 genes, located on chromosomes 6q12-q13, p32.3-p33 and 
20q13.3, respectively (Kimura et al. 1989, Warman et al. 1993b, 1994, Brewton 
et al. 1995, Tiller et al. 1998). While the complete cDNA sequences for the 
human α1(IX), α2(IX) and α3(IX) chains have been characterized during the 
ninety’s (Muragaki et al. 1990a, Perälä et al. 1993, Warman et al. 1994, Brewton 
et al. 1995, Pihlajamaa et al. 1998, Paassilta et al. 1999b), the first cDNA clones 
encoding α1(IX) were originally isolated from chicken already during the eighty’s 
(Ninomiya & Olsen 1984). Later on, the complete cDNA structures for the 
chicken α1(IX) (Vasios et al. 1988, Nishimura et al. 1989) as well as for α2(IX) 
and α3(IX) were also defined (Brewton et al. 1992, Har-El et al. 1992). 

There are some common features as well as differences between the three 
genes encoding collagen IX. For instance, they all seem to share a similar exon-
intron structure. In addition, the coding regions of the genes display considerable 
similarity, suggesting that they have evolved by duplication of a common 
precursor gene (Ninomiya & Olsen 1984, Brewton et al. 1992, Har-El et al. 1992 
and Brewton et al. 1995). Furthermore, additional similarity is presented by three 
short interruptions in the Gly-X-Y triplet motif, two in the COL1 and one in the 
COL3 domain of each chain. The three genes also display unique characteristics. 
Despite a similar exon-intron organization, the three genes are very different in 
size. The COL9A1 gene consists of 38 exons and is about 90 kb in length, while 
COL9A2 comprises 32 exons but is only 15 kb. The difference is largely 
explained by the divergent sizes of introns and the lack of sequences encoding the 
large NC4 in COL9A2 (exons 1-7 in COL9A1). The COL9A3 gene also contains 
32 exons, but is 23 kb in length. Another distinguished feature is found in the 
exon encoding part of the NC3, producing NC3 domains of different sizes in all 
of the three genes (Table 2). Additional complexity is provided by the use of an 
alternative promoter of the COL9A1 gene (see next paragraph). Finally, besides 
the split codons for Gly that may be present at exon junctions, the genes of 
collagen IX (and other FACITs) present exon sizes other than multiples of 9 bp, in 
contrast to the fibrillar collagens that follow the 9 bp rule (Vuorio & 
Crombrugghe 1990). 
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Table 2. The individual domains and their size (amino acid residues) in human 
collagen IX. 

Domain α1(IX) α2(IX) α3(IX) 

NC4 268a 26a 28a 

COL3 137 137 137 

NC3 12 17 15 

COL2 339 339 339 

NC2 30 30 31 

COL1 115 115 112 

NC1 20 25 22 
a includes a signal peptide 

Two transcripts of the COL9A1 gene have been identified. This results from the 
use of two different promoters, located about 20 kb apart, which are operated both 
in a tissue-specific and developmentally regulated manner. The upstream 
promoter encodes a large N-terminal domain of α1(IX) corresponding to exons 1-
7. The resulting polypeptide consists of 245 residues and is predominantly 
expressed in cartilage (Vasios et al. 1988, Nishimura et al. 1989 and Muragaki et 
al. 1990a). The downstream promoter that gives rise to a shorter form of 
COL9A1 produces a transcript starting from alternative exon 1* that is directly 
spliced to sequences encoded by exon 8, thus resulting in the skipping of exon 7 
(Nishimura et al. 1989, Muragaki et al. 1990a,b). The use of an alternative 
promoter leads to a transcript encoded by 32 exons, instead of the 38 exons 
included in the long form. As a result, the NC4 region of the human short α1(IX) 
variant contains only three amino acid residues. The short form of collagen IX is 
predominantly expressed in the eye (Svoboda et al. 1988) and, due to the absence 
of the large globular NC4 resulting in different surface properties, is probably 
involved in molecular interactions different from those of the long form 
(Nishimura et al. 1989). 

Protein structure 

First indications of the existence of collagen IX were discovered through isolation 
of disulphide-bonded collagenous fragments obtained from pepsin-treated 
mammalian cartilage and intervertebral disc (Shimokomaki et al. 1980, 1981, 
Ayad et al. 1981, 1982, Ricard-Blum et al. 1982). Additional evidence was 
demonstrated when these fragments (HMW and LMW or M1 and M2) were 
isolated from chicken sternal cartilage (Reese & Mayne 1981, Reese et al. 1982, 
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von der Mark et al. 1982), and finally, when isolation of the intact parental 
molecule was successfully completed (Bruckner et al. 1983, Noro et al. 1983, von 
der Mark et al. 1984). 

Collagen IX is a heterotrimer consisting of three genetically distinct α chains, 
α1(IX), α2(IX) and α3(IX) (van der Rest & Mayne 1987). The overall structure of 
collagen IX molecules is stabilized by the bonding of α chains to each other by 
intramolecular disulfide bridges between cysteine residues located at the 
NC1/COL1 junction and NC3 domain of each chain. The molecules are divided 
into three collagenous domains, COL1-3, that are flanked by noncollagenous 
domains, NC1-4, numbered from the C-terminus (Figure 1). The collagenous 
domains show an equal number of residues, except for the COL1 domain of 
α3(IX) that is 3 residues shorter than the corresponding domains of α1(IX) and 
α2(IX). Instead, there is variance in the sizes of noncollagenous domains, 
especially at both termini of the molecule. The NC4 domain of α1(IX) is 245 
residues long, while that of α2(IX) and α3(IX) is only 3 residues in length. 
However, a molecular form with equally-sized NC4 domains is also present in 
tissue-specific locations. The size difference between the two variants of collagen 
IX is explained by the use of an alternative promoter, resulting in short or long 
variants. Furthermore, the size of the NC3 domain is different in all three chains. 
This is actually necessary to provide the short arm of the molecule, comprised of 
COL3 and NC4, with the flexibility to bend off the fibril surface and allow 
interactions with other matrix molecules. In fact NC4, based on its calculated pI 
of 10.4, carries a strong positive charge at physiological pH, making it an 
excellent interaction partner candidate (Vasios et al. 1988). These interactions are 
described in section 2.5.1. Structurally, as shown by electron microscopy, the 
NC4 domain adopts a globular conformation, stabilized by four cysteine residues 
participating in intrachain disulfide bonding (Irwin et al. 1985, Mayne et al. 1985, 
Bruckner et al. 1988, Vaughan et al. 1988). The human NC4 domain also contains 
an attachment site for an N-linked oligosaccharide (Muragaki et al. 1990a, 
Warman et al. 1993a). Based on comparisons between recombinant full-length 
collagen IX and recombinant NC4 produced in E. coli, it seems that the folding of 
the NC4 domain follows an inherent pattern, independent of the presence of the 
collagen triple helix (Pihlajamaa et al. 2004). Circular dichroism analysis of the 
domain has revealed its exceptionally high thermal denaturation point of 
approximately 80 °C (Pihlajamaa et al. 2004). The thermal stability of the short 
arm, formed by the NC4 and COL3 domains, is thus markedly higher than that of 
the long arm, formed by the rest of the molecule (Bruckner et al. 1983, Miles et 
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al. 1988). This difference is due to the higher hydroxyproline content of the short 
arm (Reese et al. 1982) and the presence of disulfide bridges. The difference in 
the thermal stabilities seems to reflect the molecular arrangement of collagen IX, 
since the lower stability of the long arm is compensated by a stabilizing 
association on the cartilage collagen fibril surface (Kimura et al. 1989, Muragaki 
et al. 1990a,b, 1996, Perälä et al. 1993, 1997, Rokos et al. 1994, Warman et al. 
1994, Brewton et al. 1995). The high stability and the preservation of the COL3 
and NC4 domains during the course of evolution imply a specific role for these 
regions in cartilage development or function. 

The domain structure of collagen IX represents a modular architecture in 
which unique structural or functional features can be envisaged or demonstrated 
for each domain. As described above and later in section 2.5.1, the NC4 domain is 
capable of interacting with other matrix components along with the COL3 
domain, which also serves as an arm projecting NC4 into the extrafibrillar space 
(van der Rest & Mayne 1988, Vaughan et al. 1988). The NC3 domain, in turn, 
acts as a molecular “hinge”, explaining the observed kinks in the molecule when 
visualized by electron microscopy (von der Mark et al. 1982, Reese et al. 1982, 
Duance et al. 1984). The COL2 domain of collagen IX contains the crosslinking 
site to collagen II (Eyre et al. 1987, van der Rest & Mayne 1988, Wu et al. 1992), 
while the COL1 and NC1 domains are essential for correct chain assembly 
(Mechling et al. 1996). 

Fig. 1. Schematic domain structure of collagen IX. Cysteine residues at NC1 and the 
COL1 domain are indicated. In the short form expressed by the use of an alternative 
promoter, the globular NC4 domain is absent. 
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Collagen IX as a proteoglycan 

The first observations of the proteoglycan form of collagen IX derive from 
chicken (Noro et al. 1983, Bruckner et al. 1985, Vaughan et al. 1985). 
Subsequently, this form of collagen IX has been demonstrated to exist also in 
humans and other mammals (Bruckner et al. 1988, Ayad et al. 1989, 1991, Arai et 
al. 1992, Bishop et al. 1992). The GAG side chain is known to be attached to a 
Ser residue within the NC3 domain of the α2(IX) chain (Huber et al. 1986, 
Konomi et al. 1986, McCormick et al. 1987, Huber et al. 1988). However, the 
presence of the GAG chain, representing either dermatan or chondroitin sulphate, 
is not a uniform feature of all collagen IX molecules, and the proportion of 
molecules containing the GAG substitution seems to vary depending on the 
developmental stage and origin of the tissue. While more than 80 % of collagen 
IX extracted from chicken embryonic sternal cartilage is in the proteoglycan form 
(Huber et al. 1988), it represents a minor component in human cartilage (Diab et 
al. 1996). It has also been proposed that the presence of the GAG chain would 
represent a transient phase and that it would be cleaved off when collagen IX 
molecules become decorated on the surface of maturing collagen II heterotypic 
fibrils (Diab et al. 1996). So far, distinct functions for the proteoglycan and non-
proteoglycan forms of collagen IX have not been demonstrated.  

2.4 Collagen chain assembly 

Alpha-helical coiled coils are widely occurring protein oligomerization motifs 
found in collagens and collagen-like proteins including fibrillar collagens (I–III, 
V, XI, XXIV, and XXVII), FACITs (IX, XII, XIV, XIX, XX, and XXIII), 
transmembrane collagens (XIII, XVII, XXIII, and XXV) and MARCO, 
ectodysplasin, and scavenger receptors, the collectins, collagens XV and XVIII 
(the multiplexins), the emilins, the collagen-like tail subunit of 
acetylcholinesterase, and collagens VI, VII, and XXVI (McAlinden et al. 2003). 
Thus, almost all members of the collagen superfamily contain short, repeating 
heptad sequences typical of coiled coils. The amino acid sequence of the coiled-
coil domain is characterized by up to four heptad repeats (a-b-c-d-e-f-g) in which 
hydrophobic amino acid residues occur at positions a and d (Kammerer 1997). 
They are located before, after, or between collagen-like regions as in the C-
propeptides of fibrillar procollagens, in the N-terminal sequences of 
transmembrane collagens, and in the noncollagenous domains of FACITs. The 
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ability of the coiled coils to function as efficient tools in the oligomerization of 
polypeptide chains has been shown on multiple occasions. For example, the 
coiled coil region is both necessary and sufficient to drive the trimerization of the 
lung surfactant protein SP-D (Hoppe et al. 1994, Zhang et al. 2001). Moreover, 
when fused C-terminal to the N-propeptide region of procollagen IIA, the first 
two heptad repeats of SP-D were shown to be able to drive trimerization and 
folding (McAlinden 2002). Furthermore, coiled-coil oligomerization domains 
have also been shown to be essential for the trimerization and folding of the 
membrane-associated collagens XIII (Snellman et al. 2000, Latvanlehto et al. 
2003) and XVII (Areida et al. 2001). However, it has been observed that not all of 
the heptad repeat-containing peptides form α-helical coiled coils independently 
(McAlinden et al. 2003). This suggests that trimerization is a cooperative process 
involving both coiled-coil and collagen-like regions. In summary, noncollagenous 
domains seem to be important for initial chain association and registration in 
order to ensure correct and sufficiently fast triple-helical folding. The widespread 
occurrence of the coiled-coil domains suggests a general role in the triple-helical 
assembly of collagens and collagen-like proteins. However, other structural 
features and mechanisms are also known to be involved in the assembly and 
trimerization of polypeptide chains. These include utilization of long 
noncollagenous domains such as NC1 of collagen IV or tightly packed ß-
sandwich assembly domains, as with the members of the C1q family. (Kammerer 
1997, McAlinden et al. 2003). 

2.4.1 Fibrillar collagens 

Fibrillar collagens are synthesized as large (~ 500 kDa) precursors, procollagens, 
which contain N- and C-terminal propeptide regions (Kadler et al. 1995). The C-
propeptide domains that are highly conserved (Dion & Myers 1987) are 
approximately 245 amino acid residues long and together form a tri-lobed 3-D 
structure cruciform in shape (Bernocco et al. 2001). The importance of the C-
propeptides in chain association has been demonstrated by both engineered 
(McLaughlin & Bulleid 1998, Lim et al. 1998) and naturally occurring mutations 
(Pace et al. 2001) that lead to abnormal procollagen assembly. Besides their 
participation in the assembly process of collagen, the C-propeptides also control 
collagen solubility during proteolytic processing and fibril formation and 
participate in feedback regulation of collagen biosynthesis (Bateman & Lamande 
1996). The main role of the procollagen C-propeptide domains, however, is to 
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direct chain association during intracellular assembly of procollagen molecules. 
They contain a specific discontinuous 15 amino acid sequence that has been 
observed to determine the type-specific assembly of procollagens (Lees et al. 
1997). This sequence is, therefore, responsible for the initial recognition event 
and is necessary to ensure selective chain association. The molecular recognition 
of the component α chains as well as their correct stoichiometry is particularly 
important in cells producing more than one collagen type. For example, skin 
fibroblasts may express six genetically distinct, yet highly homologous collagen α 
chains that are able to assemble in a type specific manner into collagens I, III and 
V (McLaughlin & Bulleid 1998). The role of C-propeptides in the subsequent 
folding events, nucleation and the alignment of the chains, has been studied by 
Singh et al. (1990) as well as by Bulleid and colleagues (1997). They 
demonstrated that the transmembrane domain of the influenza virus 
haemagglutinin could functionally replace the C-propeptide domain of collagen 
III, thus negating roles other than initial association. Similarly, the telopeptide 
region as well as the formation of interchain disulfide bonds within the C-
propeptide was shown to be unimportant in the helix nucleation; instead, the 
presence of hydroxylated Gly-X-Y triplets was essential for nucleation to occur 
(Bulleid et al. 1996). It is thus apparent that this triple-helical region is the site of 
nucleation, which takes place independently of the C-propeptides that play a 
crucial role in the early stages of procollagen assembly, being responsible for the 
initial interactions between the chains (for a review, see McLaughlin & Bulleid 
1998). Nucleation and chain alignment, in turn, take place at the C-terminal 
region, after which triple helix formation is propagated towards the N-terminus in 
a zipper-like manner (Engel & Prockop 1991). Location-wise, this process may 
occur inside the cell, in specific saccular transport structures termed post-Golgi 
carriers, on the cell membrane, or in the extracellular space (see Canty & Kadler 
2005). Since the above mentioned concepts are essential in understanding 
collagen chain assembly process and intimately related to the findings presented 
in the original article I, they are shortly described in the following table 3. 
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Table 3. Key concepts and their descriptions in the assembly of fibrillar 
collagens. 

Concept Description 

Chain association The initial event in chain assembly where collagen α chains are brought to close 

proximity allowing the C-propeptides to associate. 

Chain selection The collagen α chains discriminate between each other via specific interactions 

between amino acid side chains in order to assemble in a type-specific manner. 

Nucleation The collagen α chains at the C-terminal end of the triple helical domain 

condensate to form a “nucleus” to initiate the triple helix formation. The process 

requires the presence of at least two Pro-Pro-Gly triplets and adequate 

hydroxylation of proline residues but is not dependent on the formation of inter-

chain disulfide bonds. 

Triple helix formation / 

trimerization 

Upon nucleation, the collagen α chains are aligned and triple helix formation is 

driven towards the N-terminus in a zipper-like manner. The process is 

completed by formation of inter-chain disulfide bonds that stabilize the structure. 

In certain conditions the associated α chains do not form a triple helix but a 

trimer that is not structurally stable.  

Compiled according to McLaughlin & Bulleid (1998). 

Collagen fibril assembly is a complex self-assembly process during which fibers 
spontaneously aggregate into ordered fibrillar structures in vivo. Yet, our 
understanding of the phenomenon is primarily based on in vitro experiments. The 
spontaneous folding of the triple helix is a slow and concentration dependent 
process in which cis-trans isomerations by PPI act as a rate-limiting step 
(Bächinger et al. 1980). The ability for self-assembly is encoded in the primary 
structure of the collagens, but other matrix molecules such as fibronectin, specific 
integrins and small leucine-rich repeat proteoglycans (SLRPs) such as lumican, 
decorin and fibromodulin have been demonstrated to affect collagen 
fibrillogenesis in vitro (see Canty & Kadler 2005). Although the mechanisms 
involved are not clear, they are known to function in limiting fibril diameter as 
well as regulating fibril fusion (Graham et al. 2000). The fibril formation is 
influenced by the propeptides of procollagen molecules and the key event 
controlling fibril formation is the cleavage of the C-propeptides. Thus, a major 
extracellular function of the C-propeptides is to prevent fibril formation. The 
function of the N-terminal propeptides in this process is not well understood and 
seems to differ between collagen types, implying that N-terminal processing of 
procollagens is a more complex event. The short non-helical telopeptides of the 
processed collagen monomers are involved in the covalent crosslinking of the 
collagen molecules catalyzed by lysyl oxidase, thus providing the tissues with 
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mechanical strength and resistance to force (Eyre et al. 1984). According to a 
recent report, telopeptides both at the N- and C-terminal regions are actively 
involved in mediating the fibril formation of fibrillar collagens (Steplewski et al. 
2006). 

After initial conversion from procollagen to collagen, the resulting fibrils 
organize in arrays of narrow fibrils of uniform diameter. The process of assembly 
involves hydrophobic and electrostatic interactions and is proposed to follow a 
liquid crystal-type ordering in solution prior to collagen processing and 
deposition as insoluble matrix (Hulmes 2002). The fibril-forming collagens 
assemble into prototype D-periodic, cross-striated fibrils consisting of an 
uninterrupted triple helix approximately 300 nm in length (Kadler et al. 1996). 
The fibrils are then able to grow by accretion, lateral fusion and by end-to-end 
fusion in the ECM (Birk et al. 1995, Graham et al. 2000), resulting in a variety of 
fibers with different diameters and lengths that form complex arrays typical to 
tissue type and location. For example in the cornea of the eye, the fibers are 
arranged as orthogonal lattices, whereas in tendon they are aligned parallel to 
each other forming bundles (Hulmes 2002). Thus, the suprastructural diversity 
reflects tissue-specific requirements and is achieved through the formation of 
macromolecular composites or alloys consisting of more than one collagen type 
(Hansen & Bruckner 2003). The collagen fibrils and related structures are able to 
provide the major biomechanical scaffold for cell attachment and anchorage of 
macromolecules, allowing the shape and form of tissues to be defined and 
maintained.  

An interesting exception to the general principle concerning the direction of 
the trimerization of α chains is the group of transmembrane collagens. Because 
their N-terminal ends are anchored to the plasma membrane, it is feasible that the 
triple-helix formation would occur in an opposite N-to-C direction. In fact, this 
has been shown for collagens XIII (Snellman et al. 2000) and XVII (Areida et al. 
2001). Furthermore, it has been shown experimentally by using designed 
collagen-like peptides linked to two different nucleation domains that collagen 
triple helix formation can be nucleated at either end of the molecule (Frank et al. 
2003). These observations have changed the classical insight that triple helices 
may only (or preferentially) fold from the C-terminus. 
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2.4.2 FACIT collagens 

As described above, the C-propeptides play a significant role in the initial 
association and in molecular recognition between α chains when fibrillar 
collagens are concerned. In the case of FACITs, however, C-propeptides are 
absent and replaced by markedly shorter non-triple-helical domains, NC1. This 
contrast in size is reflected by the number of amino acid residues in the NC1 
domain, which for collagen IX is in the range of 20-25 (see Table 2) and 
approximately 75 for collagen XII. The NC1 domains of the FACITs do not 
display similarities in their sequences. Instead, common sequences are shared 
within the COL1 domain of FACITs. Furthermore, there is significant overall 
structural similarity at the COL1 domain with respect to size and the location of 
two imperfections in the triple helix. In addition, there are two conserved cysteine 
residues at the COL1-NC1 junction. These cysteines are involved in interchain 
disulfide bonding. When put together, these observations suggest that the COL1 
domain or COL1-NC1 junction may serve a common function in all FACITs. 

The role of the COL1 domain and its adjacent sequences has been studied in 
the chain assembly of collagen IX. Analysis of pepsin-resistant low molecular 
weight (LMW) fragments indicated that LMW fragments re-associated to form 
three different triple- helical forms, homotrimers of α1(IX) and α2(IX), and a 
heterotrimer of α1(IX)α2(IX)α3(IX) (Labourdette & van der Rest 1993). 
Analogous observations were obtained when insect cells were used as a host to 
express full-length collagen IX. In this system, collagen IX α chains assembled 
favorably into triple-helical α1(IX)α2(IX)α3(IX) heterotrimers, but also disulfide-
bonded α1(IX) homotrimers were seen (Pihlajamaa et al. 1999). When chain 
assembly was investigated using synthetic peptides, it was found that peptides 
consisting of the C-terminus of the COL1 domain and the entire NC1 domain 
were able to form disulfide-bonded heterotrimers, but not triple helices. These 
observations suggest that the information for chain selection of collagen IX is 
located in the C-terminal part of COL1 and in the NC1 domain, but the triple 
helix formation is not the driving force for this interaction (Mechling et al. 1996). 

Besides collagen IX, collagen XII has also been a target of research when 
studying the mechanisms of chain assembly and trimer formation of FACITs. 
These studies, carried out with a recombinant collagen XII minigene in HeLa and 
insect cells, suggested an important role for proline hydroxylation in stabilizing 
the COL1 domain to obtain disulfide-bonded trimers (Mazzorana et al. 1993, 
1996). The data also support the notion of the NC1 and COL1 domains containing 
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information necessary for the chain association of FACITs. The role of this region 
was further analyzed by deleting most of the NC1 domain, except the first seven 
residues at the junction of the COL1 and NC1 domains. The results indicated that 
this deletion does not prevent the assembly of trimeric disulfide-bonded truncated 
collagen XII α chains (Mazzorana et al. 1995). The results suggest that if the NC1 
domain is involved in the initial events during collagen XII chain assembly, this 
should take place via amino acids at the junction of NC1 and COL1. Based on 
these observations, the collagenous sequence was put at the center of interest. By 
using minicollagen XII in an insect cell expression system, Mazzorana & 
colleagues (2001) demonstrated that disulfide exchange between intra- and 
interchain bonding takes place, suggesting that the triple helix is formed first 
followed by interchain disulfide bonding in favorable redox conditions. The 
verification of these observations demonstrated that the formation of interchain 
disulfide bonds is not a prerequisite for the trimeric association and triple helical 
folding of collagen XII. The results also indicate that at least ten Gly-X-Y triplets 
in the C-terminal part of COL1 are required for the formation of a triple helix. 
Hence, it appears that the COL1/NC1 junction alone is not sufficient to drive 
association and that the role of the collagenous sequence and formation of the 
COL1 triple helix is critical for the trimeric assembly of collagen XII (Mazzorana 
et al. 2001). 

2.5 Function of collagen IX 

The functions of collagen IX have largely been proposed based on its structural 
properties and location on the surface of cartilage heterotypic fibrils. More 
recently, data confirming the suspected role of collagen IX interacting with other 
ECM partners, such as cartilage oligomeric matrix protein (COMP), heparin and 
matrilin-3 has been demonstrated (Pihlajamaa et al. 2004, Budde et al. 2005). In 
the end, a protein is able to fulfill its biological function only by interacting with 
other molecules or cells, and thus, it is the nature, quality and frequency of 
interaction that largely define the specific function(s) of a given protein. Valuable 
information of the potential roles of collagen IX has also been obtained from 
experimental animal models and from human disorders involving collagen IX. 
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2.5.1 Collagen IX as a cartilage component  

Cartilage, representing a specialized form of connective tissue, consists of 
cartilage-specific cells (chondrocytes) and an abundant extracellular matrix. 
Cartilage can be divided into three major forms – elastic, fibrous and hyaline. 
Hyaline cartilage is the most prevalent and widespread type. Articular cartilage is 
a form of hyaline cartilage that covers the epiphyses of long bones at joint 
surfaces. It provides the joint with load-spreading and shock-absorbing properties 
and, together with the synovial fluid, enables frictionless movement of the joint. 
Cartilage formation is also essential for the development of long bones since 
cartilage serves as a model, being slowly replaced by bone. This process is known 
as endochondral ossification. Because cartilage is devoid of blood vessels and 
lymphatics, nutrition takes place by diffusion from adjacent tissues. Thus, the 
regeneration capacity of cartilage is poor (McCarty 1989, Buckwalter & Mankin 
1998). 

The primary constituents of the cartilaginous ECM are collagen II, 
proteoglycans and water. Proteoglycans are macromolecules that contain one or 
more GAG chains attached to a core protein, aggrecan. Large proteoglycan 
aggregates are formed when hyaluronic acid is bound by aggrecan and the 
structure is further stabilized by the binding of link protein. Because of the 
abundance of hydrophilic sulphated proteoglycans, cartilage is highly hydrated, 
providing the tissue with its osmotic properties and resistance to compression.  

The swelling pressure caused by the presence of hydrated proteoglycan 
polymers is counterbalanced by a network of collagen fibrils. These fibrils, 
consisting primarily of collagens II, IX and XI, display typical D-periodic 
distribution (Vaughan et al. 1988). While the core of the fibril is formed by 
collagen XI, further growth in diameter is thought to occur by the deposition of 
collagen II, and finally the fibril becomes decorated by collagen IX (Eikenberry et 
al. 1992) (Figure 2). The structural integrity of the cartilage is known to depend 
on correct formation of these heterotypic fibrils, which relies on site-specific 
interactions between relatively small regions of interacting collagen molecules. 
Changes in these critical regions, for example single amino acid substitutions 
such as a Cys for Arg substitution at α1 -519 of collagen II (Fertala et al. 2001), 
may alter their structural and physicochemical characteristics and lead to aberrant 
interactions between collagens II and IX. Such changes in the affinity/interaction 
have been proposed to represent one of the steps in a cascade of changes affecting 
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the cartilaginous matrix and ultimately leading to its destabilization (Steplewski et 
al. 2005). 

Fig. 2. Schematic presentation of cartilage ECM showing a heterotypic collagen fibril, 
consisting of collagens II, IX, and XI, and its association with some of the 
noncollagenous components of cartilage, including cartilage oligomeric matrix protein 
(COMP), aggrecan, hyaluronan, matrilin-3, and link protein. The figure has been 
originally published in Eveliina Jakkula’s thesis, Acta Universitatis Ouluensis, D832. 

The orientation of collagen IX molecules on the fibril is antiparallel in relation to 
collagen II molecules (Mendler et al. 1989, Wu et al. 1992). It has been shown 
that the critical regions for collagen IX binding on collagen II are located at the 
C-terminal part (D3 and D4 regions) of collagen II monomers and that collagen II 
telopeptides are unimportant for binding (Fertala et al. 2001). The interaction 
between collagens II and IX is stabilized by lysine-derived crosslinks at multiple 
locations. The crosslinking sites are located between the N-terminal region of the 
COL2 domain of each collagen IX α chain and the N-telopeptide of the α1(II) 
chain, and also between the central region of the COL2 domain within the α3(IX) 
chain and the C-telopeptide of the α1(II) chain (Eyre et al. 1987, van der Rest & 
Mayne 1988, Wu & Eyre 1989, Wu et al. 1992, Diab et al. 1996). Additional 
crosslinks are found between collagen IX molecules at the COL2 domain of 
either α1(IX) or α3(IX) chain and the NC1 domain of α3(IX) chain (Wu et al. 
1992). A novel site at the NC1 domain of α1(IX) and Lys 930 of α1(II) has been 
discovered and a comprehensive model of cross-linking sites of collagen IX has 
been proposed (Eyre et al. 2004). 

Several functions have been suggested for collagen IX, mainly based on its 
location on the surface of cartilage heterotypic fibrils. One of the proposed roles 
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is the stabilization of the collagen fibril network. This proposition is supported by 
the preferential location of collagen IX molecules at the intersections between 
two collagen fibrils (Müller-Glauser et al. 1986) and by the ability of two separate 
collagen IX molecules to interact independently of covalent crosslinks at the NC4 
domains (Douglas et al. 1988). The surface position also implies a role as a 
modulator of the surface properties of collagen fibrils. The high positive charge of 
the NC4 domain (Vasios et al. 1988), in turn, suggests the capability of binding to 
adjacent proteoglycans or other ECM macromolecules. In fact, it has been 
demonstrated that a recombinant NC4 domain is able to bind heparin as well as 
cartilage matrix oligomeric protein (COMP) in vitro (Pihlajamaa et al. 2004). 
These observations support the idea of collagen IX modulating fibrillar surfaces 
and suggest a bridging mechanism by connecting or stabilizing macromolecular 
networks, a function also proposed for homologous collagens XII and XIV 
(Nishiyama et al. 1994, Akutsu et al. 1999). Furthermore, a role in regulating the 
fibril diameter has also been implicated for collagen IX. This is supported by the 
localization of collagen IX to the regions of cartilage where thin fibrils are the 
predominant type (Irwin et al. 1985, Müller-Glauser et al. 1986, Wotton et al. 
1988, Hagg et al. 1998), and by the fact that the proportion of collagen IX 
decreases alongside with decreasing amounts of thin fibrils in maturing cartilage 
(Eyre et al. 1992). Another piece of evidence derives from experiments with in 
vitro fibrillogenesis. It is noteworthy that even though collagens II and XI may 
spontaneously initiate fibrillogenesis, they seemed incapable of generating 
correctly formed fibrils by themselves, and that a correct stoichiometry of 8:1:1 of 
collagens II, IX and XI was required for the formation and maintenance of proper 
thin fibrils (Vaughan et al. 1988, Eikenberry et al. 1992). However, collagen IX 
molecules have been observed on a few of the thicker collagen fibrils as well 
(Bruckner et al. 1988, Keene et al. 1995, Hagg et al. 1998).  

 Collagen fibrils in cartilage are known to vary in diameter and orientation 
depending on the location and developmental state. In contrast to the fibrils that 
are thicker and oriented perpendicular to the surface in the deeper zones of 
cartilage, fibrils at the surface tend to be thinner and run parallel to the surface. 
Most fibrils are 20 nm in diameter, but thicker fibrils have also been observed 
(Mendler et al. 1989). Moreover, the fibrils in embryonic cartilage are thinner in 
diameter as well as more randomly oriented when compared to adult cartilage 
(Horton 1993, Hagg et al. 1998). Fibril properties including diameter, spacing and 
morphology are known to be affected by fibril-associated components including 
the family members of small leusine-rich proteoglycans (SLRPs). These include 
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decorin, fibromodulin, lumican and biglycan, which are known to interact with 
collagen fibrils, regulating fibrillogenesis possibly by preventing lateral fusion of 
the fibrils (Hagg et al. 1998, Roughley & Lee 1994, Iozzo 1997). Other 
noncollagenous molecules known to associate with collagen are heparin 
(Munakata et al. 1999), COMP, a pentameric molecule capable of binding to 
collagens I, II and IX (Rosenberg et al. 1998, Thur et al. 2001, Holden et al. 
2001), and matrilins 1 and 3 (see Deak et al. 1999). Matrilin-1 is able to bind to 
fibrillar collagens (Winterbottom et al. 1992), while matrilin-3 interacts directly 
with collagen IX (Budde et al. 2005). Besides types II, IX and XI, collagens III, 
VI, X, XII, XIII, XIV, XVI, XX and XXVII have also been detected in cartilage, 
but apart from collagen X they are not considered cartilage-specific as their main 
expression is in noncartilaginous tissues (Watt et al. 1992, Castagnola et al. 1992, 
Juvonen et al. 1992, Bruckner & van der Rest 1994, Young et al. 2000, Koch et 
al. 2001, Kassner et al. 2003, Pace et al. 2003, Boot-Handford et al. 2003). 

2.5.2 Experimental mouse models 

Genetically modified animal models provide a useful tool for studying the 
expression and function of collagens as well as other proteins. The functional 
significance of collagen IX has been studied by using different mouse models. A 
transgenic mouse line expressing a truncated α1(IX) chain with a large in-frame 
deletion of the complete NC3 domain and most of the COL2 and COL3 domains 
was generated (Nakata et al. 1993), exerting a dominant negative effect on the 

assembly of collagen IX molecules. The heterozygous offspring were normal at 
birth, but the homozygous mice developed mild osteochondrodysplasia with 
dwarfism and eye abnormalities. By the age of six months both heterozygous and 

homozygous mice developed degenerative changes in articular cartilage. The 
changes were progressive with age and resembled human OA. Histological 
specimens analyzed showed abnormally thin collagen fibrils. Furthermore, spinal 
changes including intervertebral disc degeneration and herniation were also 
detected (Kimura et al. 1996). 

Mouse models totally lacking the α1(IX) chain have been created. In a recent 
report (Hu et al. 2006), age-dependent OA-like changes in the knee joints and 
temporomandibular joints, starting at the age of three months, were observed. 
Interestingly, the level of degraded collagen II was increased in the cartilage of 
these knock-out mice. Analogous results were reported previously, since the mice 
were normal at birth but, at the age of four months, developed a progressive 
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degenerative joint disease resembling human OA (Fässler et al. 1994). When 
studied in detail, it was discovered that the deficiency of the α1(IX) chain 
essentially leads to a functional knock-out of all three polypeptide chains of 
collagen IX, thus implicating a crucial role of the α1(IX) chains in the assembly 
process (Hagg et al. 1997). The cartilage collagen fibrils of the knock-out mice 
were apparently normal - a surprising finding, which is in contradiction to the 
proposed idea of collagen IX regulating fibril diameter. A slightly different 
function was, however, proposed based on experiments with immortalized 
chondrocytes derived from the same knock-out mice. The collagen fibrils 
produced were of normal diameter indicating that fibrillogenesis may occur 
without α(IX) chains. However, the fibrils behaved abnormally since they seemed 
to fuse laterally (Mallein-Gerin et al. 1995). This, together with the surface 
location of collagen IX, suggests a role in the prevention of lateral fusion and 
determining the correct spacing of parallel fibrils. 

The normal skeletal morphogenesis and development of the α1(IX)-deficient 
mice suggests that collagen IX may not be essential for the development and 
formation of cartilage matrix. Instead, a structural function in maintaining the 
mechanical and biochemical stability in cartilage is implicated. This conclusion is 
supported by certain previous observations as well as the following two. First, 
mice overexpressing the NC4 domain of the α1(IX) chain developed age-related 
osteoarthritic lesions (Haimes et al. 1995). Secondly, when mice lacking the 
α1(IX) chain were backcrossed to the DBA/1 and B10.Q strains and 
immunologically challenged with collagen II, the CIX deficiency in both strains 
led to earlier and more severe arthritis when compared to controls (Carlsen et al. 
2006). Taken together, these findings suggest that collagen IX may be 
unimportant in fibrillogenesis and the development of cartilage, but plays an 
important role in the maintenance of the long-term structural integrity of the 
tissue. 

2.5.3 Human disorders involving collagen IX 

Valuable information has also been obtained studying human disorders. Mutations 
in the genes encoding the three polypeptide chains of collagen IX are related to 
conditions including Stickler syndrome (Van Camp et al. 2006), multiple 
epiphyseal dysplasia (MED) (Chapman et al. 2003) and intervertebral disc 
disease (IDD) (Ala-Kokko 2002). As suggested by the mouse models, collagen IX 
might also be involved in the etiopathogenesis of primary OA, but so far this has 
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not been demonstrated in man (Jakkula et al. 2005a). The role of collagen IX in 
rheumatoid arthritis is discussed in section 2.6. 

MED comprises a clinically and genetically heterogenous group of disorders 
that is characterized by delayed ossification and abnormalities in the epiphyses of 
long bones, short stature and early-onset degenerative OA of the large weight-
bearing joints, primarily hips and/or knees. MED patients may also have spinal 
abnormalities. The phenotypic spectrum ranges from the mild Ribbing type to the 
more severe Fairbank type. Usually the symptoms include pain and stiffness in 
multiple joints, often leading to restricted joint motion. This may result in 
problems with gait.  

To date, mutations in six different genes, COMP, COL9A1, COL9A2, 
COL9A3, MATN3, and DTDST, respectively, have been identified in MED 
patients. Mutations in all these genes, except DTDST, are dominantly inherited. It 
is known that the mutations in the known genes do not explain all MED cases 
(Jakkula et al. 2005b,c). When collagen IX is concerned, all mutations cluster in 
the splice-donor or acceptor site of exon 3 of COL9A2 (Muragaki et al. 1996, 
Holden et al. 1999, Spayde et al. 2000, Fiedler et al. 2002) or COL9A3 (Paassilta 
et al. 1999a, Bönnemann et al. 2000, Lohiniva et al. 2000, Nakashima et al. 
2005). These mutations result in the skipping of exon 3 of COL9A2 and COL9A3 
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. 
Alternatively, mutations may occur in the splice-donor site of exon 8 of COL9A1, 
resulting in the skipping of exon 8 and/or 10 (Czarny-Ratajczak et al. 2001). The 
deletions in the COL9A1 gene are predicted to cause an in-frame deletion of 25, 
21 or 49 amino acids from the α1(IX) chain. All the deletions described are 
located in an equivalent region of the COL3 domain of collagen IX, suggesting an 
important function for this domain. 

At least 22 different mutations in 25 probands have been described in the 
COMP gene, the first to be identified in MED (Briggs & Chapman 2002). The 
majority of the disease-causing COMP mutations cluster in exons 8-14, which 
encode the calcium-binding T3-repeats, or in exons 16-18, which encode the C-
terminal globular domain (see Jakkula 2005a). The preponderance of these 
mutations represent point mutations leading to amino acid substitutions, small in-
frame deletions or insertions. The exact mechanism by which COMP mutations 
cause MED is not clearly understood, but the incorporation of mutant COMP 
monomers into COMP pentamers is likely to cause a dominant-negative effect. 
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Thus, the mutations in COMP would represent a qualitative rather than 
quantitative defect (Chapman et al. 2003).  

Matrilin-3 is the only member of the matrilin family known to be associated 
with MED (Jackson et al. 2004). All except one of the described nine mutations 
in the MATN3 gene are missense mutations located in exon 2 of MATN3, 
affecting the β-sheet region of the vWFA domain (Chapman et al. 2001, Mostert 
et al. 2003, Jackson et al. 2004, Mabuchi et al. 2004). MATN3 is known to 
interact directly with the collagenous domains of collagen IX, and also indirectly 
with COMP serving as an adapter (Budde et al. 2005).  

What is interesting in these mutations is the fact that collagen IX, COMP and 
matrilin-3 are known to interact with each other and it seems that a disruption to 
these interactions may represent a pathogenetic mechanism in MED (Holden et 
al. 2001, Chapman et al. 2003, Budde et al. 2005). The underlying disease 
mechanism has not yet been described in detail, but evidently, a large deletion in 
the COL3 domain of collagen IX 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, it is known that mutations in the COMP and collagen IX 
genes may result in the accumulation of the corresponding proteins in the rough 
endoplasmic reticulum (ER) of chondrocytes, thus impeding their normal 
function (Maddox et al. 1997, Délot et al. 1998). This implies that the mutations 
may lead to misfolding of the protein that is subsequently recognized by the 
quality control system of the cell and results in the detrimental retention of the 
protein in the ER. This assumption is in agreement with the suspected dominant-
negative effect, probably causing the entrapment of both the mutant and the wild-
type protein. Similarly, when matrilin-3 is concerned, it is likely that it is not the 
overall loss but rather alterations in the structure/function that result in MED. 
However, the dilatation of the ER was not observed in MED patients with a 
mutation in the COL9A2 gene (van Mourik et al. 1998), implicating the existence 
of other disease mechanisms. Accordingly, certain collagen IX mutations have 
been reported to lead to decreased mRNA stability and incomplete splicing 
(Holden et al. 1999). The plurality of these diverse notions reveals that the cell 
and matrix pathology of MED is still inadequately comprehended and further 
research is necessary to understand the disease process and discover potential 
therapies. 

IDD is a common musculoskeletal disease affecting the Finnish population 
with a prevalence of about 5 % (Heliövaara et al. 1987). IDD is characterized by 
intervertebral disc degeneration and herniation. These processes are often 
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accompanied by sciatica, pain felt in the lower back and radiating below knee 
level via the sciatic nerve. The symptoms are usually caused by disc herniation, 
i.e. extrusion of the inner disc layer, nucleus pulposus, through the outer layer, 
annulus fibrosus, causing mechanical compression or chemical irritation of the 
sciatic nerve root. Disc degeneration is an inevitable and common consequence of 
ageing, and it varies extensively in rate and extent between individuals and even 
in the same person over time (Buckwalter 1995). The degeneration impairs the 
structural integrity of the disc tissue predisposing to functional decline. The age-
related degenerative changes include a decrease or loss of water and 
proteoglycans as well as collagen fibrils and viable cells within the matrix (Eyre 
1979, Buckwalter 1995). The changes in the intervertebral discs are known to 
emerge as early as in the second decade of life (Nerlich et al. 1998). 

Anthropometric, environmental and genetic factors are known to contribute 
to the etiology of IDD. Collectively, anthropometric and environmental factors 
include age, gender, occupation, hard physical work or a predisposition to 
vibration at work, cigarette smoking, physical trauma and body height. Their 
effects are evaluated as modest, however (Heliövaara 1989). Thus, genetic factors 
are suggested to play a role in IDD (Postacchini et al. 1988, Varlotta et al. 1991, 
Scapinelli et al. 1993, Battie et al. 1995, Matsui et al. 1998, Noponen-Hietala et 
al. 2005). The presence of collagen IX in the intervertebral disc (Newall & Ayad 
1995) implicates mutations in the genes encoding collagen IX as possible 
contributors to the disease. Recently, it has been shown that sequence variations 
in the collagen IX and XI genes are associated with IDD (Noponen-Hietala et al. 
2003). The observed changes in the intervertebral discs of α1(IX) transgenic mice 
(Nakata et al. 1993, Kimura et al. 1996) further strengthen this notion. 
Subsequently, two sequence variations that lead to incorporation of a tryptophan 
(Trp) residue into the α2(IX) or α3(IX) chain were detected by DNA analysis in a 
Finnish (Annunen et al. 1999, Paassilta et al. 2001) and Chinese population (Jim 
et al. 2005), and these variations were found to be associated with IDD. The 
molecular mechanisms underlying the disease process are not well understood. 
However, it seems that both the Trp2 and Trp3 allelic products are incorporated 
apparently normally into developing human cartilage (Matsui et al. 2002). This 
suggests that instead of misassembly of the matrix the pathological consequences 
of these sequence variations are likely to represent a long-term and indirect effect. 
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2.6 Integrins 

 Integrins constitute a major group of receptors playing important roles both in 
cell-cell adhesion and in recognition of extracellular matrix (ECM) components, 
including fibronectin, vitronectin, laminin and collagen. Structurally the integrins 
consist of one α and one β subunit forming heterodimeric receptors mediating 
dynamic linkages between extracellular milieu and the intracellular actin 
cytoskeleton. Integrins are expressed by all multicellular animals. Mammals are 
known to express 18 α and 8 β subunits that may combine to at least 24 different 
receptors (see Figure 3). During the last two decades, integrins have been, and 
still are, a target of intensive research. Studies with the genetic knock-out 
approach have indicated essential roles for almost all integrins and widespread 
functions in the maintenance of tissue integrity and modulation of cellular 
migration, differentiation and survival. While contributing to these processes in 
the physiological state, integrins are also implicated in disease processes such as 
infectious, inflammatory, traumatic and neoplastic conditions and have thus 
become acknowledged as potential therapeutic targets in a variety of conditions 
(see Humphries 2000 and Gullberg 2003). 

Fig. 3. The integrins form a family of cell surface receptors with 18 α and 8 β subunits 
expressed in mammals, and may combine to at least 24 different receptors. Schematic 
presentation of the overall structure of the integrin heterodimer is depicted on the left. 
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2.6.1 Structure and signaling properties 

Integrins are αβ heterodimers consisting of one “head” with two “legs” that 
penetrate the plasma membrane with transmembrane helices and end in short 
cytoplasmic tails. The overall structure of integrins is shown on the left in Figure 
3. The N-terminal head region is integral in ligand recognition. This region is 
different between the collagen binding integrins that contain an additional 
domain, the αI domain, which is crucial in collagen recognition, and the other 
integrins that recognize ECM molecules mostly via RGD sequences. The head of 
the α subunit is formed by a seven-bladed β-propeller domain and the inserted I 
domain, while the stalk or the leg region domains all adopt β-sandwich fold. The 
head region of the β subunit contains PSI, hybrid and an I-like domain (βI), which 
is the major ligand recognition site in integrins lacking αI domains (White et al. 
2004). In the αI domain-containing integrins, the βI domain interacts with the α 
subunit head, affecting the integrin activation state and ligand affinity. Thus, the 
ligand specificities rely on both subunits of a given integrin heterodimer (Hynes 
2002). The leg regions of the α and β subunits continue as single transmembrane 
helices that anchor the integrins to the lipid bilayer and end at the cytoplasmic 
domains that interact with each other and with cytoplasmic signaling components. 
The heterogeneity of the C-terminal sequences via multiple submembrane linker 
proteins enables the specific interactions with discrete cytoplasmic partners 
resulting in diverse cellular responses (Hynes 2002, White et al. 2004). 

Many integrins are not constitutively active. The ECM adhesion and 
signaling properties of integrins are regulated by conformational changes between 
active and inactive forms. The active or high affinity conformer stands in an erect 
position on the plasma membrane, being exposed to interactions with the ECM 
while the inactive low affinity conformer adopts a bent position, being relatively 
inaccessible to ECM ligands. In this state, the cytoplasmic domains of α and β 
subunits are bound together, but, upon inside-out signaling, become separated. 
This leads to gross conformational rearrangements, resulting in an erect, open 
integrin conformation with high ligand affinity, with the head region exposed to 
the ECM. Outside-in signaling occurs when a ligand binds to an integrin with 
intermediate activity conformation resulting in the transition to an open active 
conformation and separation of the integrin cytoplasmic tails and activation of 
intracellular signal transduction pathways. Generally, this is thought to require 
specific high affinity binding by the ligand. (White et al. 2004.) The very recently 
published observation by Connors and colleagues shows that two synergistic 



 47 

mechanisms, one related to the conformational state of the receptor regulated by 
amino acid Glu-336 and the other associated with receptor aggregation, affect the 
activation status of integrin α2ß1 (Connors et al. 2007). 

2.6.2 Collagen-binding integrins α1ß1, α2ß1, α10ß1 and α11ß1 

As described previously, the structure of collagen-binding integrins α1ß1, α2ß1, 
α10ß1 and α11ß1 is distinct from the other integrins. A significant role in collagen 
recognition is played by the αI domain. The structure of the α2I domain in the 
absence of ligand as well as bound to a collagen-like triple helix has been 
determined (Emsley et al. 1997, 2000, 2004). This, and the determination of 
crystal structures of several other integrin I domains, together with high sequence 
similarity between collagen-binding integrins has enabled the development of 
molecular models depicting the four α subunits aside their partner ß1 subunit (see 
White et al. 2004). These models provide information about the specific structural 
features possibly governing the recognition process between integrins and their 
ligands. 

Tissue expression 

The four collagen binding integrins display different expression patterns, although 
some overlapping may occur. Integrin α1β1 is mainly expressed on mesenchymal 
cell types including smooth muscle cells, endothelial cells, fibroblasts and 
chondrocytes. Integrin α2β1 is particularly abundant in epithelial cells and 
platelets, but it is expressed on endothelial cells, fibroblasts, chondrocytes, 
lymphocytes, mast cells, and neutrophilic granulocytes as well. The expression 
pattern of α10β1 and α11β1 integrins is mainly restricted to bone and cartilage 
(Heino 2000, White et al. 2004).  

Collagen recognition 

All the integrin I domains assume a “Rossman” fold composed of a central β 
sheet surrounded by seven α helices. The structure is homologous with the A 
domain of von Willebrand factors (vWFs), also capable of binding to collagen. 
Another characteristic feature of the I domains is the presence of an αC helix. 
This helix, as well as other regions, undergoes extensive reorganization upon 
ligand binding. It is suggested that the αC helix in the inactive conformation 
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prevents the integrin from interacting non-specifically with collagens (Gullberg & 
Lundgren-Åkerlund, 2002). It has also been proposed that the αC helix is guiding 
the collagen molecule to the right position and would therefore be necessary for 
binding (Käpylä et al. 2000, Heino 2000). 

The ligand binding capability is dependent on the presence of a divalent 
cation, Mg2+ or Mn2+, at the specific metal ion dependent adhesion site, MIDAS. 
The metal-coordinating residues within MIDAS are invariant among I domains, 
suggesting that integrins α1ß1, α2ß1, α10ß1 and α11ß1 engage collagen in a 
similar fashion. The importance of these three critical residues (two serines and a 
threonine) coordinating the MIDAS has been shown by mutagenesis that results 
in complete inhibition of ligand binding. Similarly, the presence of a glutamate 
residue in the collagen motif is an obligatory requirement for binding. The side 
chains surrounding the MIDAS motif, however, are more variable and provide 
additional ligand specificity, eg. preference with a certain collagen type (Emsley 
2000, Gullberg 2003). This preference or selectivity in collagen binding is 
illustrated in numerous reports (Nykvist et al. 2000, Tulla et al. 2001, Zhang et al. 
2003). Generally, α1ß1 prefers basement membrane collagen IV or collagen VI 
over fibril-forming collagens, contrary to the α2ß1 that displays the opposite 
preference (Kern et al. 1993, Tulla et al. 2001). Likewise, α1ß1, unlike α2ß1, is 
able to bind collagen XIII (Nykvist et al. 2000). The binding pattern of α10ß1 
resembles that of α1ß1 (Tulla et al. 2001), while that of α11ß1 shows similarities 
with α2ß1 (Zhang et al. 2003). The key residues that determine the specificity of 
binding have been discovered by mutagenesis. These are D219 (aspartic acid) in 
the α2I domain and R218 (arginine) in the α1I domain. Switching these two 
residues with each other resulted in the reversal of the characteristic collagen type 
preference (Tulla et al. 2001) indicating that very subtle structural differences 
may explain the functional specifics of collagen binding integrins. 

The recognition of fibrillar collagens by integrins α1ß1 and α2ß1 involves a 
specific, six-residue sequence GFOGER where O represents a hydroxyproline 
(Knight et al. 1998, 2000). Related sequences like GLOGER and GASGER have 
also been identified as potential binding sites (Xu et al. 2000), but GFOGER 
seems to be the sequence with the highest affinity with the ability to interact with 
the α2I domain even in the absence of activation (Siljander et al. 2004). The 
recognition of collagen IV by α1ß1 integrin is different from the previous case 
and involves specific R and D residues present on different collagen α chains 
(Eble et al. 1993, Golbik et al. 2000). This, together with other findings (Ivaska et 
al. 1999), suggests that collagen binding occurs via multiple α chains and requires 
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a certain three dimensional structure. The differences between integrins in their 
collagen type specificity also suggest that the underlying binding mechanisms 
may be different. This has been exemplified by a mutagenesis approach, 
demonstrating that collagens I and IV were indeed recognized by different 
mechanisms (Käpylä et al. 2000).  

Signaling and cellular responses 

Cell culture studies in vitro have demonstrated that cellular adhesion and 
signaling is different in a two-dimensional monolayer when compared to a three-
dimensional matrix (Gullberg 2003, Heino 2000). This underlines the importance 
of the surrounding matrix and suggests that the function of the collagen receptors 
is dependent on the organization of the collagenous matrix. Signaling mediated by 
α1ß1 is known to inhibit collagen synthesis, while signaling through α2ß1 results 
in up-regulation of collagen synthesis. Analogously, α1ß1-mediated signaling 
stimulates cell proliferation, while signaling through α2ß1 may have an inhibitory 
effect on proliferation (see White et al. 2004). α2ß1 is also known to be important 
in mediating contraction. Both receptors, however, are involved in the induction 
of MMPs, especially collagenases 1 and 3. These cellular responses are largely 
mediated by the activation of the p38 pathway in the case of α2ß1, and, in the 
case of α1ß1, activation of mitogen-activated protein kinases, MAPKs through 
Shc and Ras (Heino 2000). Taken together, these results suggest that integrin 
α1ß1 is mainly associated with cell proliferation, while α2ß1 is more involved 
with matrix remodeling. The observations also indicate that certain signaling 
events take place only inside the three-dimensional collagen matrix, but not in 
monolayer cultures, suggesting that the architecture of the matrix as well as the 
shape of cells may modify signaling. Furthermore, integrin-mediated binding 
avidities and cellular effects are different with monomeric vs. fibrillar collagen 
(Jokinen et al. 2004). 

Despite our increasing amount of knowledge concerning integrins, the 
biological significance of cell-collagen interactions is still far from clear. Both 
α1ß1 and α2ß1 are able to mediate cell adhesion and cell migration and 
participate in matrix remodeling during development and adulthood, in 
physiological and pathological states. The α1 knock-out mouse line demonstrates 
that integrin α1ß1 is not an absolute requirement for normal development, but 
points to roles in the regulation of angiogenesis, inflammation, fracture healing 
and fibrosis. Likewise, α2ß1-deficient mice are unaffected in terms of 
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development and viability, but exhibit disturbances in mammary gland branching 
morphogenesis and platelet adhesion (White et al. 2004). Loss of α10ß1 causes 
disturbances of chondrocyte shape, arrangement and proliferation, resulting in 
growth retardation of the long bones, demonstrating a specific role in growth 
plate morphogenesis and function (Bengtsson et al. 2005). Mouse lines deficient 
in α11ß1, in turn, display defects in dental development, causing malnutrition 
(Popova et al. 2007). For a comprehensive understanding of collagen recognition 
in mammals, the reader is advised to see the recent reviews by Heino (2007) and 
by Leitinger & Hohenester (2007). 

2.7 Rheumatoid arthritis  

RA is a systemic autoimmune disease with a prevalence of about 1 % (Feldmann 
et al. 1996b). It is more frequent in women, suggesting a role for sex hormones. 
The disease is most commonly manifested between the ages of 40-70 years. In its 
early phases RA primarily affects peripheral joints, where active inflammatory 
synovitis may result in cartilage break down, bone erosion and, as a result of joint 
deformity and loss of function, severe disability. The clinical course of RA is 
highly variable and often unpredictable. Acute disease phases with pain, swelling 
and inflammation of the joints are interspersed by periods with less prominent 
symptoms. Despite the fact that RA is primarily focused at joints, the systemic 
nature of the disease, with manifestations in multiple organs, may be 
demonstrated in the later stages of RA, or in severe cases, in which mortality is 
increased. The etiology of RA is so far unknown, but it has been postulated that 
both environmental and genetic factors play a role in the etiopathogenesis. Of the 
genetic factors, major histocompatibility complex (MHC) class II genes, in 
particular those encoding the β-chain of the DR1 and DR4 molecules, have been 
identified as major contributors to disease predisposition (Gregersen et al. 1987). 

The diagnosis of RA is mainly based on clinical characteristics. At the 
moment, no single objective and specific diagnostic test exists, and diagnosis is 
usually achieved by combining information regarding clinical symptoms, 
radiographic imaging and laboratory markers, such as erythrocyte sedimentation 
rate (ESR) or C-reactive protein (CRP), that are useful indicators of disease 
activity (Banks et al. 1998). Generally, the ACR 1987 revised criteria for the 
classification of RA (Arnett et al. 1988) have been used in the diagnosis of RA 
(Table 4). These criteria include only one serological parameter, rheumatoid 
factor (RF). The presence of IgM RF has traditionally been regarded as the most 
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important marker for RA. Based on its presence or absence, RA has been divided 
into two categories, seropositive or seronegative, respectively. This categorization 
may be meaningful since the presence of RF and its serum levels seem to predict 
a more aggressive and destructive course of disease (Richardson & Emery 1996, 
Swedler et al. 1997, Pai et al. 1998), while RF-negative RA generally presents 
with clearly less severity. The emergence of RF may precede the onset of RA by 
several years (Rantapää-Dahlqvist et al. 2003), but the problem with RF in the 
diagnostics of RA is its lack of specificity. Indeed, RF can be detected in up to 70-
80% of RA patients but it is also detected in other rheumatic diseases, infectious 
diseases, and even in 3-5% of apparently healthy individuals (Aho et al. 1994, see 
also Vallbracht & Helmke 2005). In addition to RF, other serological markers 
such as antibodies to collagen II, antiperinuclear factor, antikeratin antibody and 
antibodies against cyclic citrullinated protein (CCP) may be utilized in the 
diagnostics of RA. Of these, only CCP has been accepted for clinical use. 

Table 4. The revised classification criteria for RA by the American College of 
Rheumatology (ACR) (Arnett et al. 1988). 

Criteria 

1. Morning stiffness for at least one hour. 

2. Soft tissue swelling of 3 or more joint areas observed by a physician. 

3. Swelling of wrist, MCP or PIP areas. 

4. Symmetric swelling. 

5. Presence of rheumatoid nodules observed by a physician. 

6. Presence of rheumatoid factor (RF). 

7. Radiographic changes (erosions and/or osteopenia) in the wrist, MCP or PIP areas. 

Four out of seven criteria must be fulfilled. The symptoms defined by the criteria 1-4 must have been 

present for at least six weeks. 

The main objective in the treatment of RA is to induce complete remission and 
thus prevent joint destruction and immobility. When remission is not achieved, 
treatment is aimed at alleviating pain, controlling disease activity, slowing down 
the progression of tissue damage and maximizing the quality of life. Further 
objects of management include the maintenance of functional capacity as well as 
capacity for employment (Möttönen et al. 1999). An early diagnosis of RA is of 
vital importance since the outcome and the therapeutic effect depends largely on 
the timing of initiation of therapy (see O`Dell 2002, Visser et al. 2002, Kary et al. 
2004). Therefore, diagnosis should be attempted and therapy initiated as early as 
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possible (Nell et al. 2004). New biomarkers might provide additional specificity 
and reliability for this purpose. 

Disease-modifying anti-rheumatic drugs (DMARDs) are the most commonly 
used group of drugs to treat RA. Recent reports (O'Dell 2002, Kary et al. 2004, 
Nell et al. 2004) indicate that combination therapy with multiple DMARDs in 
early RA is able to effectively slow down the progression of RA. For example, 
aggressive initial treatment of early RA with a combination of DMARDs limited 
peripheral joint damage for at least 5 years (Korpela et al. 2004) and reduced 
occupational disability (Puolakka et al. 2004). 

Besides DMARDs, RA is treated with corticosteroids or immunomodulatory 
drugs. Because of limited management potential and possibly significant side 
effects, the use of corticosteroids is primarily focused on local injections or low-
dose oral treatment. Recently, new biological drugs have become available and 
introduced into clinical use. These drugs are targeted to molecules and cells 
important in the immunopathogenesis of RA and indicate that blocking single 
cytokines may produce profound effects in inflammatory diseases, also those 
other than RA (see Edwards 2005). Since the discovery of the fact that blockade 
of tumour necrosis factor alpha (TNFα) is able to reduce all other pro-
inflammatory cytokines found in rheumatic joints (Feldmann et al. 1996a), it has 
risen to center stage among cytokine-targeted therapies. The efficacy of TNFα 
blockers is significantly increased by co-administration of methotrexate, and this 
therapy has been demonstrated to considerably retard or even restore the 
radiographically observed destruction of joints in RA (see Feldmann et al. 2005, 
Navarro-Sarabia et al. 2005). 

2.7.1 Cartilage collagens and autoimmunity in RA  

In many ways, cartilage is found at the center of disease activity in RA. For 
example, the synovitis in RA is known to remit within a particular joint after the 
removal of cartilage at arthroplasty (Konttinen et al. 2001), while the rest of the 
affected joints remain inflamed. In addition, cartilage collagens have shown an 
ability to elicit autoimmune-mediated arthritis both in rodents and primates. The 
pathogenic potential of the resulting autoantibodies is shown by their ability to 
passively transfer arthritis into susceptible recipients. The detection of antibodies 
against cartilage collagens in humans with RA or other inflammatory arthritic 
diseases also suggests a common role of collagen autoimmunity in these diseases. 
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Thus, it appears that cartilage-specific collagens are involved in the RA disease 
process as they serve as targets for autoimmunity.  

2.7.2 Antibodies against collagens II and XI 

The presence of collagen II (CII) antibodies in the sera of human subjects 
suffering from RA was noted as early as 1976 (Andriopoulos et al. 1976b), and 
high frequencies of these antibodies are detected in rheumatoid synovial fluid 
(Andriopoulos et al. 1976a, Clague & Moore 1984) and cartilage specimens 
(Jasin 1985, Terato et al. 1990). In accordance with these observations, IgG-
producing B cells specific to CII are present in the rheumatoid synovium 
(Tarkowski et al. 1989) and synovial fluid (Rönnelid et al. 1994, Rudolphi et al. 
1997, He et al. 2001), suggesting the presence of a local antigen-driven immune 
process. Subsequently, antibodies to CII have been detected in RA sera at 
multiple occasions (Morgan et al. 1987, 1988, 1989, Charrière et al. 1988, Collins 
et al. 1988, Rowley et al. 1988, Terato et al. 1990, 1996). While some reports 
have demonstrated that the antibody response to CII may correlate with disease 
progression (Cook et al. 1996) and inflammatory activity (Kim et al. 2000) in 
RA, some reports indicate that anti-CII antibodies tend to appear at a high 
incidence during the early phases of the disease, suggesting a possible value in 
diagnostic use (Fujii et al. 1992, Cook et al. 1994). Interestingly, Cook and 
colleagues found that the frequency of antibodies to the CB10 fragment of CII in 
cases of well-established RA was significantly increased, from 24% to 88%, when 
compared to the frequency using an intact CII molecule. This finding 
demonstrates that the CB10 fragment is a markedly more sensitive substrate than 
the intact CII and, together with a high specificity of 94%, implies clinical 
utilization (Cook et al. 2004). It has also been observed that autoimmunity to CII 
differs in fine specificity between distinct disease entities (Burkhardt et al. 2002). 
Interesting new data has also been presented regarding the role of citrullination in 
the autoimmunity to CII. Autoantibodies to citrullinated CII were detected in 
78.5% of serum samples from 130 RA patients, while autoantibodies to native 
noncitrullinated CII were detected in only 14.6% of sera (Yoshida et al. 2006). 
Furthermore, autoantibodies recognizing the citrullinated telopeptide of CII were 
detected in RA sera (Koivula et al. 2005) and shown to predict the development 
of seropositive RA (Koivula et al. 2007). As a whole, these results encourage the 
introduction of CII antibody tests in clinical use. 
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Proinflammatory cytokines are important in the inflammatory expression of 
RA. Recently, the role of CII-reactive T cells in the stimulation of fibroblast-like 
synoviocytes to produce proinflammatory cytokines was investigated (Kim et al. 
2004). The results demonstrated that high reactivity to CII was frequently 
observed in RA patients and that enhanced T cell responses to CII were strongly 
correlated with increased production of proinflammatory cytokines and 
chemokines crucial in the inflammatory response in RA. Parallel results were 
recently obtained, showing that immune complexes (ICs) containing anti-CII 
antibodies from arthritis patients induced the production of TNFα, interleukin-1 
beta (IL-1β) and IL-8 (Mullazehi et al. 2006). The induced cytokine response was 
abolished after monocyte depletion or significantly reduced after blocking the 
activating Fc gamma receptor (FcγRIIa). FcγRs are leukocytic receptors present 
on macrophages, neutrophils and B cells and their expression is highly elevated in 
RA synovium (see Magnusson et al. 2007). Crosslinking of FcγRs by IgG-ICs is 
known to activate cellular effector functions such as antibody-dependent cellular 
toxicity and the production of inflammatory cytokines (Hogarth 2002). The 
expression of FcγRs has also been noted to correlate with the expression of TNFα 
and MMP-1 (Blom et al. 2003), providing a link both to inflammatory and 
degradative expression of RA. The role of ICs containing anti-CII has 
subsequently been shown in a clinical setting, as patients with very high anti-CII 
levels seem to represent a distinct phenotype characterized by significantly 
elevated cytokine profiles as well as elevated CRP and ESR at the baseline 
(Mullazehi et al. 2007). Thus, it is possible that anti-CII-containing ICs mediate 
an early acute phase response in RA. Taken together, these reports suggest that 
autoimmunity to CII may play an integral role not only in the amplification and 
perpetuation but also in the initiation of the inflammatory process in RA.  

Research carried out with animal models is also supportive of the relevance 
of collagen autoimmunity as the susceptible strains of rodents and non-human 
primates immunized with collagens II or XI are known to develop autoreactive 
antibodies resulting in a collagen-induced arthritis (CIA) that bears 
immunological, pathological and phenotypic similarities to RA (Morgan et al. 
1983, Holmdahl 1990a, 2002, Boissier et al. 1990, Cremer et al. 1992, 1994, 
1995, 1998, Myers et al. 1997, Brand et al. 2003). Interestingly, when compared 
to CII collagen XI induces a different form of erosive and chronic relapsing 
polyarthritis in rats, thus providing a slightly different model of CIA (Lu et al. 
2002). The pathogenic potential of the resulting antibodies has been demonstrated 
in experiments in which purified human or murine anti-CII antibodies were 



 55 

shown to transfer arthritis passively to naïve recipients and result in their 
deposition in the joint, producing an acute arthritis with cartilage destruction 
(Stuart et al. 1982, 1983, Wooley et al. 1984, Loutis et al. 1988, Kerwar & 
Oronsky 1988, Holmdahl 1990b, Terato et al. 1992). Moreover, collagens II and 
XI are shown to induce tolerance and suppress arthritis when given as 
intravenous, oral or nasal tolerogens (Yoshino et al. 1995, Myers et al. 1998, Lu 
& Holmdahl 1999). Based on promising results with animal models of RA, oral 
CII has also been attempted as a treatment for human RA. The results of these 
studies (Trentham et al. 1993, Sieper et al. 1996, Barnett et al. 1998) show a trend 
toward clinical improvement but fail to reach statistical significance. 

As in human RA, anti-CII-induced proinflammatory cytokines, such as TNFα 
and IL-1β, are abundantly expressed in the arthritic joints of mice with CIA 
(Williams 2004, 2007). While certain reports indicate that induction of CIA is 
dependent on FcγR status and related to the expression of these cytokines 
(Kleinau et al. 2000, Nandakumar et al. 2003) or the involvement of the MHC 
class II genes (Fugger et al. 1996, Rosloniec et al. 1997, 1998), other findings 
strongly support the role of the classical complement activation pathway, 
mediated by antibodies to CII, in the development CIA (Watson et al. 1987, 
Terato et al. 1992, Wang et al. 1995, Hietala et al. 2004).  

The divergent pathways of adaptive immunity, represented by T and B cells, 
both play an important role in the pathogenesis of CIA, but their relative 
significance in priming the immune system and, on the other hand, contributing to 
joint destruction remain partly unclear. However, it is known that while the B cell 
response in terms of production of anti-CII antibodies is critical to the 
development of the disease, the role of T cells in CIA is more complex. Firstly, T 
cells are known to provide help to B cells in the production of antibodies directed 
to CII and they also participate and regulate the production of proinflammatory 
cytokines. Secondly, T cells may play a modulatory role in joint inflammation by 
activating other cells, e.g. synovial macrophages (see Holmdahl 2002). However, 
Zhang and coworkers showed by depleting the CII-reactive T cells that they play 
an instrumental role in the development of CIA and that the anti-CII antibodies 
strongly contributed to the development of CIA (Zhang et al. 2002). Most 
importantly, a direct role of CII antibodies has been shown by an experiment, 
where mice deficient for T or B cells were susceptible to collagen antibody-
induced arthritis, demonstrating that CII-specific antibodies are able to induce 
arthritis even in the absence of an adaptive immune system (Nandakumar et al. 
2004). Further support of the relevance of CII autoimmunity is demonstrated by 
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reports showing in vitro evidence that CII-C1 antibodies, recognizing the C1 
conformational epitope of CII, impair cartilage formation in cultured 
chondrocytes and strongly inhibit the self-assembly of collagen fibrils from CII in 
solution (Amirahmadi et al. 2004, Gray et al. 2004). Furthermore, besides CII-
C1, M2139, another antibody arthritogenic in CIA, was able to affect chondrocyte 
morphology and matrix synthesis, causing disorganization of CII fibrils in the 
ECM without the influence of cells of the immune system or their secreted 
products (Amirahmadi et al. 2005). These two antibodies were also able to induce 
loss of proteoglycan and CII in the ECM, interfering with the structural integrity 
of the pre-existing cartilage (Crombie et al. 2005) and providing evidence that 
these antibodies may contribute directly to cartilage destruction. Interestingly, the 
C1 epitope targeted by these antibodies is also recognized by human IgG 
antibodies in RA sera (Burkhardt et al. 2002). Thus, it appears that antibodies 
produced in RA are directed to the same conformational epitopes on CII as in CIA 
(Holmdahl 2002, Nandakumar et al. 2005). Collectively, the data suggest that 
CIA provides a meaningful tool to study RA pathogenesis and validate therapeutic 
targets. 

2.7.3 Antibodies against collagen IX 

The ability of CIX to induce arthritis has been investigated primarily in rodent 
models. Rats immunized with CIX developed a good T cell response to CIX, high 
levels of complement fixing antibodies to CIX, and deposits of antibody in the 
cartilage (Cremer et al. 1998). Intraperitoneal injection of lipopolysaccharide to 
stimulate the production of proinflammatory cytokines was ineffective, but intra-
articular injection with CIX produced transient synovitis. Based on these 
observations CIX is a strong immunogen in rats, but surprisingly, incapable of 
inducing arthritis. Parallel results were obtained by using recombinant human 
collagen IX (rCIX) to induce murine CIA (Myers et al. 2002). When B10 
congenic mice were immunized with rCIX, they developed a substantial antibody 
response to rCIX, but again, no erosive arthritis. The results of these two studies 
contradict those obtained by Boissier et al. (1990), which demonstrated a mild 
arthritis in DBA/1 mice after immunization with CIX. CIX has also been shown 
to be effective in the treatment of pristane-induced arthritis in rats, demonstrating 
potency in preventing and ameliorating established arthritis in rats (Lu & 
Holmdahl 1999). Furthermore, it has been shown that two mouse lines, lacking 
CIX as a result of transgenic disruption of the COL9A1 gene, developed an 
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earlier and more severe form of arthritis (Carlsen et al. 2006). The authors 
hypothesized that the deficiency of CIX may not only destabilize the cartilage but 
might also allow more prominent exposure of cartilage epitopes to antibody 
binding. By quantifying the binding of the CIIC1 antibody, targeted to CII, in the 
cartilage of CIX-deficient and control mice, the authors demonstrated a larger and 
denser staining in the CIX-deficient mice, thus confirming the hypothesis. 
Collectively, the data suggest that CIX is capable of inducing autoimmunity but 
not arthritis in the applied models. For a more comprehensive understanding, the 
reader is advised to see reviews by Diab (1993) and Cremer et al. (1998). 

A rabbit model of RA has also been studied. Kojima and coworkers (2001) 
demonstrated that the proteoglycan aggregan and the NC4 domain of CIX were 
reduced in femoral and tibial cartilage, concomitant with the induction of 
inflammatory arthritis, reflecting rapid and extensive ECM degradation caused by 
joint inflammation. The amount of denatured CII in cartilage was also increased, 
but only after CIX and aggregan were first degraded and lost from the cartilage. 
The loss of CII in cartilage could be detected by measuring collagenase-generated 
peptides in synovial fluid, but interestingly, the changes were not reflected in 
serum. 

The literature regarding the role of autoimmunity to CIX in RA is sparse. 
Morgan and colleagues have produced two reports, one describing the incidence 
of CIX autoimmunity in a cross-sectional setting (Morgan et al. 1987) and the 
other following the anticollagen antibody patterns of RA patients in a longitudinal 
study (Morgan et al. 1989). The former report indicated that the incidence of sera 
containing autoantibodies to CIX was found low (1.8-3.9% to native antigen vs. 
3.6-11.8% to denatured antigen, depending on CII antibody positivity), while the 
latter demonstrated that the patients showed a selective and varying immune 
response to collagens, with a strong correlation between CRP and collagen 
autoimmunity in a subgroup of patients. Antibodies to CIX and other collagens 
were also examined in patients with rheumatic diseases, including RA, OA, 
osteoporosis and Paget’s disease (Charrière et al. 1988). In this study, antibodies 
to CIX were found at a high frequency (44%) in RA patients only, contradicting 
to results by Morgan et al. (1987, 1989). The presence of collagen autoimmunity 
was associated with shorter disease duration or lower severity. No association was 
discovered between the presence of antibodies to CIX and CII. Besides these 
reports, only one study concerning the role of CIX in RA has been published, 
demonstrating that immunoreactive peptides of CIX are present in the synovial 
fluids of patients with arthritic diseases (RA or OA) (Wotton et al. 1999). 
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Interestingly, these peptides were found to contain significant amounts of non-
collagenous material. The accessibility of CIX on the surfaces of cartilage 
heterotypic fibrils to autoantibodies and degradative enzymes leads the authors to 
hypothesize that fragments of CIX may be among the first to be released into the 
synovial fluid during joint inflammation (Wotton et al. 1999). 

2.7.4 Markers of cartilage metabolism in RA 

Along with antibodies targeted to cartilage collagens, other markers reflecting 
cartilage or bone matrix turnover have been evaluated as diagnostic or prognostic 
aids in RA. These include the C-terminal telopeptide of collagen I (Åman 1999, 
2000), N-terminal propeptides of collagens I and III (Hakala et al. 1995), 
pyridinoline and deoxypyridinoline crosslinks of collagens I and II (Müller et al. 
2003), a helical peptide derived from CII termed HELIX-II (Charni et al. 2005) 
and C-terminal crosslinking telopeptides of collagens I and II, termed CTX-I and 
CTX-II, respectively (Garnero et al. 2002, Landewé et al. 2006). The results 
demonstrate that markers of collagen metabolism may have clinical relevance in 
the diagnostics and treatment of RA, as increased levels of HELIX-II as well as 
CTX-I and CTX-II independently predict an increased risk of disease progression 
(Garnero et al. 2002, Charni et al. 2005). HELIX-II is also specific for CII 
degradation and is capable of distinguishing RA patients from healthy controls. 
Of particular interest are the results showing that arthritis instantaneously causes 
damage to collagens II, and to a lesser extent, collagen I in patients with early RA 
(Landewé et al. 2006). The results demonstrate that clinically perceptible arthritis 
is responsible for immediate damage to cartilage, thus stressing the importance of 
early diagnosis and effective intervention. 
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3 Outlines of the present study 

When this thesis project was started, the genes encoding the three polypeptide 
chains of collagen IX, COL9A1, COL9A2 and COL9A3, had recently been 
characterized and the baculovirus system for the production of recombinant 
collagen IX set up. The heterotrimeric protein had been successfully produced in 
insect cells and characterized. In other words, the basic infrastructure for studying 
the biological function of collagen IX had been laid down. Thus, it was a logical 
continuation of the previous work to further investigate both the structural and 
functional role of collagen IX as a constituent of the extracellular matrix as well 
as its role in disease.  

The assembly process of fibrillar collagens, the prototype in the collagen 
superfamily, is currently relatively well understood. The corresponding process 
with the FACITs is different and poorly understood. Understanding this process 
would be important since the formation of the correctly folded triple helix is a 
prerequisite for the proper function of collagen in tissues. Existing reports point to 
a significant role of the COL1-NC1 junction and adequate hydroxylation in the 
assembly of FACITs. However, only two reports have been published with the 
focus on collagen IX, leaving many questions, including the role of individual 
domains or the direction of trimer formation, unanswered. 

Integrins make up a large family of heterodimeric transmembrane proteins 
that may act as receptors for various ECM components, including collagens. 
Molecular interactions between integrins and several collagen types including 
fibrillar collagens I, II and III, transmembrane collagen XIII, microfibril-forming 
collagen VI and basement membrane collagen IV have been described, but no 
data has been available concerning the interaction with the FACITs. 

Cartilage collagens are implicated in the pathogenesis of RA. While 
representing the bulk of collagenous material in the cartilage, collagen II has been 
intensively studied. For example, human or murine anti-CII antibodies were 
shown to be able to transfer arthritis passively to susceptible recipients. 
Furthermore, antibodies against collagen II have been detected in the serum, 
synovium and cartilage of RA patients. Antibodies to collagen II are also known 
to correlate with inflammatory activity and disease progression in RA. However, 
very little is known about the possible role of collagen IX in RA, although it 
decorates the surfaces of collagen II. Three reports, all dated in the mid-eighties, 
have been published with regard to antibodies to collagen IX in RA. All of them 
were carried out with animal-derived tissue-extracted collagen, which is not ideal 
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for antibody screening. Our method of choice is to use recombinantly produced 
human collagen as an antigen. This approach offers many practical advantages 
when compared to tissue-extracted antigen. 

The following specific aims were set for this doctoral project:  

1. to investigate the chain assembly process and trimer formation of collagen IX 
by using truncated protein variants, with the emphasis of determining specific 
roles of individual domains and critical regions for chain selection,  

2. to analyze the molecular interactions between collagen IX and collagen-
binding integrins α1ß1, α2ß1, α10ß1 and α11ß1, to identify the location(s) of 
interaction, and to establish whether collagen IX can mediate cell adhesion, 

3. to determine the relative levels of autoantibodies towards full-length human 
collagen IX in the sera of patients with recent onset rheumatoid arthritis, to 
asses the usefulness of these antibodies as a diagnostic marker, and to 
investigate whether the antibody levels associate with disease activity or 
outcome. 
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4 Materials and methods 

The materials and methods used in this thesis are summarized in Table 5 and in 
Figure 4 below. Detailed descriptions of the experimental procedures, including 
the references, are presented in the original articles I – III. The subjects, clinical 
variables and the statistical methods used in the original article III are shortly 
described below. For detailed descriptions see the articles.  

Table 5. Methods used in the original publications. 

Method Original publication 

Cloning techniques I 

Recombinant protein expression in insect cells I, II, III 

Recombinant protein expression in E. coli II 

Protein purification  I, II, III 

Gel filtration I, II, III 

Ion exchange chromatography I, II, III 

Protein analysis I, II, III 

SDS-PAGE & Western Blotting I, II, III 

Amino acid analysis I, II, III 

Circular dichroism spectroscopy I 

Chemical cross-linking I 

Solid-phase binding assays II 

Cell spreading experiments II 

Rotary shadowing and transmission electron microscopy II 

Detection of anti-CIX antibodies by ELISA III 

The subjects consisted of 53 seropositive RA patients and 30 healthy controls. 
The RA patients included 36 females and 17 males, with a mean age of 50 years, 
and fulfilled the classification criteria of the ACR for RA. The duration of their 
symptoms at the time of the initial diagnosis was less than 12 months (median 
duration 6 months) and the patients had received no previous anti-rheumatic 
medication. The presence of rCIX antibodies and markers of disease activity were 
analyzed at the moment of initial diagnosis and after 3, 6, 12 and 24 months of 
follow-up. 

The following measures of disease activity were monitored: erythrocyte 
sedimentation rate (ESR), C-reactive protein, thrombocyte count, duration of 
morning stiffness, number of swollen joints, number of tender joints, patient’s 
global assessment on the visual analogue scale (VAS) and physical function as 



 62 

measured by the health assessment questionnaire (HAQ). The radiographic 
progression was evaluated by the number of erosive joints in hands and feet. 

The results were expressed as means or medians, with standard deviations 
(SD) or ranges and 95 per cent confidence intervals (95% CI). Statistical 
comparisons between the groups were made using a bootstrap-type t-test. 
Correlation coefficients were calculated by the Spearman method. 

Fig. 4. Schematic representation of the expressed collagen IX variants. Full-length 
collagen IX (A) consists of three collagenous domains (COL1-3) and four 
noncollagenous domains (NC1-4), named from the C-terminus of the molecule. Two 
cysteines (Cys) located in the COL1/NC1 junction are conserved in FACITs. NC4-NC2 
collagen IX (B) consists of NC4, COL3, NC3, COL2, and NC2 domains, while NC4-
COL2/NC1 collagen IX (C) consists of NC4, COL3, NC3, COL2 and NC1 domains. In 
COL2/NC1 collagen IX (D) the α1(IX) chain signal sequence (SS) is attached to the 
COL2 domain followed by the NC1 domain, which contains one of the conserved 
cysteines. COL2/C/NC1 collagen IX (E) is comprised of SS and COL2 and NC1 
domains with an engineered cysteine residue at the C-terminus of the COL2 domain in 
addition to the conserved cysteine in the NC1 domain. COL2/NC2 collagen IX (F) 
consists of SS and COL2 and NC2 domains. 
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5 Results 

5.1 Collagen IX α chains can trimerize in the absence of NC1 and 
COL1 domains 

Chain association of collagen IX was studied by expressing full-length CIX as 
well as five different variants (the “long” variants NC4-COL2, NC4-COL2/NC1 
and the “short” variants COL2-NC1, COL2-NC2 and COL2/C/NC1; Figures 1 
and 2 in I) in an insect cell expression system and analyzing the ability of the 
chains to assemble into trimeric composition by SDS-PAGE and immunoblotting. 
First, the variants were amplified by PCR (primers described in Table 1 in I) and 
cloned into baculovirus expression vectors. These vectors were then co-
transfected in insect cells with the nuclear polyhedrosis virus. The resulting viral 
pools were plaque purified, amplified and tested for expression on adherent insect 
cell cultures. Best viruses were selected for subsequent co-expression with the 
virus encoding human prolyl 4-hydroxylase. Conditioned media from the 
adherent insect cell cultures was collected after 72h of expression and analyzed 
by SDS-PAGE followed by Western blotting and detection with the monoclonal 
antibody 95D1A. 

When collagen IX α chains were expressed in diverse compositions together 
with prolyl 4-hydroxylase, both full-length and NC4-NC2 chains assembled 
mainly into monomeric and dimeric molecules (Figures 3 and 4 in I). However, 
also small amounts of homotrimeric α1 FL molecules, but not α2 and α3, could 
be detected for full length chains (Figure 3B). Trimers of α1 and α3 were seen for 
the NC4-NC2 chains (Figure 4B), indicating an increased tendency to form 
homotrimers. When full-length chains were co-expressed in pairs (α1/α2, α1/α3 
or α2/α3), trimers were only observed when the α1 chain was present (Figure 
3B). When all three chains were co-expressed, a new trimer band was observed 
corresponding to the heterotrimeric molecule consisting of all three chains 
(Figure 3B). In contrast, when different NC4-NC2 chains were co-expressed 
(Figure 4B), there was no indication of a new heterotrimeric band, although 
heterotrimers were observed with the pairwise combinations. The obtained results 
indicate that collagen IX NC4-NC2 α chains lacking NC1 and COL1 may 
assemble at the NC2 or NC3 domain and form disulfide-bonded trimers. Thus, the 
COL1 and NC1 domains are not essential for trimerization. Instead, based on the 
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obtained results, they seem to play an important role in the specificity of chain 
selection.  

To verify the triple helicity of the NC4-NC2 variant, it was produced in insect 
cell suspension cultures in large amounts and purified. Collagen IX was 
precipitated from the conditioned medium (after 72 h) with 26% saturation of 
ammonium sulphate, and subjected to gel filtration and cation exchange 
chromatography. Purified proteins were analyzed by SDS-PAGE (Figure 6 in I), 
dialyzed against 50 mM acetic acid and subjected to circular dichroism analysis at 
+5°C. Far UV spectra were studied by performing wavelength scans from 250 to 
190 nm. Typical collagen triple helical spectra with maximum ellipticity around 
221 nm and minimum around 198 nm (Piez & Sherman 1970) were observed 
both for full-length and for NC4-NC2 collagen IX (Figure 7 in I). The results 
suggest that the trimeric molecules seen on the gels under non-reducing 
conditions (Fig. 6D in I) were indeed triple helical and not only disulfide bonded. 

5.2 Structural information provided by N-terminal regions is 
necessary to ensure triple helical folding of collagen IX 

Along with the NC4-NC2 construct, another variant, in which NC2 was replaced 
by NC1, was constructed for comparison (Figures 1 and 2 in I). When the 
conditioned medium from adherent insect cell cultures was analyzed, it was found 
that all three chains of NC4-COL2/NC1 were able to assemble into homotrimers 
(Figure 5B in I), but a heterotrimeric composition typical of full-length collagen 
IX was not observed. Again, this is indicative of poorer chain selection 
specificity. Since trimerization could take place at an artificial COL2/NC1 
junction, the results also imply that collagenous and noncollagenous domains may 
act in different combinations and that the information for association may not be 
junction-specific. 

To further investigate the roles of different domains in the folding of collagen 
IX molecules, three different variants were constructed in which the N-terminal 
domains NC4, COL3 and NC3 were deleted. The short variants termed 
COL2/NC2, COL2/NC1 and COL2/C/NC1 contained a long collagenous domain 
to ensure triple helical folding (see Nokelainen et al. 1998). COL2/C/NC1 was 
constructed to mimick the two cysteines found at the COL1/NC1 junction of CIX, 
since the corresponding cysteine residues in collagen XII have been shown to be 
important in chain association. To ensure secretion of the resulting proteins, a 
cloned signal sequence of the α1(IX) chain (9A1 SS) was added to the 5’-end of 
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the constructs. When chain association of COL2/NC1 and COL2/C/NC1 was 
analyzed, monomers of the expected sizes were found, as demonstrated in Figure 
8A in I. Under non-reducing conditions (Figure 8B in I), both monomeric and 
dimeric compositions were detected, but not trimers. Similar results were 
obtained also for the COL2/NC2 variant (data not shown). 

The fact that the long variants (NC4-NC2 and NC4-COL2/NC1) were able to 
trimerize, but the short ones (COL2/NC2, COL2/NC1 and COL2/C/NC1) were 
not, was surprising. Therefore, the conditioned media from the expressions with 
the short variants was subjected to covalent crosslinking using BS3 (McAlinden 
et al. 2003) to stabilize any dimers or trimers present. When analyzed by SDS-
PAGE and Western blotting, only monomeric and dimeric molecules, but not 
trimers, were again detected. This indicates that the COL2/NC2 region alone 
appears unable to trimerize, even after substituting NC2 for NC1 and introducing 
a cysteine at the end of COL2. Collectively, the data suggest that in the absence of 
NC1 and COL1, the N-terminal domains NC3 or COL3 are required for complete 
folding and stabilization of collagen IX molecules. 

5.3 Collagen IX mediates cell adhesion via integrin receptors 

First, the potential cellular receptors for collagen IX were mapped by analyzing 
the expression patterns of collagen receptor integrins α1ß1, α2ß2, α10ß1 and 
α11ß1 by RT-PCR in human fetal tissues. All four integrin mRNAs could be 
detected (Figure 1 in II). α1 was predominantly expressed in the growth plate, 
meniscus and eye, α2 in skin, bone, growth plate and eye, and α10 in bone and 
growth plate. Integrin α11 presented with a broad expression pattern covering all 
the analyzed tissues. The expression of collagen IX was also tested in the same 
samples by analyzing the presence or absence of COL9A1. The highest levels of 
expression were found in cartilage and eye, while low levels were detected in 
bone. Based on these results, all the integrins studied may have a potential to act 
as receptors for collagen IX. 

The expression of the four collagen receptor integrins was further studied in 
human chondrosarcoma cell lines (HTB-99) and human primary fetal 
chondrocytes. Both cell types were found to express all the analyzed integrin 
mRNAs (Figure 2 in II). The presence of the corresponding protein was 
confirmed by metabolic labeling and immunoprecipitation (Figure 2 in II). The 
results suggest that all four collagen receptor integrins may be concomitantly 
expressed in a single cartilage-derived cell. 
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The adhesive properties of human collagen IX were next studied by testing 
the ability of HTB-99 and CHO cells to attach and spread on collagen (Figure 3 in 
II). CHO cells, contrary to HTB-99, do not express collagen-binding integrins on 
their surfaces and do not spread on collagen (Nykvist et al. 2000). Thus, 
previously created CHO cell lines expressing either α1ß1 or α2ß1 as a sole 
collagen receptor, and a newly created cell line expressing α10ß1, were utilized. 
First, it was found that the spreading of HTB-99 cells on collagen IX was 
comparable to spreading on collagens I and IV. CHO-α1ß1 cells spread efficiently 
on collagen IV as well as on collagen IX, while their spreading on collagen I was 
poor (Figure 3 in II). CHO-α2ß1 spread fastest on collagen I, and collagen IX was 
almost as good a ligand as collagen I. Spreading on collagen IV was slower. The 
ability of CHO-α10ß1 cells to spread was tested on multiple collagen types 
(Figure 4C in II). It turned out that CHO-α10ß1 cells are able to spread efficiently 
on all collagen types tested. Collectively, the results indicated that collagen IX 
may function as a cell adhesion protein and that α1ß1, α2ß1, α10ß1 and possibly 
also α11ß1 integrins act as receptors for collagen IX. Interestingly, collagen IX 
was among the best collagenous ligands for every integrin tested.  

5.4 Recombinant αI domains of α1ß1, α2ß1, α10ß1 and α11ß1 
integrins bind to collagen IX with high affinity 

To investigate the binding mechanism and kinetics, all the described integrin αI 
domains were first expressed as recombinant proteins in E. coli and then tested in 
a solid-phase binding assay. All the tested αI domains bound effectively to 
collagen IX in a metal-dependent fashion. Since the number of binding sites could 
not be deduced from the data, the binding affinities were estimated by using a 
simple Michaelis-Menten type equation and assuming that the possible multiple 
binding sites were identical. Approximated Kd values obtained were 30 ± 5 nM 
for α1I, 55 ± 13 nM for α2I, 294 ± 25 nM for α10I, and 53 ± 5 nM for α11I 
(Figure 5 in II). When these results were compared to previous reports with a 
similar experimental setting (Nykvist et al. 2000, Tulla et al. 2001), it was 
observed that collagen IX, unlike other collagen types tested so far, is effectively 
recognized by all integrin αI domains. This makes collagen IX unique. Collagen 
IX is also the first FACIT demonstrated to bind to integrins. 



 67 

5.5 Collagen IX is recognized by the integrin α2I domain with a 
novel mechanism  

Based on pre-existing knowledge, the α2I domain was selected to study 
further the interaction between collagen IX and integrins. It has been shown by 
crystallography that amino acids Asp-219 and His-258 are known to bind to the 
GFOGER motif within collagen I (Emsley et al. 2000). To study the similarities 
and differences in the recognition of different collagens, two mutations (Asp-219 
to Arg and His-258 to Val) were introduced to the above-mentioned critical amino 
acids. Subsequently, the consequences of the mutations were studied by binding 
assays (Figure 7 in II). Both mutations decreased the binding to collagens I and 
IV, but the preference of D219R-α2I and H258V-α2I to collagens I and IV was 
the opposite (Figure 7 A-B in II). Similarly, when GFOGER and related peptides 
were tested, both mutations resulted in decreased binding (Figure 7C in II). When 
the binding of the mutant α2I domains to collagen IX was tested, the mutation 
D219R had no effect on the binding, whereas mutation H258V caused a 
considerable decrease in the affinity to collagen IX (Figure 7D in II). As there is 
no GFOGER sequence to be found at the site of interaction (Figure 9 in II) and 
the effects of mutations on binding of collagen IX to α2I were clearly different 
from those on binding to collagen I, these data suggest that the recognition of 
collagen IX by α2I takes place by a novel, previously undescribed mechanism. 
Thus, additional integrin recognition sequences in collagen remain to be 
discovered. 

The binding mechanism of the α1I domain to collagen I is considered to be 
similar to the α2I domain (Xu et al. 2000). Also, imaging of the α1I-collagen IX 
complex by rotary shadowing electron microscopy (Figures 8D-E in II) suggested 
that the binding site is the same as for α2I (Figure 6 in II). However, integrin I 
domains are known to display a preference towards certain types of collagen, for 
example α1I prefers basement membrane collagen IV or collagen VI over fibril-
forming collagens, while α2I displays an opposite preference (Kern et al. 1993, 
Tulla et al. 2001). This preference is achieved through key residues that mediate 
selective binding to collagens. In the α1I domain this residue is Arg-218 and in 
α2I, Asp-219 (Tulla et al. 2001). Based on this, the effect of the R218D mutation 
on the binding of α1I to collagens I, IV, and IX was studied (Figures 8A-C in II). 
The binding of R218D-α1I to collagen I was not significantly affected, but the 
binding to collagens IV and IX was markedly reduced. Thus, the residue Arg-218 
seems to play an essential role in the recognition of collagen IX. The importance 
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of this residue in recognition has been previously demonstrated also for collagen I 
(Eble et al. 1993). 

5.6 Integrin αI domain has one binding site in the COL3 domain of 
collagen IX  

To define the sites of interaction, both the α2I- and α1I-collagen IX complexes 
were visualized by rotary-shadowing and electron microscopy (Figures 6 and 8D-
E in II). In the electron micrographs one clear binding site could be observed 
close to the amino terminus of collagen IX. The binding site is located in the 
triple-helical COL3 domain near the NC3 domain and the area where the kink 
characteristic to collagen IX is situated. To rule out the possible participation of 
NC3 to binding, linear peptides of α1(IX), α2(IX) and α3(IX) were also tested. 
None of the tested peptides showed any effect on binding. What makes the 
observed binding site interesting is the fact that this area is devoid of known 
integrin binding motifs like GFOGER or GLOGER (Figure 9 in II). The 
determination of the exact binding site will thus be a task for future research. 
However, this may pose a considerable challenge since recognition is likely to 
take place via two or three different α chains (Eble et al. 1993, Golbik et al. 
2000). 

5.7 Serum IgG autoantibodies against collagen IX are elevated in 
early RA 

The early diagnosis and treatment of RA may be difficult because of the variable 
and often unpredictable course of the disease. New information and new markers 
regarding the pathogenetic process involved in RA are therefore needed to 
improve the diagnostics and predictability of RA (Feldmann et al. 1996b). The 
purpose of this study was to measure the presence of autoantibodies binding to 
intact human recombinant collagen IX (rCIX) and assess their usefulness as a 
diagnostic marker and an indicator of disease activity in rheumatoid factor (RF)-
positive RA. 

First, rCIX was produced as described previously (Pihlajamaa et al. 1999). 
The structural properties and the amino acid content of the purified rCIX were 
analyzed and found to correspond to those of native tissue extracted CIX. Then, 
before actual experiments, the specificity of the antibody binding to rCIX was 
determined in a competition ELISA. A serum dilution curve of RA patient IgG 
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binding to rCIX was first carried out (Figure 2A in III). Then the ability of RA 
patient IgG to bind to rCIX in the presence or absence of soluble rCIX as a 
competitor was measured. Figure 2B (in III) demonstrates that prior incubation 
with rCIX resulted in an over 90% reduction in IgG binding to rCIX when 10 or 
30 µg of rCIX was added as a competitor, while incubation with non-specific 
ovalbumin showed no effect, indicating high specificity of IgG binding to rCIX. 
Subsequently, a conventional ELISA assay was used to detect autoantibodies in 
RA sera binding to rCIX. The results were expressed as arbitrary OD units. The 
measurements indicated that the baseline serum IgG antibody binding to native 
rCIX was significantly higher in the RA patients (0.361 ± 0.124, mean ± SD) than 
in the controls (0.203 ± 0.117, mean ± SD ) (95% CI 0.102 – 0.212: p<0.001) 
(Figure 1A in III). Likewise, the IgG binding to denatured rCIX was significantly 
higher in the RA patients (0.926 ± 0.230, mean ± SD) than in the controls (0.541 
± 0.241, mean ± SD) (95%CI 0.278 – 0.491: p<0.001) (Figure 1B in III). There 
was no measurable IgM or IgA autoantibody binding to native or denatured rCIX 
in RA or control samples, when measured in a subset of samples (data not 
shown). The IgG antibody binding to the native and denatured collagen was 
associated with each other (p < 0.001). 

5.8 Collagen IX autoantibodies are not associated with disease 
activity or outcome in RA 

To assess if the IgG antibody levels to rCIX among the RA patients were related 
to the disease activity, the patients were followed for 24 months. The median 
count of joints with erosion was 0 (IQR: 0, 1) at baseline and the increase during 
the two-year follow-up was 3 (95% CI: 1 to 5). The IgG antibody levels to rCIX 
among all the RA patients remained highly elevated throughout the 24 months 
follow-up and remained notably higher with denatured than with native antigen 
(Figure 3 in III). However, the autoantibody levels to rCIX did not correlate with 
outcome defined by radiological progression during the two-year follow-up as 
judged by the number of erosive joints in the hands and feet. Also, no relationship 
between the antibody levels to rCIX and the disease activity could be 
demonstrated during the follow-up when the disease activity was measured by 
ESR, CRP, thrombocyte count, duration of morning stiffness, number of swollen 
or tender joints, VAS or HAQ. 
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6 Discussion 

Besides scientific use, collagens may have numerous medical, pharmaceutical and 
even industrial applications. To be eligible in these applications, the biochemical 
properties of collagen as well as its interactions with other proteins need to be 
known. Furthermore, the protein should be available in sufficient amounts and, if 
aimed to be used in a human context, free from host-derived pathogens or 
immunogens. The use of recombinant techniques has provided a feasible tool to 
produce collagen with the ability to fulfill most, if not all of the above mentioned 
requirements. For example, simultaneous co-expression of collagen polypeptide 
chains with recombinant prolyl 4-hydroxylase has enabled the production of fully 
hydroxylated, stable collagens in insect cells (Lamberg et al. 1996, Myllyharju et 
al. 1997, Nokelainen et al. 1998). 

In this thesis project, collagen IX has been recombinantly expressed in insect 
cells using the baculovirus expression system. This expression system is 
relatively simple to use, suited for the simultaneous expression of multiple genes 
or large proteins, and known to provide many of the appropriate posttranslational 
modifications (Kidd & Emery 1993, Miller 1993, Patterson et al. 1995). 
However, the expression of rCIX has been a challenging task. This is due to both 
the complexity of the collagen biosynthetic pathway and to the multiplicity of the 
expressed genes. Because of the heterotrimeric nature of collagen IX, three 
different genes need to be expressed simultaneously in equimolar amounts. 
Furthermore, to achieve adequate stability and species-specific posttranslational 
modifications, human prolyl 4-hydroxylase α and β subunits were co-expressed 
with collagen IX polypeptide chains. This results in the simultaneous expression 
of five different genes. Because of the transient nature of the expression, the 
system is also subject to fluctuation. 

6.1 Chain association is a multi-step process with functional 
interplay between collagenous and non-collagenous domains 

Formation of a correctly folded triple helix is a fundamental requirement for the 
proper function of collagen in tissues. Formation of an intact triple helix, in turn, 
is dependent on a complex sequence of events encompassing association of the 
appropriate α chains (three or more), nucleation and propagation of the triple 
helix, and stabilization of the structure by interchain disulfide bonds (see Prockop 
& Kivirikko 1995, Gelse et al. 2003). The current knowledge regarding the chain 
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assembly and triple helix formation with fibrillar collagens is relatively good, but 
highly limited with the FACITs (see sections 2.4.1 and 2.4.2). 

Previous reports have demonstrated that the information for chain association 
and nucleation is likely to reside in the COL1/NC1 junction of FACIT collagens 
(Labourdette & van der Rest 1993, Mechling et al. 1996, Mazzorana et al. 1993, 
1995, 1996, 2001). However, prior to this thesis work, it was not known whether 
the information in the COL1/NC1 junction is specific, or whether noncollagenous 
and collagenous domains may function independently, or in different 
combinations. Likewise, it was unclear whether FACITs can associate and form 
triple helices starting at noncollagenous domains other than NC1. 

In the present work, collagen IX chain association was studied by expressing 
five different deletion variants along with the full-length α chains (see Figures 1 
and 2 in I) and by analyzing their ability to trimerize. First, full-length collagen 
IX molecules accompanied by the long variants (starting at the NC4 domain and 
ending at the NC2 or NC1 domain), were investigated. When analyzed by SDS-
PAGE and immunoblotting, each chain of the three variants could be detected 
whenever the corresponding virus was used in the expression. Also, the chains 
were of expected sizes. Full-length collagen IX appeared as three distinct bands 
under reducing conditions and as a single heterotrimeric band under non-reducing 
conditions, as previously reported (Pihlajamaa et al. 1999). However, this 
heterotrimeric composition was not detected with the NC4-NC2 and NC4-
COL2/NC1 variants. Instead, these variants presented with new homotrimeric and 
aberrant heterotrimeric (eg. α12α2 and α22α3) compositions, suggesting that the 
specificity of chain selection is reduced in the absence of NC1 and COL1 
domains. The results are in agreement with previous observations (Mazzorana et 
al. 1993, 1995), supporting the role of the NC1-COL1 junction in the chain 
selection of collagen IX. Furthermore, it was found that collagen IX NC4-NC2 α 
chains (i.e. devoid of both COL1 and NC1 domains) were able to trimerize in 
insect cells, as demonstrated by SDS-PAGE and Western blotting under non-
reducing conditions. Since trimerization occured in the absence of NC1 and 
COL1 domains, other domains, probably NC2 or NC3, must contain the ability to 
direct and drive the association of collagen IX α chains. This ability has been 
previously suggested only for the NC1 domain. Moreover, when the NC2 domain 
in these variants was replaced by NC1 (to gain NC4-COL2/NC1 variant), the α 
chains were, again, found to trimerize. Thus, the results demonstrate that collagen 
IX chain association may take place at an artificial COL2/NC1 junction. This 
observation suggests that i) noncollagenous and collagenous domains may act in 
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different combinations, and ii) association of α chains may not require the 
authentic order of these domains. Moreover, noncollagenous domains seem to be 
able to fold autonomously, as has been shown for the NC4 domain of collagen IX 
(Pihlajamaa et al. 2004). An alternative explanation for the obtained results could 
be that association takes place at the NC3 domain and trimerization proceeds in 
the N to C direction, as is the case with collagen XIII, which displays a high 
overall structural similarity to collagen IX (Snellman et al. 2000). Nevertheless, it 
is likely that chain selection plays an essential role in defining the correct 
specificity and stoichiometry of α chains thus enabling the ordered organization 
of the ECM and, ultimately, structural integrity of the tissue. 

The triple helicity of the NC4-NC2 heterotrimeric variant was confirmed by 
circular dichroism analysis. The circular dichroism spectra for NC4-NC2 
suggested that the trimeric molecules seen on the gels under non-reducing 
conditions were triple-helical and not only disulfide-bonded. These results are 
consistent with the previous observation indicating that a naturally occurring 
mutation leading to deletion of one Gly-X-Y repeat in the COL1 domain of α3(IX), 
with normal α1(IX) and α2(IX) chains, did not affect trimerization and triple helix 
formation (Paassilta et al. 1999).  

The results described above further suggest that noncollagenous domains 
may act independently as association domains regardless of the adjacent 
collagenous domains, provided that the requirements of sufficient length and 
hydroxylation of the collagenous region are met. Since the degree of prolyl 
hydroxylation has a profound effect on the trimerization (Mazzorana et al. 1993, 
1996) and stability of collagen (Bella et al. 1994), the levels of unhydroxylated 
and hydroxylated proline residues were determined by amino acid analysis in the 
produced collagen IX molecules. Since they were found to represent 
approximately 80% of the theoretical maximum they were considered adequate. 
Thus, it can be argued that prolyl hydroxylation is not a factor that may reduce the 
reliability of the obtained results. 

6.2 Cooperativity is implicated in the folding of collagen IX 
molecules 

In order to obtain results unaffected by other domains, COL2-NC1, COL2/C/NC1 
and COL2-NC2 variants were expressed in insect cells. COL2 was chosen as the 
basic collagenous unit among the constructs because it was expected to provide 
adequate length to ensure triple-helical folding (Nokelainen et al. 1998). When 
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chain compositions of all the short variants were analyzed, monomers and dimers 
were detected, but trimers were completely absent. Hence, it appears that while 
COL1/NC1 fragments do have the ability to trimerize (Labourdette & van der 
Rest 1993, Mechling et al. 1996), COL2/NC1 and COL2/NC2 do not. In light of 
the results obtained with the long variants, this observation was unexpected. 
Therefore, the results were verified by using chemical crosslinking to indicate and 
stabilize the presence of trimers. However, only monomeric or dimeric molecules, 
but not trimers, were detected. Thus, it appears that both NC1 and NC2 domains 
are unable to drive trimerization of the COL2 and NC2- or NC1-containing 
variants. Similar results were obtained even when the final residue in the COL2 
domain was substituted by cysteine, thereby mimicking the two conserved 
cysteines separated by four amino acids found at the COL1/NC1 junction. This 
observation is rather surprising, since a coiled region, with a shown potency to 
induce trimerization in several collagens and collagen-like proteins, has been 
identified in the NC2 domains of FACITs (McAlinden et al. 2003). Furthermore, 
the results by Paassilta et al. (1999) suggest that the NC2 domain of collagen IX 
may actively participate in association by correcting chain alignment.  

Taken together, our results demonstrate that the long variants are able to 
trimerize but not the corresponding short chain variants. The inability of the short 
variants to assemble into trimeric molecules may be attributed to the absence of 
NC3 and COL3 domains, which may reflect a cooperative process in the 
assembly and folding of collagen IX molecules. These results are in line with a 
previous finding indicating that the COL1/NC1 junction alone is not sufficient to 
drive association of collagen XII α chains and that the role of the collagenous 
sequence and formation of the COL1 triple helix is critical in the trimeric 
assembly, suggesting cooperativity between non-collagenous and collagenous 
domains (Mazzorana et al. 2001).  

As a conclusion, the observed results indicate that NC1 is not essential for 
association, which may take place at NC2 or NC3. Since COL2/NC1 or 
COL2/C/NC1 variants were not able to trimerize, the NC1 domain does not 
contain all the information necessary for association and trimerization of collagen 
IX. However, based on our results and previous reports, NC1, together with the 
COL1 domain, seem to play an important role in governing the specificity of the 
chain association. Furthermore, association and complete stabilization of collagen 
IX α chains seems to require the presence of N-terminal COL3 and NC3 
domains, suggesting cooperativity between different regions in the folding of 
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collagen IX molecules. Whether the obtained results may be generalized to 
concern also other FACITS will be a question of future research. 

6.3 Collagen IX mediates cell adhesion and cell signaling through 
integrin receptors 

Cell adhesion is fundamental for all multicellular animals. The integrins form a 
conserved protein family that operates both in cell adhesion and in intercellular 
communication. They consist of two evolutionarily unrelated subunits (α and β) 
that heterodimerize to form a functional receptor (Hughes 2001, Hynes 2002). 
Nine out of the 18 human α subunits contain an I domain encompassing the metal 
ion-dependent adhesion site (MIDAS), which forms the ligand-binding site of the 
corresponding receptors (Michishita et al. 1993). 

Nearly thirty collagen types form fibrils and networks in the ECM. The 
cellular response to collagenous matrix may be dependent on several factors. 
First, different collagen receptors regulate distinct signaling pathways. Second, 
collagen types may be differentially recognized by the collagen receptors. Third, 
the organization of the collagenous matrix may be critical. More information 
about integrin function and integrin–collagen interaction is needed to address the 
structural requirements for integrin signaling. This aspect was studied by using 
the best known member of the FACIT family, collagen IX, and the collagen 
receptor integrins α1ß1, α2ß2, α10ß1 and α11 ß1, as an example. 

Several lines of evidence were collected to show that the four collagen 
receptor integrins may interact with collagen IX. First, the expression pattern of 
all four integrins was analyzed at the same time in the same samples of human 
fetal tissues. The results indicate that the four receptors are co-expressed with 
collagen IX at the mRNA level in fetal cartilage. The findings are in line with 
previous observations (Camper et al. 2001, Tiger et al. 2001). Next, the ability of 
cartilage-derived cells and transfected CHO cells to attach and spread on collagen 
IX was studied. The results showed that all cells could efficiently spread on 
collagen IX. What was exceptional, though, was the fact that it was among the 
best ligands for every αI domain or integrin tested. In addition, recombinant αI 
domains were produced as fusion proteins and analyzed for their capacity to bind 
collagen IX in solid-phase binding assays. All αI domains were found to bind 
efficiently to collagen IX in a metal-dependent fashion. Approximated binding 
affinities of 30 nM for α1I, 55 nM for α2I, 294 nM for α10I, and 53 nM for α11I 
were derived by using a simple Michaelis-Menten type equation. These results, 
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when compared to previous reports utilizing other collagen types in a similar 
experimental setting (Tulla et al. 2001, Zhang et al. 2003), indicate that collagen 
IX is one of the best collagenous ligands for every integrin αI domain. This 
characteristic is unique to collagen IX among collagens and suggests that collagen 
IX has evolved to mediate the high affinity binding of all collagen receptor 
integrins to cartilaginous matrix. This observation also suggests that the FACITs 
may have an important function as mediators of cell adhesion to collagen fibrils. 

The location of the integrin I domain binding site in collagen IX was next 
determined. Rotary shadowing and electron microscopy revealed only one 
binding site for both the α1I domain and α2I domain in collagen IX. This binding 
site seems to be at the same location for both αI domains, and it resides in the 
triple-helical COL3 region very close to the NC3 domain. As the COL3 domain 
protrudes into the perifibrillar space, the binding site may be easily accessible to 
cell surface receptors. However, this site is also in the close vicinity of the GAG 
binding site present in NC3, and it is therefore possible that the GAG chain may 
act as a negative regulator of cell adhesion. In addition, COMP, shown to interact 
with NC domains in collagen IX (Holden et al. 2001), may also compete with 
collagen receptors. 

The recognition of fibril-forming collagens by integrins takes place primarily 
via GFOGER (or related) sequences, which form high affinity binding sites 
(Emsley et al. 2000, Knight et al. 2000, Siljander et al. 2004). GFOGER is also 
known to act as a recognition site in BM collagen IV (Knight et al. 2000). 
However, the observation that Chinese hamster ovary cells expressing a double 
mutant α2 D219N/D292N integrin showed significantly reduced cell spreading on 
collagen I, but had no effect on collagen IV, suggested that the two collagen types 
are recognized by different mechanisms (Käpylä et al. 2000). Indeed, another 
type of binding motif is known in collagen IV. This motif is composed of one R 
and two D residues in different α chains (Eble et al. 1993, Golbik et al. 2000, 
Saccà et al. 2003). The fact that the discovered integrin binding site in collagen 
IX does not contain GFOGER or any similar motif suggests that collagen 
receptors binding to FACITs may represent yet another binding mechanism. This 
was tested experimentally by introducing mutations in the amino acid residues 
D219 and H258 known to be important in the recognition of collagen I by the α2I 
domain (Käpylä et al. 2000, Smith et al. 2000). Similarly, R218 in α1I was 
mutated, and the effect of mutation on collagen binding was analyzed. Mutated I 
domains D219R-α2I and H258V-α2I displayed different behaviors when binding 
to collagen I or to collagen IX. Both mutations decreased the binding of the α2I 
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domain to collagen I as well as to the GFOGER peptide. However, while binding 
to collagen IX was not affected by the D219R mutation, the H258V mutation 
caused a marked decrease in the affinity to collagen IX. This data, together with 
the noted absence of GFOGER-related sequences in the integrin binding region in 
collagen IX, demonstrates that binding of the α2I domain to collagen IX 
represents a novel mechanism of collagen recognition by integrins. As the effect 
of the R218D mutation in α1I domain on binding to collagen I was minimal, and 
while binding to collagens IV and IX was nearly prevented, it seems that the 
residue R218 in the α1I domain is very important for collagen IX binding. This 
agrees with the previous observation and indicates that arginine residue(s) are 
essential for the binding of both collagens IV (Eble et al. 1993) and IX. Despite 
possible similarities, however, there are certain observations that suggest that 
binding of these collagens to α1I domain cannot be identical. These include (i) 
differences noted in the binding behaviour between collagen IV and collagen IX 
(Figure 7B and D in II), (ii) lack of Arg, Asp, Asp motif in collagen IX at or near 
the discovered binding region, and (iii) the fact that collagen IX was exceptional 
in its ability to effectively bind to all integrin I domains studied. It was interesting 
to note that the D219 residue in the α2I domain, which corresponds to R218 in the 
α1I domain, was found insignificant in the same context.  

Previously, it has been shown that integrins, α2β1 in particular, are able to 
bind directly to collagen fibrils (Jokinen et al. 2004). The present study shows 
that cell attachment to collagen fibrils may take place in a collagen IX-mediated 
manner and suggests a more general role for FACITs as mediators of cell-ECM 
interactions. This would be only natural as the FACITs decorate the surfaces of 
collagen fibrils and are better available for cell surface receptors than the 
collagens at the fibril core. Furthermore, the results indicate that the binding of 
collagen IX most likely takes place at or close to the metal ion-dependent 
adhesion site in α1I and α2I domains. In the absence of unique binding sequences 
in any of the collagen IX α chains, the binding is proposed to involve residues in 
multiple polypeptide chains. Interestingly, the vWFA3 domain that is structurally 
closely related to integrin αI domains, binds collagen with a different mechanism: 
the binding is metal independent and occurs on a different face of the domain 
when compared to the MIDAS (Nishida et al. 2003). The existence of two 
different modes of recognition may open up perspectives into integrin evolution 
as it is speculated that vWFA domains represent an ancient collagen binding 
mechanism, shared by the first αI domain integrins (Tulla et al. 2007). According 
to this hypothesis, MIDAS-mediated and divalent cation-dependent binding to the 
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GFOGER sequence in collagens has evolved more recently. This proposition is 
not without experimental support, as the αI domain of urochordate Ciona 
intestinalis is able to specifically and strongly bind to collagen IX (but not to 
other collagen types investigated), despite the absence of the structural features 
required for binding to the GFOGER motif in the collagen triple helix (Tulla et al. 
2007). This observation suggests that the GFOGER-dependent binding 
mechanism of collagen receptor integrins seems to have arisen in the vertebrate 
lineage only. Thus, it is possible to speculate that the generation of this subgroup 
of integrins is associated with the evolution of cartilage and bone. The presence of 
several unique collagen types in cartilage also points to the importance of 
chondrocyte collagen receptors. 

In conclusion, the present results show that collagen IX, a FACIT prototype, 
acts as a cell adhesion protein and is recognized by the four known collagen 
receptor integrins in a previously undescribed, GFOGER-independent 
mechanism. When compared against other collagen types, collagen IX seems 
unique in its ability to interact efficiently with all collagen receptor integrins or 
the respective αI domains. The determination of the three-dimensional integrin 
binding motif in collagen IX and the analysis of structural changes on integrin 
receptors induced by collagen IX binding provide interesting challenges for future 
research. 

6.4 New markers are needed to aid in the diagnostics of early RA 

The diagnostics of early RA poses a challenge to clinicians as there is no 
distinctive feature in the early phases of the disease. In the absence of reliable and 
specific diagnostic tools, the diagnosis of RA is usually based on the patient’s 
clinical symptoms. Also, the classification criteria of the ACR are taken into 
account. The use of these criteria as a diagnostic aid is, however, problematic. 
First, they were originally created to serve classification but not diagnostic aims, 
and second, they are not adequate to distinguish early stages of RA from other 
forms of joint inflammation. The earlier a diagnosis is attempted, the more 
atypical symptoms are present with the patients. Yet, early diagnosis is of crucial 
importance since the outcome and the therapeutic effect seem to depend less on 
the pharmacological capacity of a given medication than on the timing of the 
initiation of therapy (see Quinn 2001, Möttönen et al. 2002, O’dell 2002, Visser 
et al. 2002, Kary et al. 2004). Indeed, it is recognized that diagnosis should be 
achieved in RA and therapy initiated as early as possible. As the alterations in 
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cartilage matrix turnover take place early in the disease process, long before any 
significant damage can be detected radiographically, it is important to find 
sensitive, non-invasively detectable biochemical markers of cartilage matrix 
homeostasis. These new biomarkers would aid, either alone or in conjunction 
with the existing markers such as RF and CCP, in achieving the diagnosis of early 
RA. Current study was started to investigate the role of collagen IX 
autoantibodies in RA and their potential usefulness as a diagnostic or prognostic 
aid. 

Cartilage is an exceptional tissue as it does not contain capillary network or 
lymph ducts. Thus, it is regarded immunologically privileged. There are several 
lines of evidence to indicate that cartilage specific collagens may play a role in 
autoimmune-mediated arthritis (Morgan et al. 1983, Wooley et al. 1984, 
Tarkowski et al. 1989, Holmdahl et al. 1990, Cook et al. 1996, Rudolphi et al. 
1997, Cremer et al. 1998, Kim et al. 2000, Burkhardt et al. 2002, Myers et al. 
2002, Carlsen et al. 2006). One of the first critical steps in the disease process is 
the breakdown of the collagenous network that is essential for the maintenance 
and integrity of the tissue. This process is either accompanied or preceded by the 
formation of collagen-related autoantibodies, which may perpetuate the disease. It 
is not known, however, whether these antibodies initiate the inflammatory process 
in the joint or whether they are formed during cartilage breakdown, being 
unrelated to the initiation of arthritis. Experiments with certain antibodies binding 
to collagen II (Amirahmadi et al. 2004, 2005, Gray et al. 2004, Crombie et al. 
2005) suggest that they may interfere with the structural integrity of cartilage and 
precede or possibly initiate the inflammatory expression of disease, thus 
representing an important component of pathogenesis. Despite some controversy 
concerning the role of collagen antibodies in the pathogenesis of RA, these 
observations favor the view that collagen-related autoimmunity occurs during the 
early initiating events in the development of RA. Nevertheless, independent of 
our understanding of the disease mechanism, autoantibodies binding to collagen 
or degradation products of collagen may reflect the biochemical status of the joint 
and thus serve as diagnostic or prognostic tools.  

6.5 Antibodies to rCIX may have diagnostic value in RA  

In this study, 53 patients with recent-onset RF-seropositive RA were analyzed for 
the presence of rCIX antibodies of the IgG type at the moment of initial diagnosis 
and after 3, 6, 12 and 24 months of follow-up. The RA sera were accompanied by 
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30 controls. Associations were looked for between patients’ antibody titers, the 
development of erosions in the hands and feet, and various clinical and laboratory 
markers. Our data shows that serum levels of IgG binding to rCIX were 
significantly higher in the RA patient sera compared to the controls. The 
difference was two-fold in magnitude and was not affected by age. These 
autoantibodies were observed already at the early stages of the disease, which 
may reflect their diagnostic potential in RA. 

To evaluate if the IgG antibody levels to rCIX among the RA patients were 
related to the disease activity, the patients were followed for 24 months. The 
levels of rCIX antibodies remained elevated, showing a very slight decrease 
towards the end of the follow-up. This kind of attenuation of collagen antibodies 
over time is frequently observed in RA (Pereira et al. 1985, Cook et al. 1996). In 
the control population very low or low levels of rCIX antibodies were commonly 
detected but few sera displayed high reactivity. This might be due to unknown 
joint pathology, since no exclusion criteria could be applied to the controls at 
study entry. Even though this setting may overestimate the autoimmunity to rCIX 
among the controls, the diagnostic usefulness of these antibodies requires further 
examination with a large patient set and a control group with a well documented 
history and confirmed absence of inflammatory arthritis. Moreover, as also 
healthy individuals may exhibit rCIX autoantibodies in their sera, the difference 
between the patients and healthy individuals is quantitative, not qualitative. 
Distinguishing between these groups would require careful calibration of 
threshold antibody level, thus narrowing the potential of rCIX antibody test in 
clinical use. Furthermore, one limitation of the current study is that it does not 
provide information regarding patients with RF-seronegative RA. Finally, it is 
worth noting that the presence of rheumatoid factors may cause interference in 
various immunological assays. 

The fact that no correlation was observed between rCIX antibody levels, 
laboratory or clinical parameters, and radiological progression is in line with the 
report by Charrière et al. (1988) and indicates that rCIX may not be a suitable 
marker to reflect disease activity, the response to treatment or the outcome in RA. 
However, the measurement of rCIX antibodies might be useful in the diagnosis of 
early RA. This assumption is supported by a number of reports. When various 
collagen antibodies were studied in the serum of patients with arthritic diseases, 
only antibodies to collagen IX were observed at high frequencies in the RA 
patients (Charrière et al. 1988), although low frequencies of RA patients with 
collagen IX antibodies have also been demonstrated elsewhere (Morgan et al. 
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1987 & 1989). In addition, the frequencies of RA patients with CII antibody 
positivity may be as high as 60-75% in the early stages of the disease (Pereira et 
al. 1985, Fujii et al. 1992, Cook et al. 1994) but fall to 24-30% later, as shown by 
a cross-sectional approach in cases of well-established RA (Cook et al. 1996). 
Another interesting observation is that antibodies against CII precede the 
appearance of rheumatoid factors in most patients (O'Dell 2002). Moreover, it 
would be of interest to examine, whether antibodies to rCIX display differences in 
epitope specificity depending on the underlying disease, as has been demonstrated 
for CII (Burkhardt et al. 2002). High values of sensitivity (88%) and specificity 
(94%) in the detection of RA have also been found when a fragment, termed 
CB10, was used as a substrate in ELISA (Cook et al. 2004). These reports 
illustrate that epitope-specific antibodies are produced in RA and suggest their 
exploitation in clinical use. Thus, it is quite possible that both common and 
unique epitopes exist in cartilage collagens, and antibodies to these different 
epitopes may have different roles in RA. Keeping the focus on CIX, the results by 
Carlsen et al. (2006) suggest that CIX might hold a gatekeeper role permitting, or 
in its absence allowing, the antibody attack against the bulk of collagen fibril, CII. 
In addition, the results by both Kojima et al. (2001) and Wotton et al. (1999) also 
support the relevance of CIX autoimmunity in the early initiating phase of 
arthritis. If rCIX antibodies were to prove suitable as a predictive marker for early 
RA, this would be a valuable asset for RA diagnostics, especially in cases where 
the diagnosis is not clear on the basis of laboratory and clinical findings. It is not 
currently known, however, whether the rCIX antibodies are associated with RA 
specifically or with chronic arthritis in general. These aspects need clarification 
by further studies, preferably conducted in a prospective research setting and with 
large patient and control groups. The potential diagnostic or prognostic value of 
rCIX autoantibody test in RA could be evaluated by comparing its performance 
and ability to distinguish RA in a group of rheumatic or other autoimmune 
diseases. Alternatively, samples and data in existing cohort studies could be 
exploited to investigate whether the emergence of rCIX autoantibodies predates 
the onset of RA (see Aho et al. 1985 and Rantapää-Dahlqvist et al. 2003). Still, it 
is likely that the measurement of these antibodies would only be beneficial in a 
limited number of cases where RF and anti-CCP antibodies are negative and the 
clinical symptoms too unspecific to enable diagnosis of early RA. 

To our knowledge there are no previous studies published on autoantibodies 
binding to intact full-length collagen IX in humans. We utilized recombinant 
human-like collagen as an antigen instead of pepsin-digested tissue-derived 
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material. With this approach we aimed to have an antigen that resembles that 
encountered in vivo, being intact and containing the non-helical regions that may 
function as natural epitopes. The fact that CIX antibodies were significantly 
elevated among the RA patients in this study contrasts to certain previous reports 
(Morgan et al. 1987, 1989) and suggests that the noncollagenous regions in 
collagen IX show a potential as new RA epitopes. However, this proposition is 
without solid experimental support since tissue-extracted CIX was not available 
for comparison. The recombinant material is also devoid of impurities that can 
cause cross-reactivity, such as other cartilage collagens that might be present in 
tissue-extracted collagen preparations. However, when a protein is recombinantly 
expressed, there are many perspectives that need to be considered. One of these 
aspects is the degree and quality of posttranslational modifications, which seem to 
affect recognition of self-antigens. Increasing data support the notion that 
posttranslational modifications of self proteins may play a crucial role in the 
development of autoimmunity (see Kuhn et al. 2006). Furthermore, it has been 
shown that posttranslational modifications may affect collagen-related 
autoimmunity, for example the degree of glycosylation is known to affect T cell 
recognition of CII in a mouse model (Myers et al. 1998, von Delwig et al. 2006). 
Likewise, it has been shown that the potency of the immune response against CII 
correlates with the extent of lysine hydroxylation and glycosylation (Myers et al. 
2004). The degree of these modifications affects the immune response to collagen 
II and plays a role in the induction of arthritis. These observations relate to our 
findings, since the baculovirus expression system used here is able to generate 
moderate but not adequate levels of these modifications. Thus, the antibody levels 
measured here might be higher if an antigen with the degree of modifications 
matching those of tissue-derived collagen was available.  

Another interesting aspect is the relevance of citrullination and citrullinated 
antibodies as determinants of autoimmunity in RA. In an experimental setting, 
antibodies against citrullinated proteins enhance tissue injury in autoimmune 
arthritis, demonstrating that these antibodies are centrally involved in its 
pathogenesis (Kuhn et al. 2006). When evaluated in a clinical setting, the anti-
CCP antibodies are highly specific to RA, appear before the occurrence of clinical 
symptoms, predicting the development of RA in patients with undifferentiated 
arthritis (van Gaalen et al. 2004) and in apparently healthy individuals (Rantapää-
Dahlqvist et al. 2003), and provide prognostic information as anti-CCP positivity 
is associated with less favorable disease course and more severe radiological 
damage (Kroot et al. 2000, Rönnelid et al. 2005). These antibodies rise primarily 
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against filaggrin, which is not present in rheumatoid synovium. Thus, other 
proteins naturally occurring in joint and synovial tissue may function as targets 
for autoimmunity. Recently, collagens I and II have been identified as such targets 
in RA (Koivula et al. 2005, 2007, Suzuki et al. 2005, Yoshida et al. 2006). This 
raises the question, whether collagen IX might also represent a substrate for 
citrullination and if so, would the antibodies against citrullinated collagen IX 
constitute a novel marker that is intimately linked to RA pathophysiology? 
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7 Conclusions  

The development of novel technologies has opened new avenues in the field of 
molecular biology. For example, production of recombinant proteins has allowed 
their use in research and in other applications, including the pharmaceutical 
industry. This has also allowed the investigation of molecular mechanisms 
underlying various disease conditions. In this thesis project CIX, the availability 
of which is otherwise greatly limited, was produced as a recombinant protein in 
order to better understand its structural properties and folding as well as its 
functional characteristics, particularly with regard to recognition of CIX by 
cellular receptors and with autoimmunity in RA.  

Since the formation of the correctly folded triple helix is a functional 
prerequisite of collagen molecules in tissue, the chain assembly and folding of 
CIX was investigated. The results indicated that the NC1 and COL1 domains are 
not necessary for the association of CIX α chains and that complete folding and 
stabilization of CIX molecules in the absence of these domains requires 
cooperativity between C-terminal and N-terminal domains. However, the results 
also confirmed the role of NC1-COL1 domains for the specificity of chain 
association. Collectively, the obtained results increase our understanding of the 
molecular assembly of CIX, and FACITs in general. 

Data from both the genetically modified mouse lines and from the human 
chondrodysplasia phenotype, MED, imply that CIX is relevant for the long-term 
stability and integrity of articular cartilage. It has been shown that proteins may 
work as complex networks interacting with several partners. The importance and 
delicacy of these interactions is exemplified in MED, in which mutations in any 
of the interacting molecules (CIX, COMP or MATN3) may result in disease. The 
effects of these mutations are exerted on multiple levels from the fine structure of 
the parent molecule to the macroscopic matrix, ultimately defining the resulting 
phenotype.  

In the current study, the function of CIX, regarding its interaction with the 
cellular receptor integrins, was further elucidated. It was found that the 
recombinant αI domains of all the investigated integrins effectively bound to CIX. 
The recognition of CIX by the α2I domain was shown to represent a novel 
mechanism of binding. The binding site of αI was located in the COL3 domain of 
CIX. The results also provide the first demonstration of integrins recognizing 
FACIT collagens. The finding suggests that FACITs may have an important 
function as mediators of cell adhesion to collagen fibrils. 
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Autoimmunity to cartilage collagens is implicated in RA, and recent 
investigations clearly demonstrate that newly aroused interest in collagen 
autoimmunity in the pathogenesis of RA is warranted. In the present work, 
autoantibodies binding to recombinant human CIX in RA sera were measured and 
their usefulness as a diagnostic or prognostic marker was evaluated. Importantly, 
for the first time, the antigen used in the assay represented an intact human 
molecule with the noncollagenous domains preserved. The results showed that the 
levels of autoantibodies recognizing rCIX were significantly higher in RA sera 
when compared to the controls. However, also healthy controls had these 
antibodies. The emergence of these antibodies already at the early stages of the 
disease may reflect their potential as a possible diagnostic aid in RA. Moreover, 
the presence of these antibodies in high frequency among RA patients contradicts 
previous reports and suggests that the noncollagenous regions in CIX show a 
potential as new RA epitopes. Currently, autoimmunity to CIX is also investigated 
in other rheumatic diseases and in Meniere’s disease. 

In the future, recombinant technology with the possibility to utilize various 
CIX constructs described in this thesis manuscript will allow more precise 
determination of CIX epitopes in RA. Another interesting prospect is to 
investigate the role of citrullination as a determinant of autoimmunity to CIX in 
RA. 
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