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Abstract

Collagens IX, a non-fibrillar collagen, and XI, a fibrillar collagen, are minor components of cartilage
collagen fibrils, which form a supportive meshwork in the cartilage extracellular matrix (ECM).
Collagens IX and XI are known to be present also in other tissues, including the vitreous body of the
eye, the intervertebral disc, the inner ear, and various tissues during embryonic development.
Collagen IX is suggested to act as a macromolecular bridge between collagen fibrils and other ECM
molecules, and it may be important for the cohesive and compressive properties of cartilage, as well
as the long-term stability of articular cartilage. Collagen XI is speculated to have a role in regulating
the fibril diameter, and it may participate in interactions with other ECM components. However, the
role of neither collagen IX nor XI has been confirmed yet.

As important but minor components of the cartilage ECM, collagens IX and XI are excellent
candidates for relatively mild chondrodysplasias and even milder disease phenotypes involving
cartilaginous tissues, such as non-syndromic hearing loss. There are in fact many reports describing
defects in the genes for collagens IX and XI in patients with a variety of chondrodysplasias, including
multiple epiphyseal dysplasia, Stickler syndrome, Marshall syndrome and
otospondylomegaepiphyseal dysplasia. In order to screen the minor cartilage collagen genes for
mutations, it is essential to know their gene structures. Therefore, the complete structures of the
human COL9A1, COL9A2 and COL11A2 genes were characterized in this study. Also, to facilitate
the analysis of the 5' region of the COL11A2 gene, the cDNA and partial genomic structure of the
mouse Col11a2 gene were defined.

The information obtained in this study was utilized in the mutation analysis of a family with non-
ocular Stickler syndrome. The COL11A2 gene was analyzed with conformation sensitive gel
electrophoresis (CSGE) and sequencing, and a heterozygous single-nucleotide mutation causing a
premature termination codon was found in the affected family members. Studying the effect of the
mutation on the RNA revealed that the nonsense mutation caused the skipping of a 54-bp exon,
presumably through a pathway called nonsense-associated altered splicing.
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 Abbreviations 

α1(IX)  collagen IX α1 chain, and other collagen polypeptide  
chains accordingly 

bp   basepair(s) 
cDNA  complementary DNA 
C-   carboxy- 
COL  collagenous  
COL9A1  human gene for α1 (IX) chain, and other human  

collagen genes accordingly 
Col11a2  mouse gene for α2(XI) chain, and other mouse collagen  

genes accordingly 
CSGE  conformation-sensitive gel electrophoresis 
ECM  extracellular matrix 
ESE  exonic splicing enhancer 
FACIT  fibril-associated collagens with interrupted triple helices 
GAG  glygosaminoglycan 
kb   kilobasepair(s) 
kDa  kilodalton 
N-   amino- 
NAS  nonsense-associated altered splicing 
NC  noncollagenous  
NMD  nonsense-mediated mRNA decay 
nt   nucleotide 
MED  multiple epiphyseal dysplasia 
mRNA  messenger RNA 
OA  osteoarthrosis 
OSMED  otospondylomegaepiphyseal dysplasia 
PARP  proline arginine rich peptide 
PCR  polymerase chain reaction 
PTC  premature termination codon 
RACE  rapid amplification of cDNA ends 
RT   reverse transcriptase/transcription 



UTR  untranslated region 
X   any amino acid 
Y   any amino acid 
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1 Introduction 

Collagens have been the focus of numerous studies for decades. Their importance in 
human biochemical and molecular biological research rests on their abundance in the 
human body. The collagen research has followed in the footsteps of the fast development 
of molecular biology and gene technology. Some of the most important steps in this field 
have been finding collagenous proteins, defining their cDNA and genomic structures, 
creating transgenic and knockout animals, producing recombinant collagen molecules, 
and defining their structures and functions. Also, an important tool for defining the 
function of any protein is mutation analysis, even more so with structural proteins such as 
collagens, whose genetic defects are very likely to cause a phenotypic effect.  

This study focuses on the minor collagens of cartilage, collagens IX and XI. The most 
abundant protein of cartilage is collagen II, which forms a supportive meshwork of 
collagen fibrils in the cartilage extracellular matrix (ECM). Collagens IX, a non-fibrillar 
collagen, and XI, a fibrillar collagen, are minor components of these fibrils. The role of 
collagen XI is thought to be forming the core of these fibrils, whereas collagen IX, which 
is located on the surface of the collagen fibrils may mediate interactions between the 
fibrils and other matrix components. The role of neither collagen IX nor XI has yet been 
confirmed. 

In order to analyze for mutations in a specific gene, e.g. a candidate gene for a certain 
disease, it is essential to know the structure of the gene. As important but minor 
components of the cartilage ECM, collagens IX and XI are excellent candidates for 
relatively mild chondrodysplasias and even milder disease phenotypes involving 
cartilaginous tissues, such as non-syndromic hearing loss. To be able to screen the minor 
cartilage collagen genes for mutations, their gene structures have to be known. 

When this thesis project began, the structure of most of the minor cartilage collagen 
genes was not known. In this work, the complete genomic structures of the genes 
encoding the α1 and α2 chains of human collagen IX and the α2 chain of human 
collagen XI were elucidated. In order to define the 5’end of the COL11A2 gene and the 
start site of transcription in detail, cartilage RNA was needed. Since human cartilage is 
very difficult to obtain for studies, mouse cartilage RNA was used, and thus the mouse 
Col11a2 cDNA and partial gene structure were defined. The information obtained in this 
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study was utilized in the mutation analysis of a family with non-ocular Stickler 
syndrome. 



2 Review of the literature 

2.1  Collagens 

The superfamily of collagens is composed of a large number of structurally related 
extracellular matrix (ECM) proteins that accomplish a diversity of functions in different 
tissues. Collagens are found essentially in all tissues, but particularly rich in collagens are 
bone, skin, tendon, cartilage, ligaments and vascular walls. As a group, collagens make 
up one third of all the protein of the body and are responsible for modelling the 
framework of connective tissues. Individually, they form a range of functional aggregates 
such as fibrils, microfibrils, and basal membranes. To date, 27 collagens with polypeptide 
chains that are coded by 42 different genes have been defined as collagens. The 
superfamily gains even more heterogeneity by extensive alternative splicing of primary 
transcripts for many of the genes. (See Vuorio & Crombrugghe 1990, Kivirikko 1993, 
Prockop & Kivirikko 1995, Fitzgerald & Bateman 2001, Koch et al. 2001, Myllyharju & 
Kivirikko 2001, Hashimoto et al. 2002, Ottani et al. 2002, Sato et al. 2002, Banyard et al. 
2003, Pace et al. 2003, Myllyharju & Kivirikko in press.)  

A collagen molecule is egnerally defined as a structural protein of the ECM that 
contains one or more triple-helical domains (van der Rest & Garrone 1991). They are 
trimeric molecules comprised of three polypeptides that can be either identical or distinct 
from each other. The triple-helical domain is formed when the three polypeptides called α 
chains each have a repeated Gly-X-Y sequence that allows the polypeptide to coil into a 
left-handed α helix. Thereafter, the three helices can form a right-handed superhelix. In 
the triple-helical conformation, the presence of glycine as every third amino acid is 
needed for the helix to form, as glycine is the smallest amino acid and fits best into the 
center of the helix. Proline is often found in the X position of the repetitive Gly-X-Y 
sequence, and 4-hydroxyproline in the Y-position, providing stability for the α helix. In 
addition to collagenous (COL) domains, all collagens contain globular, non-collagenous 
(NC) domains that have distinct functions. (See Vuorio & Crombrugghe 1990, Prockop & 
Kivirikko 1995, Brodsky & Ramshaw 1997, Myllyharju & Kivirikko 2001, Myllyharju & 
Kivirikko in press.) 
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Traditionally the collagen superfamily has been divided into two major groups, 
fibrillar and non-fibrillar collagens, based on their ability to associate into 
macromolecular fibrils. On the basis of other structural and functional characteristics, the 
latter group has been further divided into several subgroups (See Prockop & Kivirikko 
1995, Myllyharju & Kivirikko 2001, Myllyharju & Kivirikko in press). 

2.1.1  Fibrillar collagens 

Collagens I, II, III, V, XI, XXIV, and most recently established collagen XXVII belong to 
the group of fibrillar collagens, which are the most abundant of all the collagens and also 
the most extensively studied. They are similar in size and structure in that they contain a 
large triple-helical domain with about 1000 amino acids per α chain. Fibrillar collagens 
are also conserved in all multicellular animals, from sponges to human, which reflects 
their importance in the extracellular matrix. (Prockop & Kivirikko 1995, Ottani et al. 
2002, Boot-Handford & Tuckwell 2003, Boot-Handford et al. 2003, Pace et al. 2003.) 

The structures of the genes for the major fibrillar collagens (COL1A1, COL1A2, 
COL2A1 and COL3A1) are very similar. The major triple-helical domain is about the 
same size, coding for approximately 1000 amino acids, and it consists of 42 small exons. 
Most of the exons are 54 bp in size, while others are either 45 bp, multiples of 54 bp, or 
combinations of 45 and 54 bp, each coding for a certain number of Gly-X-Y triplets. 
Also, the gene structures show similarities in the propeptide coding areas as well. 
(Ramirez et al. 1990, Chu & Prockop 1993, Prockop & Kivirikko 1995, Boot-Handford 
& Tuckwell 2003.)  

Most of the genes for the minor fibrillar collagens V and XI are somewhat different in 
their structures compared to the genes for the major fibrillar collagens. In collagen V, the 
structure of the gene for the α2(V) chain, COL5A2, has been shown to be similar to the 
genes for the major fibrillar collagens (Välkkilä et al. 2001), but the gene for the α1(V) 
chain, COL5A1, differs from the conserved organization of the fibrillar collagen genes 
(Takahara et al. 1995). The primary structure of the α3(V) chain shows similarity to that 
of the α1(V) chain, but only the cDNA structure of the gene has been defined thus far 
(Imamura et al. 2000, Chanut-Delalande et al. 2001). For more information about 
collagen XI and its genes, see sections 2.3, 5, and 6. 

Collagens XXIV and XXVII, two of the most recently established members of the 
collagen family, are classified as fibrillar collagens even though there are some 
differences in structure between them and other fibrillar collagens. The gene for collagen 
XXVII, COL27A1, encodes N- and C-terminal propeptides similar to those of the minor 
fibrillar collagens, but its triple helix coding domain is somewhat shorter, encoding 994 
amino acids, and has two imperfections in the Gly-X-Y pattern (Boot-Handford et al. 
2003, Pace et al. 2003). The α1(XXIV) chain also has a short imperfection in the triple 
helix (Koch et al. 2003). It is suggested that the COL27A1 gene together with the 
COL24A1 gene form a new phylogenetic clade of fibrillar collagens that is distinct from 
the two known phylogenetic lineages of the fibrillar collagen genes (Bailey et al. 1997, 
Sicot et al. 1997, Välkkilä et al. 2001, Boot-Handford et al. 2003).  
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It has been thought that all the genes for the α chains of fibrillar collagens are derived 
from a common ancestor. This ancestor gene would have been formed from 45 or 54 
nucleotides coding for a short peptide of 15 or 18 amino acids, that is five or six Gly-X-Y 
triplets (Kurkinen et al. 1985). This gene would then have evolved into a family of large, 
related genes by successive duplications and mutations. The exonic sequences of the 
genes for fibrillar collagens still present the typical 45- or 54-bp motif in the areas that 
code for the triple-helical region of the polypeptide (see Ottani et al. 2002). The evolution 
of the vertebrate fibrillar collagens has been recently reviewed by Boot-Handford and 
Tuckwell (2003), who conclude that the fixed length of the major triple-helical domain is 
inherited from as far back as the earliest evolved invertebrates, such as sponge. Even the 
exonic organization has been found to be very similar between the sea urchin, sponge, 
and vertebrate genes for the fibrillar collagens.  

Fibrillar collagens are synthesized as soluble precursor molecules, procollagens, that 
have N- and C-terminal extensions called propeptides. The importance of the C-
propeptide lies in its ability to direct chain association during intracellular assembly of 
the procollagen molecule from three α chains. Thus, the C-propeptide domains of the 
fibrillar procollagens are highly conserved. There is higher variability in the N-propeptide 
region that, i.e. in the case of collagen XI, includes a so-called proline-arginine-rich 
(PARP) domain followed by a variable region (VR), and is extensively alternatively 
spliced (Neame et al. 1990, Zhidkova et al. 1993, Oxford et al. 1995). The propeptides 
are cleaved by specific procollagen proteinases during or after the secretion of the 
procollagen molecule into the ECM, triggering fibril formation. In the ECM, the C-
propeptide prevents fibril formation as long as it remains attached to the procollagen 
molecule, keeping the molecule soluble. Through its persistence in the molecule, the N-
propeptide may be important in controlling the fibril shape and diameter. (Kadler et al. 
1996, Hulmes 2002.) 

The fibrils formed by fibrillar collagens are usually heterogeneous and contain more 
than one collagen type. Collagen I fibrils contain small amounts of collagens III, V, and 
XII, and collagen II fibrils contain also collagens IX and XI. Of the minor collagens, 
collagens V and XI are located in the core of the fibrils, and collagens III, IX, and XII on 
the surface of the fibrils, although the N-terminal extensions of both collagen V and XI 
have been located on the surface of the collagen fibrils (Keene et al. 1995, Kadler et al. 
1996, Hulmes 2002) Also, collagens V and XI form hybrid V/XI molecules in some 
tissues (Mayne et al. 1993).  

2.1.2  Non-fibrillar collagens 

In addition to fibrillar collagens, there are several subgroups of collagens, collectively 
referred to as the non-fibrillar collagens. These subgroups are: collagens that are located 
on the surfaces of fibrils and are called fibril-associated collagens with interrupted triple 
helices (FACIT); collagens that form hexagonal networks; the family of collagen IV in 
basement membranes; collagen VI that forms beaded filaments; collagen VII that forms 
anchoring fibrils for basement membranes; collagens with transmembrane domains; and 
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the family of collagens XV and XVIII. There is also a highly heterogenous group of 
proteins that contain triple-helical domains but have not been defined as collagens. (See 
Myllyharju & Kivirikko 2001, Myllyharju & Kivirikko in press.) 

FACIT collagens represent the largest subgroup of the non-fibrillar collagens, and they 
include collagens IX, XII, XIV, XVI, XIX, XX, and XXI. These collagens do not form 
fibrils by themselves but associate with fibrils formed by the fibrillar collagens by 
attaching to their surfaces. They are characterized by short triple-helical domains that are 
interrupted by short non-collagenous domains. FACIT collagens differ from fibrillar 
collagens in that they are not synthesized as procollagens and do not undergo proteolytic 
processing before being secreted into the extracellular matrix. They are not able to form 
fibrils by themselves, but interact with fibrillar collagens and are thus important in the 
assembly of the fibrils. FACIT collagens may have an important function as molecular 
bridges in the organization and stabilization of the ECM. (van der Rest et al. 1990, 
Vuorio & de Crombrugghe 1990, Shaw & Olsen 1991, Mayne & Brewton 1993, Prockop 
& Kivirikko 1995, Fitzgerald & Bateman 2001, Koch et al. 2001, Myllyharju & 
Kivirikko 2001.)  

Network-forming collagens can be divided into two groups - collagens that form 
hexagonal networks and collagen IV, which forms networks in basement membranes. The 
former group includes collagens VIII and X, which are highly similar to each other but 
very different from collagen IV. Collagen VIII forms hexagonal lattices in Descemet’s 
membrane in the eye, but it is also present in skin and glomeruli. In contrast, collagen X 
expression is restricted to the hypertrophic chondrocytes in the deep-calcifying zone of 
cartilage, where it is synthesized during the process of endochondral ossification. (Vuorio 
& de Crombrugghe 1990, van der Rest & Garrone 1991, Burgeson & Nimni 1992.) 

Collagen IV networks are present in all basement membranes in the body. Six different 
genes encode six different α chains for collagen IV, α1-α6, which form heterotrimeric 
molecules in various combinations. The genes encoding the α(IV) chains are localized 
pairwise on three chromosomes, aligned in a head-to-head manner, and their expression is 
regulated by bidirectional promoters between the genes. Collagen IV molecules 
composed of α1 and α2 chains are widely distributed, whereas molecules composed of 
combinations of the other four chains are components of specialized basement 
membranes. (Sado et al. 1998.)  

The only collagen known to form beaded filaments is collagen VI. Collagen VI α 
chains consist of a very short triple-helical domain and large N-terminal and C-terminal 
non-collagenous domains, and they form a heterotrimeric molecule comprised of α1(VI), 
α2(VI), and α3(VI) chains. The α3(VI) chain has been shown to have a larger globular 
N-teminal domain than the α1(VI) and α2(VI) chains. Beaded filaments of collagen VI, 
or microfibrils, form extensive microfibrillar networks between the major collagen fibrils 
in most connective tissues and are located next to cellular basement membranes, blood 
vessels, and other extracellular structures. Their function may be to anchor the cells to the 
macromolecular framework of the ECM. (Bruckner & van der Rest 1994, Prockop & 
Kivirikko 1995, Kielty & Shuttleworth 1997.)   

Collagen VII forms anchoring fibrils for basement membranes through dimerization 
and lateral association of homotrimeric molecules. The anchoring fibrils link basement 
membranes to the underlying ECM in skin, cornea, and several other epithelial tissues. 
The interrupted triple-helical domain of collagen VII is the longest of all collagens, and 
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the gene for the α1(VII) chain, COL7A1, has the largest number of exons of the known 
genes, 118. (Christiano et al. 1994,  Uitto & Pulkkinen 1996.) 

Some collagens are transmembrane proteins, having transmembrane domains near 
their N-terminus, and are not secreted into the extracellular matrix. Collagens XIII and 
XVII, and the recently described collagens XXIII and XXV belong to this group. (Tikka 
et al. 1991, Li et al. 1993, Hägg et al. 1998a, Hashimoto et al. 2002, Banyard et al. 
2003.) Collagen XIII is noteworthy in that it undergoes the most extensive alternative 
splicing of all the collagens; altogether 10 exons of the human COL13A1 gene are known 
to be alternatively spliced. Collagen XIII has been reported to have a cell adhesion-
associated function in many tissues. On the other hand, collagen XVII, originally 
characterized as the 180-kDa bullous pemphigoid antigen BP180 or BPAG2, is known to 
be a structural component of hemidesmosomes of the skin and cornea, and is probably 
needed for the attachment of epithelia to the stroma. Also, collagen-like proteins 
complement subcomponent C1q, and collagen-like macrophage scavenger receptors may 
be grouped together with the membrane-associated collagens, since they all are important 
membrane proteins. (Pihlajaniemi & Rehn 1995, Peltonen et al. 1999, Pulkkinen & Uitto 
1999,  Hägg et al. 2001.)  

 Collagens XV and XVIII are structurally similar proteins that have large, globular N- 
and C-terminal domains and an extensively interrupted collagenous domain. It has been 
proposed that they be called MULTIPLEXINs, proteins with multiple triple helix 
domains and interruptions. (Oh et al. 1994, Pihlajaniemi & Rehn 1995.) Collagen XV is 
expressed widely in the basement membrane zones and its function is largely unknown. 
However, the lack of collagen XV in mice has been shown to cause mild skeletal 
myopathy and increased vulnerability to exercise-induced skeletal muscle and cardiac 
injury, suggesting a role in the stabilization of skeletal muscles and capillaries. (Kivirikko 
et al. 1994, Hägg et al. 1998b, Eklund et al. 2001, Muona et al. 2002.) Collagen XVIII 
expression is localized in the basement membrane zones of epithelia and vascular 
endothelium. It is expressed as three different variants that show tissue-specific 
expression. (Rehn & Pihlajaniemi 1994, Muragaki et al. 1995, Saarela et al. 1998.) Part 
of the C-terminal non-collagenous domain of collagen XVIII represents a fragment called 
endostatin, which can be cleaved off the collagen molecule with specific proteases, and 
has been shown to inhibit endothelial cell proliferation, angiogenesis, and tumor growth 
(O’Reilly et al. 1997, Felbor et al. 2000). 

Two of the recently described members of the collagen family, collagens XXII and 
XXVI, have not yet been incorporated into any of the above-mentioned subgroups. For 
collagen XXII, there is no other data available than the cDNA sequence (GenBank 
accession number AF406780). Collagen XXVI has been found to be expressed only in 
the testis and ovary (Sato et al. 2002). 

2.2  Collagen IX 

Collagen IX is the most studied and best described collagen of the FACIT group (see van 
der Rest et al. 1985, van der Rest & Mayne 1987, Bruckner & van der Rest 1994, Olsen 
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1997). It is a heterotrimeric molecule composed of three α chains - α1(IX), α2(IX), and 
α3(IX) - each containing three relatively short triple-helical domains (COL1-COL3) and 
four short non-triple-helical domains (NC1-NC4).  

The α chains of collagen IX - α1(IX), α2(IX), and α3(IX) - are encoded by three 
distinct genes, COL9A1, COL9A2, and COL9A3, respectively. The human COL9A1 gene 
is localized to chromosome 6q12-q13 (Kimura et al. 1989b, Warman et al. 1993b), the 
COL9A2 gene to chromosome 1p32.3-p33 (Perälä et al. 1993, Warman et al. 1994), and 
the COL9A3 gene to chromosome 20q13.3 (Brewton et al. 1995, Tiller et al. 1998). At 
the start of this study, none of the genomic structures of any of the collagen IX genes 
were defined. The complete cDNA sequence for the human α1(IX) and α2(IX) chains 
were published (Muragaki et al. 1990a, Perälä et al. 1993, Warman et al. 1994), and the 
primary structure of the human α3(IX) chain was characterized during the course of this 
study (Brewton et al. 1995). Also, the primary structure of all three of the α chains was 
known for the chicken (Brewton et al. 1992, Lozano et al. 1985, Ninomiya et al. 1985). 
The complete genomic structure of the human COL9A3 gene has been characterized 
during the course of this study (Paassilta et al. 1999a). The structure of the COL9A1 and 
COL9A2 genes is discussed in sections 5 and 6.  

2.2.1  Structure and function of collagen IX 

Collagen IX has several unique characteristics. One of them is that within the NC3 
domain of the α2(IX) chain there is an attachment site, a serine residue, for a 
glygosaminoglycan (GAG) side chain that can be either chondroitin or dermatan 
sulphate. Therefore, collagen IX can be classified as a proteoglycan. The GAG side chain 
is relatively short in cartilage, and not all collagen IX molecules are glycosylated, but in 
the chicken vitreous the GAG side chain is about 10 times larger than in cartilage. 
(McCormick et al. 1987, Olsen 1997.) The presence of the GAG chain attachment site is 
also seen in the size of the NC3 domain, since the domain is five amino acids larger in the 
α2(IX) chain than in the α1(IX). This explains the kink that has been observed in the 
collagen IX molecules by electron microscopy (von der Mark et al. 1982, Reese et al. 
1982). 

Another unique feature of collagen IX is that the NC4 domain of the α1(IX) chain is 
considerably larger than that of the other two chains. Thus, the NC4 domain of collagen 
IX molecules consists mostly of the α1(IX) chain. However, there are two alternative 
forms of the α1(IX) chain generated by the use of two alternative promoters. The use of 
the upstream promoter generates a long form of the α1(IX) chain containing a large 
globular NC4 domain, and the use of the downstream promoter generates a short form of 
the α1(IX) chain that lacks the large NC4 domain. These variants show tissue-specific 
distribution (see section 2.2.2.). (Vasios et al. 1988, Nishimura et al. 1989, Muragaki et 
al. 1990b.) 

Heterotrimeric collagen IX molecules are located in a periodic fashion along the 
surface of the cartilage collagen fibrils containing collagens II and XI, interacting with 
collagen II by covalent lysine-derived cross-links. There are cross-links between the 
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central triple-helical domain COL2 of one α2(IX) chain and the N-telopeptides of two 
α1(II) chains, and between the N-terminal ends of the COL2 domains of all collagen IX 
α chains and the N-telopeptide of collagen II. (Eyre et al. 1987, van der Rest & Mayne 
1988, Vaughan et al. 1988, Wu et al. 1992, Diab et al. 1996.) This suggests that collagen 
IX is located on the surface of the fibril in such a way that the short COL3 domain and 
the globular NC4 domain, when present, project out from the fibril surface. Thus, 
collagen IX molecules may act as macromolecular bridges between collagen fibrils, as 
well as between collagen fibrils and other ECM molecules. The fact that the NC4 domain 
is basic with an estimated pI of 9.7 (Vasios et al. 1988) supports the idea that it may 
participate in ionic interactions with glycosaminoglycans in cartilage. Based on data from 
mutations found in collagen IX genes in chondrodysplasias (see section 2.5.1) and from 
transgenic mouse models (see section 2.7), collagen IX is important for the cohesive and 
compressive properties of cartilage, and has a role in the long-term stability of articular 
cartilage. (van der Rest & Mayne 1988, Shaw & Olsen 1991, Bruckner & van der Rest 
1994, Olsen 1997.) 

2.2.2  Tissue expression of collagen IX 

Collagen IX is expressed mainly in cartilage together with collagens II and XI. Collagen 
IX has been shown to be present also in the human and bovine intervertebral disc (Newall 
& Ayad 1995, Wu J-J & Eyre DR 2003, see also Eyre et al. 2002), in the human and 
bovine vitreous humor (Bishop et al. 1992, 1994, Warman et al. 1993a), in the vitreous 
humor and the developing corneal stroma of the chicken (Fitch et al. 1988, 1995), in the 
developing chicken notochord and axial skeleton (Hayashi et al. 1992, Swiderski & 
Solursh 1992), in the tectorial membrane of the inner ear (Slepecky et al. 1992), and in 
several murine embryonic tissues and in the brain and skin of the newborn mouse (Perälä 
et al. 1997). Also, there is temporal and spatial regulation of collagen IX gene expression, 
which seems to be more tightly regulated in cartilaginous than non-cartilaginous tissues 
(Perälä et al. 1997). 

The two isoforms of collagen IX, one containing the long form of the α1(IX) chain 
with the large globular NC4 domain, and the other containing the short form of the 
α1(IX) chain lacking the large NC4 domain, show temporal and spatial variation in their 
expression patterns. Transcripts of the long form of the α1(IX) chain are predominantly 
present in cartilage, and transcripts of the short form in the cornea. (Nishimura et al. 
1989.) The embryonic chicken cornea expresses both forms at different developmental 
stages (Fitch et al. 1992), and the developing axial skeleton, chondrocranium, and 
Meckel’s cartilage of the embryonic chicken contain both forms as well (Swiderski & 
Solursh 1992). In addition to cartilage, the long form of the α1(IX) chain is also 
expressed in the lung and in very low levels in the liver during embryonic development 
of the mouse (Liu et al. 1993). The short form, however, shows more widespread 
expression. In addition to the cornea, it is known to be expressed in the vitreous humor 
(Yada et al. 1990, Bishop et al. 1992, Warman et al. 1993a), in the intervertebral disc 
(Eyre et al. 2002, Wu & Eyre 2003), and in the embryonic chick notochord (Hayashi et 
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al.1992, Swiderski & Solursh 1992). During embryonic develeopment of the mouse, the 
short form is expressed in the eye and heart, but unlike in the chicken, neither form of the 
α1(IX) chain is expressed in the murine cornea (Liu et al. 1993). 

The variability of collagen IX molecules extends to the presence of its typical 
glycosaminoglycan side chain. It has been shown that collagen IX is present in both 
proteoglycan and non-proteoglycan forms in cartilaginous tissues (Arai et al. 1992, Yada 
et al. 1992). On the other hand, in bovine vitreous humor all of the collagen IX is in the 
proteoglycan form, with a GAG side chain of about 15-60 kDa (Bishop et al. 1992). The 
chicken vitreous humor differs from the bovine vitreous humor in that the chondroitin 
sulfate side chain of collagen IX is extraordinarily large, 350 kDa. These large side chains 
of high viscosity may have an important role in the formation of the vitreous gel (Yada et 
al. 1990).  

2.3  Collagen XI 

Collagen XI belongs to the group of fibrillar collagens, the largest group of collagens. It 
is a heterotrimeric molecule that consists of three α chains - α1(XI), α2(XI), and α3(XI) 
– and was first established as collagen 1α2α3α (Burgeson & Hollister 1979, Eyre & Wu 
1987, Morris & Bächinger 1987). The structural and biological properties of collagen XI 
seem to be closely related to collagen V, even though their main tissue locations are 
different (Fichard et al. 1994). 

The three α chains of collagen XI are encoded by three distinct genes, COL11A1, 
COL11A2 and COL11A3/COL2A1. The α3(XI) chain is encoded by the same gene as the 
α1 chain of collagen II (COL2A1), the major cartilage collagen, but the α3(XI) chain is 
more post-translationally modified than the α1(II) chain, differing in the degree of lysine 
hydroxylation and glycosylation (Eyre & Wu 1987). The COL2A1 gene is located on 
chromosome 12q13.11-q13.12 (Takahashi et al. 1990), the COL11A1 gene on 
chromosome 1p21 (Henry et al. 1988), and the COL11A2 on chromosome 6p21.3 
(Hanson et al. 1989, Law et al. 1990). The mouse Col11a2 gene is located on 
chromosome 17 (Stubbs et al. 1993). Both human and mouse COL11A2 genes are located 
within the major histocompatibility complex (MHC), thus the location of this gene is well 
conserved. Also, the gene for the retinoid X receptor β, RXRβ, is localized within the 
MHC complex in both human and mouse (Hoopes et al. 1992, Fleischhauer et al. 1993, 
Almasan et al. 1994). Retinoic X receptor β belongs to the superfamily of nuclear 
hormone receptors and acts as a transcription factor that binds specific DNA response 
elements after forming heterodimeric complexes with retinoic acid, thyroid hormone and 
vitamin D receptors (Yu et al. 1991). 

When this study was initiated, the human COL11A1 and COL11A2 genes were not 
characterized, and only the partial cDNA structure of the human COL11A2 gene was 
published (Kimura et al. 1989a, Zhidkova et al. 1993). The only gene encoding a 
collagen XI α chain that was characterized was the COL2A1 gene (Ala-Kokko & 
Prockop 1990); however, the gene structure of human COL11A1 has been defined during 
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the course of this study (Annunen et al. 1999a). The COL11A1 and COL11A2 genes and 
their structures are discussed in sections 5 and 6. 

The amino-propeptide region of both COL11A1 and COL11A2 genes has been shown 
to undergo extensive alternative splicing. The amino-propeptide of the α1(XI) and 
α2(XI) chains consists of a so-called proline arginine rich peptide (PARP), a variable 
region (VR), and a constant region (CR). PARP was originally discovered as a 218-amino 
acid fragment rich in proline and arginine from bovine cartilage (Neame et al. 1990), but 
has since been considered to be a part of collagen XI (Zhidkova et al. 1993). Alternative 
splicing of the N-propeptide occurs in the variable region of both α1(XI) and α2(XI) 
chains, resulting in heterogeneity of the collagen XI procollagen molecule (Tsumaki & 
Kimura 1995, Oxford et al. 1995, Zhidkova et al. 1995, Yoshioka et al. 1995a, Lui et al. 
1996).  

2.3.1  Structure and function of collagen XI 

Collagen XI is a typical fibrillar collagen, consisting of an N-propeptide, a large triple-
helical domain and a C-propeptide. It differs from the major fibrillar collagens in that it, 
like collagen V, does not undergo complete cleavage of the N-teminal propeptide. Thus, a 
significant globular N-teminal region remains uncleaved (Eyre & Wu 1987, Morris & 
Bächinger 1987, van der Rest & Garrone 1991, Rousseau et al. 1996).  

Collagen XI is organized into cartilage fibrils together with collagens II and IX (Eyre 
& Wu 1995). Collagen XI is located largely within the fibrils where it is covalently linked 
to collagen II via hydroxylysine-based aldehyde cross-links (Cremer et al. 1998). 
Collagen XI molecules are cross-linked to each other primarily through their interaction 
sites between the N-telopeptide and the C-terminus of the triple helix, which is consistent 
with a head-to-tail organization of the molecules. (Wu & Eyre 1995.) Among other 
findings, studies with Cho mice that have autosomal recessive chondrodysplasia (Li et al. 
1995, see section 2.7) confirm the fact that the presence of collagen XI in cartilage fibrils 
is essential for the regulated assembly, organization, and development of cartilage (see 
Gregory et al. 2000). The importance of collagen XI in the fibrillogenesis and diameter 
control of the cartilage collagen fibrils is further supported by recent in vitro 
fibrillogenesis studies, which indicate that collagens II and XI together, without collagen 
IX, can form uniform collagen fibrils of similar size as the normal heterotypic cartilage 
collagen fibrils that consist of collagens II, IX, and XI (Blaschke et al. 2000).  

Collagen XI is found in largest quantities in thin cartilage fibrils and is believed to 
regulate the fibril size (Keene et al. 1995, Cremer et al. 1998). The possible mechanisms 
behind the regulation have been the focus of a number of studies. Based on observations 
of the fibrils containing collagens I and V, it has been proposed that while the triple-
helical domain of collagen XI is located in the interior of the cartilage collagen fibril, the 
retained N-terminal domains are excluded from the fibril interior and accumulate on the 
surface, eventually sterically hindering the thickening of the collagen fibrils (see Gregory 
et al. 2000). The major triple-helical domain of collagen XI has been shown to be located 
within the collagen fibril in fetal cartilage (Mendler et al. 1989, Petit et al. 1993). 
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Moreover, the N-propeptide domain of α1(XI) has been localized to the surface of the 
collagen fibrils in fetal cartilage (Keene et al. 1995). The location of the variable region 
of collagen XI on the fibril surface suggests that, in addition to facilitating the exclusion 
of the globular α1(XI) N-propeptide domain from the core of the fibril, it may participate 
in interactions with other matrix components (Gregory et al. 2000). This kind of 
interaction could contribute to the biomechanical integrity of cartilage. The isoforms of 
the variable region peptides are either acidic or basic, which could influence the rate or 
extent of proteolytic removal of the α1(XI) N-propeptide domain (Oxford et al. 1995, 
Gregory et al. 2000). Taken together, the N-terminal domain may contribute to the 
functions of collagen XI more widely than taking part in the regulation of fibrillogenesis.  

Another aspect concerning the functions of collagen XI is its glycosaminoglycan-
binding properties. It has been found that collagen XI interacts with other matrix 
molecules in cartilage (Wardale & Duance 1993), and recent cell-binding studies suggest 
that the collagen XI triple helix binds to a heparan sulphate or dermatan sulphate 
proteoglycan, especially on the cell surface. This may be important in the organization 
and stabilization of the cartilage matrix, and the interactions of proteoglycans with the 
triple helical domain may be important in maintaining tissue integrity. (Vaughan-Thomas 
et al. 2001.) 

2.3.2  Tissue expression of collagen XI 

Collagen XI is predominantly expressed in the cartilaginous matrices, where it forms 
fibrils together with collagens II and IX (Burgeson & Hollister 1979, Vaughan et al. 
1988, Mendler et al. 1989, Eyre & Wu 1995). All of these collagens are also found in the 
vitreous body of the eye and nucleus pulposa of the intervertebral disc, both cartilage-like 
tissues (Cremer et al. 1998). However, the α2(XI) chain is not expressed in the eye, but is 
replaced by the α2 chain of collagen V, which is very closely related to collagen XI 
(Mayne et al. 1993). 

Although cartilage is the main location of collagen XI expression, a more widespread 
tissue distribution of the different collagen XI α chains has been shown in the past years. 
The finding that the expression of the α1(XI) chain is not restricted to cartilage was first 
described by Bernard and others (1988). Collagen α1(XI) mRNAs have since been found 
in two human rhabdomyosarcoma cell lines (Yoshioka & Ramirez 1990), and in several 
non-cartilaginous tissues of chicken embryos (Nah et al. 1992) and the developing 
mouse, such as odontoblasts, trabecular bones, the atrioventricular valve of the heart, the 
tongue, the intestine, and the otic vesicle (Yoshioka et al. 1995b). Collagen α2(XI) 
mRNAs have been found in the notochord of the developing mouse (Sugimoto et al. 
1998), and in low levels in several non-cartilaginous human fetal tissues (Sandberg et al. 
1993). 

 In addition to cartilage and isolated chondrocytes, co-expression of all collagen XI α 
chains has been found in a variety of human fetal tissues, including 15-week calvaria, 
kidney, skeletal muscle, and brain, 16-week long bone, and 17-week tendon, lung, and 
brain. Co-expression of only two of the collagen XI α chains in different combinations, 
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as well as the expression of only one of the chains, has also been seen in various non-
chondrogenic human fetal tissues (Lui et al. 1995a). 

The complex alternative splicing observed in the N-terminal variable region of the 
genes coding for the collagen XI α chains, COL11A1 and COL11A2, generates isoforms 
that have been found to be differentially expressed both spatially and temporally. The 
α1(XI) isoforms show differential distribution in the developing cartilage and long bones 
of the rat (Davies et al. 1998, Morris et al. 2000). The α2(XI) mRNA isoforms have been 
shown to be differentially expressed in various tissues during mouse development. The 
isoform predominant in cartilage, which lacks exons 6-8, has been shown to be relatively 
restricted outside the cartilage, whereas the isoform including exons 6-8 has been found 
in non-chondrogenic tissues such as the calvarium and periosteum. (Sugimoto et al. 
1998.) Also, human fetal tissues are shown to express several different splice variants of 
the α2(XI) mRNA, some of which may be developmentally stage-specific. (Lui et al. 
1996). 

2.3.3  Collagen V/XI hybrid molecules 

It is known that collagens V and XI are very closely related, and that their α chains can 
replace each other in certain tissues and cell lines. Small amounts of both of these 
collagens have been found in a variety of cartilaginous and non-cartilaginous tissues. As 
separate collagen molecules, collagens V and XI are expressed in different tissue types, 
collagen XI mainly in cartilage associated with collagen II fibrils, and collagen V in non-
cartilaginous tissues associated with collagens I and III. (Fessler & Fessler 1987, Bernard 
et al. 1988, Fichard et al. 1994.)  

The first suggestion of the existence of heterotypic collagen V/XI molecules came 
from the finding that collagen V molecules from bovine bone contained α1(V), α2(V), 
and α1(XI) chains (Niyibizi & Eyre 1989). Since then it has been demonstrated by amino 
acid sequencing that bovine vitreous humor contains collagen fibrils that are assembled 
from molecules containing α1(XI) and α2(V) chains (Mayne et al. 1993). Hybrid 
molecules containing α1(XI) and α2(V) chains have also been observed in vitro, as the 
human rhabdomyosarcoma cell line A204 has been found to form these heterotypic 
molecules (Kleman et al. 1992). An earlier observation is that during the maturation of 
articular cartilage, isolated fractions of collagen XI contained an increasing proportion of 
α1(V) chains and a decreasing proportion of α2(XI) chains (Eyre & Wu 1987). Also, 
concerted modulation of α1(XI) and α2(V) collagen gene expression has been reported in 
bovine vascular smooth muscle cells (Brown et al. 1991). Furthermore, co-expression of 
α1(XI) and α2(V) collagen chains has been demonstrated during fracture healing in the 
rat (Yamazaki et al. 1997). Considering these observations, the suggestion that collagens 
V and XI belong to a larger collagen family where α chains can form heterotypic 
molecules makes sense. It has been suggested that α chains of collagens V and XI 
together form a single collagen V/XI that has a number of isoforms (Fichard et al. 1994). 
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2.4  Cartilage 

Cartilage is specialized connective tissue found in various locations throughout the body, 
its most important properties being flexibility, resiliency, and the ability to withstand very 
high compressive loads. Chondrocytes are specialized cells that produce and maintain the 
extracellular matrix (ECM) of cartilage. The ECM makes up most of the structurally 
complex tissue, where dense, covalently-linked heterotypic collagen fibrils interact with a 
number of other specialized matrix components. Cartilage also provides the template for 
the developing skeleton, and in this context it is easy to understand that mutations in 
genes for cartilage-specific proteins often lead to problems in skeletal development. (See 
Muir 1995, Bateman 2001.)  

Articular cartilage is hyaline cartilage that covers the subchondral bone in diarthroidal 
joints, its surface abutting the synovial joint cavity. Together with synovial fluid, articular 
cartilage provides an almost frictionless articulation in the joint, its important function 
being to absorb and dissipate load. Adult articular cartilage is a relatively acellular tissue, 
the majority of the tissue volume consisting of extracellular matrix. The majority of the 
ECM is composed of collagen, so that collagen accounts for about two-thirds of the dry 
weight of adult articular cartilage. ( See Poole et al. 2001, Eyre 2002.) 

Collagen provides cartilage its tensile strength by forming extensive cross-linking 
between the collagen fibrils. The heterotypic collagen fibrils of cartilage consist of the 
covalently cross-linked collagens II, IX, and XI, where collagen II is the principal 
component, but collagens III, VI, X, XII, and XIV also contribute to the mature matrix. In 
addition to collagens, cartilage also contains proteoglycans, of which the predominant is 
aggrecan, a large chondroitin sulphate proteoglycan. The major glycosaminoglycan 
present in cartilage is chondroitin sulphate. Aggrecan provides the compressive stiffness 
of cartilage by the hydration of the large numbers of chondroitin sulphate and keratan 
sulphate side chains occupying the core protein. Other proteoglycans expressed during 
chondrogenesis and in cartilage include the cell surface syndecans and glypican, the 
small leucine-rich proteoglycans decorin, biglycan, fibromodulin, lumican, and 
epiphycan, and the basement membrane proteoglycan perlecan. Also, collagen IX may be 
called a proteoglycan, since it has a glycosaminoglycan side chain attachment site. (See 
Eyre & Wu 1995, Poole et al. 2001, Knudson & Knudson 2001, Eyre 2002.) 

Articular cartilage is organized into different zones and regions, where the 
composition of collagen, proteoglycan, and other matrix molecules varies. The zone at 
the surface of articular cartilage is called the superficial zone, and there the chondrocytes 
are flattened and aligned parallel to the surface, which differs from the rest of the tissue. 
The superficial zone is dominated by the fibrillar network, and the content of the main 
articular cartilage proteoglycan, aggrecan, is at its lowest. This is the zone with the 
highest tensile properties of articular cartilage. Also, the chondrocytes of the superficial 
zone are the only ones to synthesize lubricin, a superficial zone protein, which is 
important in providing articular cartilage its frictionless articulation. Below the 
superficial zone is the middle zone, where cell density is lower and the morphological 
features are more typical of hyaline cartilage; cells are more rounded and the ECM is rich 
in aggrecan. The collagen fibrils are larger and more randomly arranged. The deep zone 
lies between the middle zone and the calcified layer of cartilage. In this zone the collagen 
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fibril diameter is maximal, although the collagen content is minimal. Also, the aggrecan 
content is maximal here. The role of the partly calcified cartilage layer is to be a buffer 
between uncalcified cartilage (the three first zones) and the subchondral bone. The 
chondrocytes of calcified cartilage are hypertrophic, they express collagen X, and they 
have the ability to calcify cartilage. (See Kempson et al. 1973, Akizuki et al. 1986, 
Schumacher et al. 1999, Warman 2000, Poole et al. 2001.) 

2.5  Chondrodysplasias 

Most of the diseases affecting cartilaginous tissues, known as chondrodysplasias, are 
inherited. A number of chondrodysplasias are caused by mutations in the gene for 
collagen II, the major collagenous component of cartilage. The severity of 
chondodysplasias caused by mutations in the COL2A1 gene varies from perinatal 
lethality to mild disease. These include achondrogenesis II or hypochondrogenesis, 
spondyloepiphysel dysplasia, spondyloepimetaphyseal dysplasia, Kniest dysplasia and 
Stickler syndrome. The severity of the disease is in correlation with the type of mutation 
in the COL2A1 gene, so that haploinsufficiency caused by i.e. a premature translation 
termination signal causes a milder phenotype than a glycine substitution in the triple-
helix coding region that disrupts the formation of the collagen II triple helix. Defects in 
the minor cartilage collagen genes generally cause milder forms of chondrodysplasias 
which often show considerable phenotypic overlap. Osteoarthrosis (OA) is nearly always 
present in chondrodysplasias, and mutations in cartilage collagen genes have been found 
in some families with only early-onset OA. (See Kivirikko 1993, Baitner et al. 2000, 
Myllyharju & Kivirikko 2001.) 

2.5.1  Disorders caused by mutations in collagen IX genes 

Collagen IX is a cartilage-specific, fibril-associated collagen, and is essential for the 
regulation of cartilage collagen fibril formation, being located on the fibril surface. Its 
potential role as a macromolecular bridge between the collagen fibril and other ECM 
molecules is also suggested by the finding that mutations in the collagen IX genes cause 
mild chondrodysplasias. (Olsen 1997, Baitner et al. 2000, Myllyharju & Kivirikko 2001.) 

The disease phenotype to which a collagen IX gene was first linked is multiple 
epiphyseal dysplasia (MED). MED is a heterogeneous group of diseases characterized by 
short stature and early-onset osteoarthrosis, inherited in an autosomal dominant fashion. 
The linkage between this disease and the COL9A2 locus was first described by Briggs 
and others (1994), and later confirmed by the identification of a mutation in COL9A2 in a 
different family with MED (Muragaki et al. 1996). This mutation was found in the 5’end 
of intron 3 in the COL9A2 gene, causing the skipping of exon 3 during splicing of the 
primary mRNA transcript. A similar mutation causing the skipping of COL9A2 exon 3 as 
described earlier (Muragaki et al. 1996) was later identified in the family with MED first 
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linked to the COL9A2 locus (Spayde et al. 2000). Also, two other mutations in COL9A2 
that cause the skipping of exon 3 were found in two families with distinctive oligo-
epiphyseal forms of MED (Holden et al. 1999). Mutations in families with MED have 
been reported in the genes for the α1 and α3 chains of collagen IX as well. In COL9A3, 
two different mutations in the acceptor splice site of intron 2, causing the skipping of 
exon 3, in three separate families with MED have been described (Paassilta et al. 1999b, 
Bönnemann et al. 2000, Lohiniva et al. 2000). In COL9A1, a mutation in intron 8 causing 
three different kinds of splicing defects was found in one family with MED (Czarny-
Ratajczak et al. 2001). The defectively spliced variants of α1(IX) mRNA lacked 
sequences for either exon 8 or 10 or both exons 8 and 10. Since the NC4 domain of the 
α1 chain of collagen IX is longer than in the α2 and α3 chains, and the COL9A1 gene 
contains six additional exons coding for the longer domain, exon 9 of COL9A1 
corresponds to exon 3 of COL9A2 and COL9A3, hence the mutation found in COL9A1 
seems to be very similar to those found in the other two collagen IX genes. Recently, 
COL9A2 and COL9A3 gene polymorphisms have also been associated with intervertebral 
disc disease (IDD) (Annunen et al. 1999b, Paassilta et al. 2001, Solovieva et al. 2002). 

2.5.2  The phenotypic spectrum of disorders caused by mutations  
in collagen XI genes 

Collagen XI is a minor component of cartilage collagen fibrils composed of collagens II, 
IX, and XI. In addition to cartilage, collagen XI is expressed in smaller amounts in the 
ear, the vitreous of the eye, and the intervertebral disc. However, the α2(XI) chain is not 
expressed in the eye. (Mayne et al. 1993.) A certain phenotype is common to all disorders 
caused by collagen XI gene defects, including facial anomalies, cleft palate, and hearing 
defects. Ocular changes are present in some disorders. (Spranger 1998.) 

Mutations in the gene for the α1(XI) chain, COL11A1, have been reported to cause the 
dominantly inherited chondrodysplasias Stickler and Marshall syndromes (Richards et al. 
1996, Griffith et al. 1998, Annunen et al. 1999a), as well as non-syndromic Robin 
sequence (Melkoniemi et al. 2003). The spectrum of phenotypes caused by mutations in 
the gene for the α2(XI) chain, COL11A2, ranges from dominant and recessive 
chondrodysplasias to non-syndromic hearing loss (Vikkula et al. 1995, Sirko-Osadsa et 
al. 1998, Pihlajamaa et al. 1998, McGuirt et al. 1999, Melkoniemi et al. 2000, 
Melkoniemi et al. 2003). The common characteristic among the diseases caused by these 
mutations is the lack of eye findings typically associated with mutations in the other two 
collagen XI genes, COL2A1 and COL11A1. This is obviously due to the fact that the 
α2(XI) chain is not present in the eye. Recently, the COL11A2 gene has been associated 
with the ossification of the posterior longitudinal ligament of the spine (OPLL), a leading 
cause of spinal stenosis in Japan (Maeda et al. 2001a, Maeda et al. 2001b). Furthermore, 
the role of COL11A2 is strengthened by the finding of an association between 
degenerative lumbar spinal stenosis (LSS) and the same COL11A2 allele that is 
associated with OPLL (Noponen-Hietala et al. in press). Mutations in the gene for the 
α3(XI) chain, COL2A1, are known to cause a variety of chondrodysplasias.  
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2.5.2.1  Non-syndromic hearing loss  

Hearing impairment is the most common sensory disorder in the world, and its causes are 
numerous. Hearing loss can be caused by either environmental or genetic factors. About 
30% of those with a genetic form of hearing loss also have other symptoms and the 
hearing loss is considered to be part of a syndrome, whereas in the rest of the cases the 
genetic hearing loss is not associated with a syndrome, and is thus termed non-
syndromic. Non-syndromic hereditary hearing loss is genetically extremely 
heterogeneous, with the autosomal dominant form associated with more than 40 genes, 
and the autosomal recessive form associated with 30 genes. (Bitner-Glindzicz 2002.) In 
this section, only non-syndromic hearing loss connected to collagen XI is discussed.  

Certain types of mutations in the COL11A2 gene cause autosomal dominant non-
syndromic hearing loss. In connection with this phenotype, the COL11A2 locus is called 
DFNA13, following the established nomenclature where autosomal dominant deafness 
loci are designated DFNA, autosomal recessive loci, DFNB, and X-linked loci, DFN. 
Most forms of the autosomal dominant non-syndromic deafness are difficult to 
distinguish phenotypically, but the form associated with the DFNA13 locus is 
characterized by mid-frequency hearing impairment. (van Laer et al. 1999, Bitner-
Glindzicz 2002.)  

The DFNA13 locus was first mapped to chromosome 6p in 1997 (Brown et al. 1997), 
and subsequently mutations in the COL11A2 gene were characterized in one American 
and one Dutch family with autosomal dominant non-syndromic hearing loss (McGuirt et 
al. 1999). The mutations were found to be heterozygous missense mutations in the triple 
helix coding region. The mutation in the American family resulted in an arginine to 
cysteine substitution in exon 42, and in the Dutch family in a glycine to glutamate 
substitution in exon 31. The phenotype in these families has been described in detail (de 
Leenheer et al. 2001, de Leenheer et al. 2002). In another Dutch family autosomal 
dominant non-syndromic sensorineural hearing impairment was linked to the same locus, 
but the mutation has not been described (Ensink et al. 2001). 

2.5.2.2  Stickler syndrome 

Stickler syndrome, also known as hereditary arthro-ophthalmopathy, is a dominantly 
inherited disorder characterized by symptoms affecting the eye and cartilaginous tissues. 
The ocular symptoms include variable degrees of myopia and vitreoretinal degeneration 
with the risk of retinal detachment, cataract, and glaucoma. The cartilaginous tissue 
symptoms include premature joint degeneration and joint hypermobility, cleft palate, 
orofacial abnormalities, and deafness.  (Baitner et al. 2000, Stickler et al. 2001.) The 
syndrome was first described by Stickler and others in 1965, and has been extensively 
studied since then.  

The most common gene causing Stickler syndrome is the COL2A1 gene. Most of the 
mutations in COL2A1 cause a premature translation termination codon (Ahmad et al. 
1991, Ahmad et al. 1993, Ritvaniemi et al. 1993, Ahmad et al. 1995, Annunen et al. 
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1999a, Donoso et al. 2002), which results in haploinsufficiency with a decreased amount 
of normal collagen II (Baitner et al. 2000). The phenotype of patients with Stickler 
syndrome is very variable, and even patients with a mutation in the same gene show 
variable symptoms. Mutations in exon 2 of the COL2A1 gene have been shown to cause a 
distinct variant of Stickler syndrome consisting mainly of ocular manifestations and only 
minimal or no extraocular findings. The predominant ocular findings are a congenitally 
abnormal vitreous and acquired radial perivascular retinal degeneration that may lead to 
retinal detachment. The explanation for this phenotype lies in the alternative splicing of 
the COL2A1 mRNA, where exon 2, which encodes a large cysteine-rich domain, is either 
spliced out or included in the transcript. The variant that includes exon 2 is preferentially 
expressed in the vitreous body of the eye, whereas the variant that lacks exon 2 is 
preferentially expressed in the cartilage. Moreover, these variants show differential 
expression patterns also during development, indicating a potential functional difference 
between the long and short variant of procollagen II. The variant that includes exon 2 
may have a morphogenetic role during development, particularly in non-cartilaginous 
tissues, whereas the variant that lacks exon 2 may contribute to the structural integrity of 
the cartilage ECM. Thus, a mutation in exon 2 of the COL2A1 would not have as strong 
an effect on the cartilaginous tissues as on the vitreous of the eye. (Ryan & Sandell 1990, 
Sandell et al. 1991, Lui et al. 1995b, Richards et al. 2000, Donoso et al. 2002, Parma et 
al. 2002,  Donoso et al. 2003.) 

Mutations in the COL11A1 gene have been characterized in three families with 
Stickler syndrome. These mutations are all different, one is a heterozygous single-base 
change causing a glycine to valine substitution in the triple-helical domain of the α1(XI) 
chain, one an exon skipping mutation, and one a multi-exon deletion. (Richards et al. 
1996, Martin et al. 1999.) Collagen XI (lacking the α2 chain) is an important component 
of the vitreous of the eye as well as cartilage, and this explains the phenotype caused by a 
COL11A1 mutation. Furthermore, two mutations causing glycine substitutions and three 
in-frame deletions in the COL11A1 gene have been characterized in patients with 
phenotypes overlapping Stickler and Marshall syndromes (Annunen et al. 1999a).  

A non-ocular variant of Stickler syndrome is characterized by such typical facial 
features as a flat midface and short, upturned nose, hearing loss, and in some cases Robin 
sequence or cleft palate and degenerative joint disease, but lacks the ocular symptoms 
connected with the originally described Stickler syndrome. Non-ocular Stickler syndrome 
was linked to chromosome 6p by Brunner and others (1994), and subsequently a 
heterozygous single-base mutation at a splice donor site in the 3’end of the triple-helical 
region of the COL11A2 gene, causing the in-frame skipping of a 54-bp exon, was 
identified (Vikkula et al. 1995). Later, a heterozygous 27-bp deletion in the COL11A2 
triple-helical region was characterized in another family with non-ocular Stickler 
syndrome (Sirko-Osadsa et al. 1998). Non-ocular Stickler syndrome has also been called 
heterozygous otospondylomegaepiphyseal dysplasia (OSMED) (Pihlajamaa et al. 1998, 
Spranger 1998). 

It is sometimes difficult to distinguish between the phenotypes of mild 
chondrodysplasias such as Stickler syndrome, non-ocular Stickler syndrome, and 
Marshall Syndrome (see section 2.5.2.3). Another syndrome overlapping, if not identical 
to, some of these syndromes is Weissenbacher-Zweymüller syndrome, which was first 
described in 1964 (Weissenbacher & Zweymüller 1964) as a “combination of a Pierre 
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Robin syndrome with a fetal chondrodysplasia”. It was defined as identical to non-ocular 
Stickler syndrome/heterozygous OSMED after the identification of a heterozygous 
mutation in COL11A2, resulting in a glycine to glutamate substitution in the triple-helical 
region of the α2(XI) chain in the original patient with Weissenbacher-Zweymüller 
syndrome (Pihlajamaa et al. 1998). 

2.5.2.3  Marshall syndrome 

Marshall syndrome is a rare, autosomal dominant chondrodysplasia that is phenotypically 
similar to Stickler syndrome, and it has been argued that these syndromes may actually be 
a single syndrome with variable symptoms.  The clinical features of Marshall syndrome 
are very similar to those described for Stickler syndrome in section 2.5.2.2, differing in 
that Marshall syndrome patients more often have short stature, deafness, more 
abnormalities in cranial ossification, and more pronounced dysmorphic features, and less 
frequently retinal detachment (see Annunen et al. 1999a). Several mutations have been 
characterized in patients with Marshall syndrome in the COL11A1 gene, each a splicing 
mutation causing the skipping of a 54-bp exon in the region coding for the C-terminal 
half of the α1(XI) molecule (Griffith et al. 1998, Annunen et al. 1999a).  

2.5.2.4  Otospondylomegaepiphyseal dysplasia 

Otospondylomegaepiphyseal dysplasia (OSMED) is an autosomal recessive disorder. It is 
a chondrodysplasia with severe sensorineural hearing loss, its phenotype overlapping the 
autosomal dominant Stickler and Marshall syndromes. However, OSMED differs from 
those in that the patients have disproportionately short limbs and they do not have any 
ocular symptoms. The facial features of OSMED patients are similar to those with 
Stickler syndrome and Marshall syndrome. (Insley & Astley 1974, Giedion et al. 1982, 
Kääriäinen et al. 1993, van Steensel et al. 1997, Melkoniemi et al. 2000.) 

A number of mutations have been characterized in OSMED patients, all of them either 
homozygous or compound heterozygous (Vikkula et al.1995, Melkoniemi et al. 2000). A 
homozygous glycine to arginine substitution within the triple-helical domain of α2(XI) 
collagen was found in a family with OSMED by Vikkula and others (1995). In another 
study, several mutations in the COL11A2 gene were found in seven families with 
OSMED, different ones in each family (Melkoniemi et al. 2000). Four of the mutations 
were homozygous, and three of them compound heterozygous, having two different 
heterozygous mutations causing the disease. These mutations were located in various 
locations of the COL11A2 gene and the type of mutation was also variable. However, 
most of the mutations caused a premature translation termination codon because of either 
deletions or single-base substitutions. Homozygous or compound heterozygous 
premature termination codon mutations cause complete loss of function  of the α2(XI) 
chains, and it is surprising that it produces a non-lethal phenotype. (Melkoniemi et al. 
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2000.) Yet, mice homozygous for a disrupted Col11a2 gene are also viable, and they can 
be compared to OSMED patients phenotypically (Li et al. 2001) (see section 2.7). 

2.6  Premature translation termination codons causing  
disease phenotypes 

Premature translation termination codons (PTCs) or nonsense mutations have 
traditionally been thought to mediate their disease-causing effect by the synthesis of 
truncated proteins. That can be the case, but it is now known that the predominant 
consequence of nonsense mutations is not the synthesis of truncated proteins. Instead, the 
majority of nonsense transcripts are actually recognized and effectively degraded by the 
cell through a pathway called nonsense mediated mRNA decay (NMD). The degradation 
of the nonsense transcript leads to loss of function of the mutated allele, and in the case of 
a heterozygous nonsense allele, to haploinsufficiency of the normal protein. This 
mechanism of quality control is ubiquitous among eukaryotes, and it is thought to protect 
the organism from the negative effects of truncated proteins that could be formed if the 
transcripts were stable. Though several models have been suggested, the basic 
mechanism by which the PTC-harboring transcripts are recognized and destroyed is not 
known. There is still controversy regarding the location of NMD, whether it takes place 
in the cytoplasm as would be expected because the translational machinery is there, or in 
the nucleus as some observations suggest. (See Frischmeyer & Dietz 1999, Hentze & 
Kulozik 1999, Maquat & Carmichael 2001, Mendell & Dietz 2001, Cartegni et al. 2002, 
Maquat 2002, Faustino & Cooper 2003.) Interestingly, it has recently been shown that 
NMD may involve tissue specificity. Heterozygous nonsense mutations in the gene for 
collagen X in two Schmid metaphyseal chondrodysplasia patients have been reported to 
result in complete NMD in cartilage, whereas the mutant mRNA molecules are not 
subjected to NMD in non-cartilage-derived cells such as lymphoblasts and bone cells 
(Bateman et al. 2003). 

There is increasing evidence that the primary mechanism of disease in a significant 
fraction of disease-causing exonic mutations is a splicing abnormality, instead of a direct 
effect on coding material. When a premature termination codon (PTC) leads to exon 
skipping, it is referred to as nonsense-associated altered splicing (NAS). In NAS, exons 
that contain PTCs are excluded from the final, mature transcript, and the levels of 
alternatively spliced transcripts that have skipped the exon containing the PTC are 
increased. Reports of NAS are much less common than reports of NMD, reflecting the 
finding that the majority of nonsense mutations elicit NMD. (See Valentine 1998, Hentze 
& Kulozik 1999, Mendell & Dietz 2001, Cartegni et al. 2002, Maquat 2002.) Cartegni 
and others (2002) recently reviewed four possible mechanisms of nonsense-associated 
altered splicing. In the nuclear scanning model, a translation-like machinery scans the 
reading frame in the nucleus, and if it finds an interruption in the reading frame (a PTC), 
it somehow skips the exon containing the interruption. In the indirect NMD model, the 
NAS effect is actually a magnified artefact caused by conventional NMD degrading the 
full-length mRNA. The secondary structure disruption model is applicable to any 
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mutation in an area where local RNA secondary structure is required for exon inclusion. 
In such case, if the RNA secondary structure is disrupted (i.e. by a PTC), the exon 
inclusion is no longer favored and, as a result, the exon is skipped. In the exonic splicing 
enhancer (ESE) disruption model, the mutation disrupts the sequence motif required for 
an RNA-binding protein that enhances splicing. Thus far, no consensus has been reached 
concerning the mechanism behind nonsense-associated altered splicing thus far, but the 
phenomenon is being extensively studied. 

2.7  Collagen IX and XI animal models 

Animals with naturally occurring mutations and transgenic animals have been shown to 
be an excellent tool not only for investigating the consequences of mutations in collagen 
genes and identifying additional diseases caused by collagen gene defects, but also 
defining the basic functions of the large number of collagen types established so far (see 
Kivirikko 1993, Myllyharju & Kivirikko 2001).  

The large amount of data available concerning the biosynthesis and construction of 
collagenous molecules makes it possible to draw some conclusions on the effect of 
mutations in collagen genes. It is known, for example, that mutations which reduce the 
expression of an α chain or lead to the expression of an α chain which is not able to 
associate with the other chains (i.e. due to premature translation termination codons) lead 
to milder phenotypes than mutations which lead to the association of a defective α chain 
with normal α chains (i.e. due to obligate glycine substitutions). This is the result of a 
phenomenon called the dominant-negative effect. A defective α chain associated with 
normal chains prevents the triple helix formation and thus causes the accumulation and 
degradation of unfolded procollagen molecules. This phenomenon is called procollagen 
suicide. Alternatively, the defective chain may fold into the triple helix, and the triple-
helical molecules containing the defective chain may have kinks that cause problems in 
fibril formation. Accordingly, mutations causing a certain phenotype in patients should 
cause similar disease phenotype in transgenic mice with a corresponding mutation, and 
vice versa. (See Kivirikko 1993, Prockop & Kivirikko 1995, Myllyharju & Kivirikko 
2001.) 

As discussed in section 2.5, human chondrodysplasias are a very heterogeneous group 
of cartilage disorders, and the spectrum of phenotypes is at least partly due to the 
mutation types and their effect on the protein products. Transgenic mouse models of 
minor cartilage collagen gene defects or lack of gene products are few, including only the 
α1(IX) and α2(XI) chains (Nakata et al. 1993, Fässler et al. 1994, Hagg et al. 1997, Li et 
al. 2001). Also, there is a naturally occurring cho mutation in the mouse Col11a1 gene 
that causes a murine chondrodysplasia (Li et al. 1995a).  

Transgenic mice homozygous for a central in-frame deletion of the sequences 
encoding a part of the COL3 domain, the entire NC3 domain, and a part of the COL2 
domain of the collagen IX α1 chain develop a mild chondrodysplasia phenotype and 
early-onset osteoarthritis. The homozygous mice show early onset and progress of 
osteoarthritis associated with mild dwarfism, spine involvement, and ophthalmopathy, 
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whereas the mice heterozygous for the transgene show only osteoarthritic changes. 
(Nakata et al. 1993.) In long-term analysis, the transgenic mice show intervertebral disc 
degeneration in addition to progressive joint degeneration (Kimura et al. 1996). This is 
coherent with the findings of mutations in the genes for collagen IX causing 
intervertebral disc disease in humans (Annunen et al. 1999b, Paassilta et al. 2001, 
Solovieva et al. 2002). 

Interestingly, the absence of the α1(IX) chain in Col9a1 knock-out mice leads to a 
functional knock-out of the entire collagen IX molecule. In homozygous Col9a1-/- mice, 
the α1(IX) mRNA and polypeptide are absent, but even though the transcription of 
Col9a2 and Col9a3 is normal, the α2 and α3 chains of collagen IX are not present in the 
cartilage. It is suggested that this is due to either rapid degradation or suppressed 
translation of the α2(IX) and α3(IX) chains. However, synthesis of α1(IX) polypeptides 
is needed for the assembly of heterotrimeric collagen IX molecules. Somewhat 
surprisingly, the Col9a1-/- mice are born normal and the only cartilage disorder-associated 
symptom they have is early-onset osteoarthritis. Also, the cartilage fibrils of the knock-
out mice do not obviously differ from those of wild-type animals. These findings suggest 
that collagen IX is not essential for the formation of cartilage fibrils, but is required for 
long-term stability of the tissue. (Fässler et al. 1994, Hagg et al. 1997, Aszódi et al. 
2000.) This theory is supported by in vitro fibrillogenesis studies, which indicate that 
collagens II and XI can form uniform fibrils similar to normal cartilage collagen fibrils in 
the absence of collagen II (Blaschke et al. 2000, see section 2.3.1).   

A naturally occurring cho mutation in the mouse Col11a1 gene causes autosomal 
recessive chondrodysplasia characterized by abnormalities in the cartilage of the limbs, 
ribs, mandible, and trachea. The chondrodysplasia is severe enough to cause homozygous 
cho/cho mice to die at birth due to cartilage abnormalities, but heterozygous cho/+ mice 
do not have any obvious symptoms. The mutation in cho mice is a single nucleotide 
deletion in the coding region of the Col11a1 gene, causing a premature translation 
termination codon, which in homozygous animals results in the loss of α1(XI). The lack 
of a disease phenotype in heterozygous mice can be partly due to the fact that mild 
phenotypic effects in mice can be difficult to detect. (Seegmiller et al. 1971, Li et al. 
1995a, Li & Olsen 1997.) In humans, haploinsufficiency of collagen II caused by 
heterozygous premature translation termination codons has been shown to cause Stickler 
syndrome (Ahmad et al. 1991, Ahmad et al. 1993, Ritvaniemi et al. 1993, Ahmad et al. 
1995, Annunen et al. 1999a, Donoso et al. 2002), but haploinsufficiency of α1(XI) has 
not been detected. Also, transgenic mice homozygous for an inactivated Col2a1 gene 
have cartilage with very disorganized chondrocytes and that completely lacks 
extracellular fibrils, and there is no endochondrial bone or epiphyseal growth plate in the 
long bones. The Col2a1-/- mice die either just before or shortly after birth. The 
heterozygous mice, however, have a mild phenotype with only minimal changes in 
cartilaginous tissues. (Li et al. 1995b.) 

Targeted disruption of the mouse Col11a2 gene causes a milder phenotype than that of 
the cho/cho mice. Mice homozygous for the disrupted Col11a2 gene lack the normal, 
full-length α2(XI) chain, and they have a smaller body size, shorter snout, and deafness, 
whereas heterozygous mice do not differ from the wild-type mice. (Li et al. 2001.) The 
Col11a2-deficient homozygous mice can be compared both genotypically and 
phenotypically to OSMED patients who have homozygous or compound heterozygous 
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COL11A2 mutations that are predicted to cause complete absence of the α2(XI) chain 
(Melkoniemi et al. 2000, see section 2.5.2.4). Unlike with the Col9a1 knock-out mice 
where the absence of α1(IX) prevents the formation of trimeric collagen molecules 
(Hagg et al. 1997), the mice with a targeted disruption of Col11a2 can have some forms 
of trimeric collagen XI or collagen V/XI molecules. This leads to the conclusion that the 
α2(XI) chain is not essential for the assembly of triple-helical collagen V/XI molecules. 
(Li et al. 2001.) 

Taken together with the data on human mutations and chondrodysplasias, the animal 
models presented here give a large amount of information on the importance and function 
of the minor cartilage collagens.  



3 Aims of the present study 

Defining the structure of a gene of interest has been a prerequisite for detailed study of 
the function and importance of the product encoded by the gene in question. Moreover, 
when elucidating the genetic mechanisms behind heritable diseases and screening 
candidate genes for mutations, the genomic structures of the candidate genes are 
essential. When this project was initiated, the structure of most of the genes for the minor 
cartilage collagens was not known. Yet, it was known that defects in the minor cartilage 
collagens IX and XI, as in collagen II, the major cartilage collagen, are likely to cause 
various chondrodysplasias. Therefore, the following aims were set for this thesis: 

1. to characterize the structure of the human COL9A1, COL9A2 and COL11A2 genes,  

2. to characterize the structure of the mouse Col11a2 cDNA and gene, and 

3. to search for disease-causing mutations in the COL11A2 gene in a family with 
phenotypic features of non-ocular Stickler syndrome. 



4 Materials and methods 

4.1  Isolation of genomic clones (I-III) 

To obtain genomic clones for the human COL9A1 and COL9A2 genes, human genomic 
P1 and PAC libraries (Genome Systems, Inc., St Louis, USA) were screened by PCR with  
primers designed based on previously published cDNA and genomic sequences 
(Muragaki et al. 1990a, Perälä et al. 1993).  The screening identified two P1 clones 
containing sequences for the COL9A1 gene, P1-A (GS control #5173, clone address 
DMPC-HFF#1-1378-C8) and P1-B (GS control #13295, clone address DMPC-HFF#1-
837-D10), and one PAC clone containing the COL9A2 gene, PAC-1 (GS control #6111, 
clone address PAC-39-22G). The P1 clones were transferred from the Escherichia coli 
NS3529 strain to the NS3516 strain in order to get a higher yield from DNA isolation.  

The human COL11A2 gene was obtained from two overlapping cosmid clones, 505-1 
and 515, that were isolated while searching the human major histocompatibility region 
(Janatipour et al. 1992). The presence of the COL11A2 gene in these clones was 
confirmed by restriction mapping and Southern blot hybridization using probes based on 
published partial cDNA sequences of the COL11A2 gene (Kimura et al. 1989a, Zhidkova 
et al. 1993). Selected restriction fragments were subcloned into a plasmid vector 
(pBluescript, Stratagene) to facilitate the sequencing analysis of the gene. 

To obtain a cosmid clone containing mouse Col11a2 genomic sequences, a cosmid 
library (a gift from Dr. Reinhard Fässler) prepared from mouse genomic DNA using 
SuperCos cosmid vector (Stratagene) was screened. The probe used for the screening was 
prepared by PCR from mouse liver genomic DNA, using primers designed on the basis of 
published human COL11A2 cDNA sequences (Kimura et al. 1989a). The resulting two 
positive cosmid clones, F4 and A6, were further characterized by Southern hybridization 
analysis with PCR-probes based on human cDNA sequences (Kimura et al. 1989a, 
Zhidkova et al. 1993), and smaller fragments of the clones were subcloned into 
pBluescript SK+ plasmid vector (Stratagene).  
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4.2  Nucleotide sequencing (I-III) 

For nucleotide sequencing of the COL9A1 and COL9A2 genes, genomic DNA of the P1 
and PAC clones was isolated using the method of Pierce and Sternberg (1992). The 
nucleotide sequencing was carried out mainly by cycle sequencing (dsDNA Cycle 
Sequencing System, Life Technologies, Inc.; Cycle Sequencing Kit, Pharmacia Biotech; 
Dye Terminator Cycle Sequencing Ready Reaction Kit, Perkin Elmer). Some of the 
intronic sequences were defined from PCR products, and the sizes of the longest introns 
of the COL9A1 gene were determined by PCR (Expand Long Template PCR System, 
Boehringer Mannheim). Primers used for sequencing were designed based on the 
published human cDNA sequences of the COL9A1 and COL9A2 genes (Muragaki et al. 
1990a, Perälä et al. 1993).  

The alternative promoter region for the mouse Col9a1 gene was amplified from mouse 
liver genomic DNA, using primers designed from sequences corresponding to exons 6 
and 7 of the gene (Muragaki et al. 1990b), and the amplified product was sequenced as 
described for the COL9A1 and COL9A2 genes. 

The complete genomic structure of the human COL11A2 was defined by sequencing 
directly the cosmid clones or subclones. For nucleotide sequencing, cosmid or plasmid 
DNA was isolated either by the alkaline lysis and CsCl centrifugation method (Sambrook 
et al. 1989) or using a commercial plasmid DNA isolation kit (Qiagen Plasmid Maxi Kit, 
Qiagen) based on alkaline lysis and absorption to a column of coated silica gel. 
Nucleotide sequencing was performed using the traditional method of dideoxynucletoide 
sequencing (Sanger et al. 1977) with modified T7 DNA polymerase (Sequenase 2.0, U.S. 
Biochemical Corp.). Some of the sequencing was done by cycle sequencing the PCR 
products (dsDNA Cycle Sequencing System, Life Technologies, Inc.) using 33P-labeled 
forward primers. For the initial sequencing, primers were designed based on the 
previously published sequences of the COL11A2 gene (Kimura et al. 1989a, Zhidkova et 
al. 1993), and as the sequencing progressed, primers were designed based on the obtained 
nucleotide sequence. 

In order to define the cDNA sequence of the mouse Col11a2 gene, mRNA was 
isolated using the FastTrack mRNA Isolation Kit (Invitrogen) from 4-day-old mouse 
articular cartilage chondrocytes that were isolated using enzymatic digestion as described 
in Vandenberg et al. (1991). Mouse Col11a2 cDNA sequences were amplified with RT-
PCR (First-strand cDNA synthesis kit, Pharmacia), using primers designed from 
published partial mouse genomic DNA (Stubbs et al. 1993) and partial human cDNA 
sequences (Kimura et al. 1989a, Zhidkova et al. 1993). cDNA fragments were either 
directly sequenced on an ABI 373A automated sequencer employing cycle sequencing 
and fluorescent dideoxy terminators (PRISM Dideoxy Terminator Cycle Sequencing Kit, 
Applied Biosystems, Inc.), or ligated first into a plasmid vector (pCRII-TA Cloning 
Vector, Invitrogen) and cloned. Cloned inserts were then analyzed in one of three ways:  
by dideoxynucleotide sequencing using Sequenase 2.0 (U.S. Biochemical Cop.); by cycle 
sequencing as described for the human COL11A2 gene; or by automated sequencing as 
described above. Nucleotide sequencing of the mouse Col11a2 gene was performed as 
described above for the Col11a2 cDNA.  
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4.3  Analysis of an intragenic tetranucleotide repeat  
in the COL9A1 gene (I) 

An intragenic tetranucleotide repeat, TTTA, that was found in intron 12 during the 
analysis of COL9A1 genomic sequences was studied in 55 Caucasians. The repeat was 
amplified from genomic DNA by PCR using a [γ32P]ATP-labeled forward primer and an 
unlabeled reverse primer as described in original article I. The samples were then 
analyzed on 6% denaturing polyacrylamide gels. 

4.4  5’ RACE and 3’ RACE analysis (I, II) 

To determine the transcription start sites and the 3’ends of the human genes, 5’RACE and 
3’RACE (rapid amplification of cDNA ends) methods were used. The 5’RACE analysis 
of COL9A1 and COL9A2 was performed with the 3’/5’RACE Kit (Boehringer 
Mannheim) using human fetal cartilage total RNA as a template. The 3’end of the 
COL9A1 gene was defined by the 3’RACE method. Human fetal cartilage total RNA 
(Baldwin et al. 1989) was used as a template for a reverse transcription (RT) reaction 
with an oligo(dT) primer linked to a random sequence. The cDNA obtained was then 
amplified from the 3’end of the COL9A1 cDNA with three successive PCRs using nested 
forward primers. The random sequence linked to the oligo(dT) primer was used as a 
reverse primer in all of these PCR reactions. The resulting PCR product was then purified 
from agarose gel with the Qiaex Extraction Kit (Qiagen), cloned into the plasmid vector 
pT7 Blue (pT7 Blue T-vector Kit, Novagen), and sequenced using vector-specific 
primers. 

To define the 3’end of the COL11A2 gene, 3’RACE analysis was carried out as 
described above for the COL9A1 gene. 

4.5  Primer extension assay (III) 

The 5’end of the mouse Col11a2 gene was analyzed with primer extension assay, S1 
nuclease protection assay, and RT-PCR. For the primer extension assay, 5 pmols of three 
different primers 5’ to the obtained cDNA sequence, based on the genomic sequences of 
the Rxrβ-Col11a2 intergenic region (see original article III for the location of the 
primers), were labeled for one hour at 37 °C with 50 µCi of [γ32P]ATP using 15 units of 
T4 polynucleotide kinase (Gibco BRL) in a reaction volume of 10 µl. The labeled 
primers were mixed with 20 µg of mouse cartilage total RNA, isolated from 1 to 3 week 
old mouse xyphoid and/or rib cartilage with the Rapid Total RNA Isolation Kit (5 Prime-
3 Prime, Inc.). The samples containing the labeled primers and total RNA were denatured 
at 65 °C for 30 minutes, and then allowed to cool slowly to room temperature for 
hybridization, after which they were precipitated and resuspended in 8 µl of water. The 
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primer extension reaction was performed at 40 °C for one hour by adding 5 µl of the first-
strand reaction mix (First-strand cDNA synthesis kit, Pharmacia), then terminated by 
adding 105 µl of a solution containing 100 mg/µl salmon sperm DNA and 20 µg/ml 
Rnase A (Pharmacia), incubating at 37 °C for 15 minutes, and precipitating the samples 
with ethanol. The primer extension products were analyzed on a 6% DNA sequencing 
gel, using dideoxynucleotide sequencing reactions of known DNA templates as size 
markers. 

4.6  S1 nuclease protection assay (III) 

The S1 nuclease protection assay for the 5’end of the Col11a2 gene was performed using 
the procedure of Weaver and Weissman (1979) as described by Sambrook et al. (1989). 
For this assay, 40µg of mouse limb total RNA or 10 µg of mouse cartilage mRNA were 
used with PCR-derived probes from the Rxrβ-Col11a2 intergenic sequences, upstream 
from the translation initiation codon of the Col11a2 gene. The probes were prepared by 
two different methods. The probe used in the S1 nuclease assay of the original article III 
was amplified from cosmid clone F4 containing genomic mouse Col11a2 sequences, 
purified from agarose gel, and reamplified with 5 pmols of the same primers as in the 
first PCR, with the exception that one of the primers was labeled with [γ32P]ATP. After 
purifying the probe with an Elutip-D column (Schleicher and Schuell), 6 x 104 dpm of the 
probe was mixed with either 40 µg of mouse limb total RNA, or as controls, with 40 µg 
of torula yeast RNA (5 Prime-3 Prime, Inc.) or water.  

For further S1 nuclease assays it was decided to prepare RNA probes in order to define 
the 5’end of the Col11a2 gene more reliably. These probes were generated by amplifying 
the target sequences from mouse genomic DNA and cloning the products in the pGEM-
T® Easy vector (Promega). The identity and orientation of the inserts were confirmed by 
sequencing, after which the obtained probe clones were linearized with appropriate 
restriction enzymes and purified from agarose gel. RNA probes were generated with an in 
vitro transcription reaction (Riboprobe® in vitro Transcription System, Promega) using 
either T7 or Sp6 RNA polymerase and [α32P]CTP. After purifying the probes with 
phenol-chloroform extraction and ethanol precipitation, 3 x 106 cpm of the probe was 
mixed with either 10 µg of mouse cartilage mRNA, or with 10 µg of torula yeast RNA or 
water. 

The S1 nuclease assay samples containing the probe and mouse RNA, and the 
controls, which contained the probe and torula yeast RNA or water, were then 
precipitated, resuspended in 20 µl of S1 hybridization solution, denatured at 65 °C for 10 
minutes, and annealed at 30 °C for three hours to overnight. The digestions with 16 to 
2000 units of S1 nuclease were performed in a volume of 300 µl at either 30 °C for one 
hour or at 40 °C for 30 minutes, after which the samples were precipitated with 
isopropanol and analyzed on a 6% DNA sequencing gel.  



 43

4.7  RT-PCR (III) 

For the RT-PCR analysis, total RNA from 1 to 3 week old mouse xyphoid and/or rib 
cartilage was isolated with either the Rapid Total RNA Isolation Kit (5 Prime-3 Prime, 
Inc.) or RNAgents Total RNA Isolation System (Promega). cDNA was synthesized from 
1 µg of total RNA using either random or oligo(dT) primers and either the GeneAmp 
RNA PCR Kit (Perkin Elmer) or SuperScriptTM First-Strand Synthesis System for RT-
PCR (Gibco BRL). For the analysis of the 5’end of Col11a2 described in original article 
III, several sets of specific primers were used (Table I in III), the PCR conditions were as 
indicated in III, and the obtained RT-PCR products were confirmed to have the expected 
nucleotide sequence by either sequencing or restriction enzyme digestion. As for the 
additional RT-PCR assays performed (unpublished data), several sets of primers located 
in the 3’ end of the Rxrβ gene, the 5’ end of the Col11a2 gene, and in the intergenic 
region were used to amplify mouse cartilage cDNA with the Expand Long Template PCR 
System (Roche). The PCR conditions followed the kit protocol intended for difficult 
amplifications, and the thermocycling was performed as suggested, except that an 
annealing temperature of 62 °C was used. The resulting PCR products were purified from 
agarose gel and cloned into pGEM-T® Easy vector (Promega). The obtained clones were 
sequenced to verify the presence of expected sequences. 

4.8  Clinical data of the family screened for mutations  
in COL11A2 (IV) 

A small, three-generation North American family with non-ocular Stickler syndrome was 
studied (Fig. 1A in IV). The proband, a four-year-old boy, presented at birth with a Robin 
sequence consisting of micrognathia, midline cleft palate, and glossoptosis. The 
proband’s father did not have cleft palate or any other findings consistent with the Robin 
sequence, but he had similar facial features as the proband, including a flat malar area, 
flat nasal bridge, and short, upturned nose. The paternal grandmother of the proband 
lacked the facial features of the proband and his father, and she did not have cleft palate 
or other symptoms associated with the Robin sequence.  

The proband had bilateral mild to moderate hearing loss, sensorineural at 2000 and 
4000 Hz and conductive in the right ear at 250 and 500 Hz. The father of the proband had 
moderate to severe sensorineural hearing loss at the age of 33, described in more detail in 
the original article IV. The paternal grandmother had also sensorineural hearing loss, as 
had had the father of the paternal grandmother.  

The proband did not have any joint abnormalities, but the father had osteoarthrosis of 
the knees. The paternal grandmother had extensive osteoarthritic changes in the spine at 
the age of 73, and the father of the grandmother had undergone hip replacement in mid-
adulthood. The clinical findings of the family members are presented in Table 1. 
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Table 1. Clinical findings of the family members in the present study. 

Clinical finding Proband Father Paternal grandmother 
Sensorineural hearing loss + + + 
Flat malar area + + - 
Flat nasal bridge + + - 
Short upturned nose + + - 
Cleft palate + - - 
Joint problems - + - 

4.9  CSGE analysis (IV) 

To screen the human COL11A2 gene for mutations by the conformation-sensitive gel 
electrophoresis (CSGE) method (Ganguly et al. 1993, Körkkö et al.1998, Ganguly 2002), 
genomic DNA of the family members was isolated from EDTA-anti-coagulated blood. 
All 66 exons of the COL11A2 gene were amplified by PCR using AmpliTaq Gold DNA 
polymerase (Applied Biosystems) to obtain products of 182 to 464 bp. To generate 
heteroduplexes for CSGE analysis, the samples were denatured at 98°C for 3 min and at 
68°C for 30 min. The PCR products were checked on an agarose gel and analyzed on a 
CSGE gel to reveal heteroduplexes. Nucleotide sequencing of the PCR products was 
carried out with an ABI PRISM™ 377 or 3100 Sequencer (Applied Biosystems), using 
either the DYEnamic ET Terminator Cycle Sequencing Kit (Amersham Pharmacia) or the 
BigDye Terminator Cycle Sequencing Kit (Applied Biosystems). 

4.10  RT-PCR for mutation analysis (IV) 

For RT-PCR analysis, total RNA was isolated from cultured skin fibroblasts of the 
affected father using the RNeasy Total RNA Isolation Kit (Qiagen). Control total RNA 
was isolated from cultured human primary chondrocytes (Normal Human Articular 
Chondrocytes-knee, NHAC-kn, Clonetics) and from skin fibroblasts (data not shown) of 
a healthy individual using TRIZOL reagent (Invitrogen). The Superscript 
Preamplification system II (Invitrogen) and oligo(dT) primer were used for the synthesis 
of cDNA. Gene-specific primers were used for the PCR, performed with AmpliTaq Gold 
DNA polymerase (Applied Biosystems). The obtained PCR products were cloned into 
pGEM-T® Easy vector (Promega) and sequenced with an ABI PRISM™ 377 Sequencer 
(Applied Biosystems) as described in section 4.9. 



5  Results 

5.1  The structure of the COL9A1 and COL9A2 genes (I) 

The human COL9A1 gene was characterized from two overlapping clones, P1-A and P1-
B, and the human COL9A2 gene from one clone, PAC-1 (Fig. 1A in I). The genomic 
structure of both of these genes was defined by sequencing and, in the case of very large 
introns in the COL9A1 gene, by PCR. For the COL9A2 gene, the complete nucleotide 
sequence was defined. The COL9A1 gene was found to be altogether about 90 kb in 
length, whereas the COL9A2 gene was found to be 15 kb in length, which is only one-
sixth of the size of the COL9A1 gene (Fig. 1A in I). The difference in size is largely 
explained by the very large size of introns in the COL9A1 gene. Also, the COL9A1 gene 
has 7 additional exons compared to the COL9A2 gene, coding for the cartilage-specific 
longer N-terminal domain of the α1(IX) chain (Figure 1B and Table I in I). A comparison 
of the exons coding for different domains of the α1(IX) and α2(IX) chains is presented in 
Table 2. 

 

Table 2. Comparison of exons coding for specific domains in the COL9A1 and COL9A2 
genes.  

COL9A1 COL9A2  
Domain Exons Number of amino acid 

residues 
Exons Number of amino 

acid residues 
NC4 1-8 268 1-2 26 
COL3 8-16 137 2-10 137 
NC3 16-17 12 10-11 17 
COL2 17-35 339 11-29 339 
NC2 35-36 30 29-30 30 
COL1 36-38 115 30-32 115 
NC1 38 25 32 25 
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The exon sizes of both the COL9A1 and COL9A2 genes were found to be identical, 
except for the exons coding for the NC4 domain, which in the α1(IX) chain is 242 amino 
acids larger than in the α2(IX) chain (Fig. 1B and Table I in I). The NC4 domain is 
encoded by exons 1 to 8 in the COL9A1 gene, and exons 1 and 2 in the COL9A2 gene 
(Table 2). Another difference that was observed was that exon 16 of the COL9A1 gene 
was 33 bp, whereas the corresponding exon of the COL9A2 gene, exon 10, was 48 bp. 
This size difference explains the five amino acid longer NC3 domain of the α2(IX) chain, 
observed as a kink in the collagen IX molecule. Also, within the α2(IX) NC3 domain, 
there is an attachment site for a glygosaminoglycan (GAG) side chain, which is not 
present in the shorter NC3 domain of the α1(IX) chain. 

The transcription start sites of the COL9A1 and COL9A2 genes were determined by 5’ 
RACE assay (Table I in I). Analysis of the promoter sequences of the COL9A1 and 
COL9A2 genes revealed that neither gene has CCAAT or TATA boxes. The COL9A1 
promoter does not contain any consensus recognition sites for Sp1, but both human and 
mouse (Perälä et al. 1994) COL9A2 promoters contain two conserved Sp1 sites. Also, 
between these two Sp1 sites, there is a perfectly conserved 14 bp sequence in both human 
and mouse. A similar conserved sequence was found in the promoter of the human 
COL9A1 gene, and previously a comparable sequence has been found between two Sp1 
sites in the COL2A1 gene (Vikkula et al. 1992).  

The alternative transcript of the COL9A1 gene is initiated in intron 6. To compare the 
human sequences of this intron with other species, intron 6 of the mouse Col9a1 gene 
was sequenced (submitted to GenBank under accession number AF020297). Comparison 
of human, mouse and chicken (Nishimura et al. 1989) intron 6 sequences revealed that 
not only the sizes were similar (820 bp, 799 bp and 663 bp in human, mouse and chicken, 
respectively), but also the sequences from the 5’ end of the intron 6 to the start of 
translation of the alternative exon 1* were well conserved among these species. The 
transcription start site of the chicken cornea-specific transcript that uses the alternative 
exon 1* has previously been reported to be located 13 nt downstream from a TATA box 
and 41 nt downstream from a CCAAT box (Nishimura et al. 1989). Here, the human and 
mouse genes were observed to have a TATA box and a CCAAT box that correspond to the 
location of these elements in the chicken gene. Another conserved feature among the 
different species was the observed short sequences separating the alternative exon 1* 
from exon 7; the distance between these exons was found to be 62 bp in the human gene, 
58 bp in the mouse gene, 42 bp in the chicken gene (Nishimura et al. 1989), and 57 bp in 
the rat gene (Ting et al. 1993). 

During the analysis of COL9A1 genomic sequences, a tetranucleotide repeat, TTTA, 
was found in intron 12. For possible future use as a genetic marker, the frequencies of 
repeat alleles were determined from 55 unrelated Caucasians. Five different alleles of six 
to ten TTTA repeats were observed with allele frequencies of 0.01, 0.01, 0.05, 0.51, and 
0.42. 
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5.2  The structure of the COL11A2 gene (II) 

The human COL11A2 gene was characterized from two overlapping cosmid clones, 505-
1 and 515 (Janatipour et al. 1992). First, the clones were confirmed to contain the 
COL11A2 gene by restriction enzyme mapping, after which the genomic structure of the 
COL11A2 gene was defined by nucleotide sequencing. The human COL11A2 gene was 
shown to be over 28 000 nucleotides in length, containing altogether 66 exons. All the 
intronic sequences were defined, and introns 1 and 8 were found to be large, almost 3000 
bp in length. The sizes of all the exons and introns are presented in Fig. 2 in II. The 
nucleotide sequences obtained for the human COL11A2 gene were submitted to GenBank 
under accession number U32169.  

The nucleotide sequence of the COL11A2 5’end was defined from clone 505-1. Since 
the clone was found to extend beyond the 5’end of the COL11A2 gene, the presence of 
the retinoid X receptor β gene, RXRβ, was sought as the corresponding mouse gene was 
found to be located 5’ to the mouse Col11a2 gene (section 5.3). The RXRβ gene (see Yu 
et al. 1991, Fleischhauer et al. 1993, Leid et al. 1992, Almasan et al. 1993) was found to 
be located also 5’ to the human COL11A2 gene, in the same head-to-tail orientation as in 
the mouse genome. The distance between these two genes was found to be surprisingly 
short, 1362 bp from the putative polyadenylation signal of the RXRβ gene to the start of 
translation of the COL11A2 gene. Also, the RXRβ-COL11A2 intergenic sequences were 
found to share a large degree of identity between the human and mouse (Fig. 3 in II). 

The triple-helical domain was found to be encoded by 48 exons and part of two 
junction exons, beginning at exon 14 (junction) and ending at exon 63 (junction). Apart 
from the junction areas, all of the exons coding for the triple-helical domain started with a 
complete codon for glycine, which is typical for the fibrillar collagens (Vuorio & 
Crombrugghe 1990, Prockop & Kivirikko 1995). The region coding for the major triple-
helical domain of the α2(XI) chain had a large number of 54-bp exons, and most of the 
other exons were either 45 bp or 108 bp, maintaining a 54-bp motif. In contrast to the 
genes for the major fibrillar collagens, no exons of 162 bp or 99 bp were found. However, 
two exons of unusual size for fibrillar collagen genes were found, one 90-bp exon and 
one 36-bp exon (Fig. 2 in II). Comparison between the exons of the triple-helical domains 
of COL11A2 and COL2A1, the gene for α1(II), shows that the number and sizes of exons 
differ between the genes (Table 3, Fig. 4 in II). The exon sizes of the triple-helical region 
of the COL11A2 gene seem to be slightly less heterogeneous than those of the COL2A1 
gene. In addition to the presence of two unusual-sized exons, the COL11A2 triple-helical 
region differs from COL2A1 in the lack of 99-bp and 162-bp exons. However, the 
number of amino acids for the major triple-helical domain is the same in both the α1(II) 
and α2(XI) chains. (See Vuorio & Crombrugghe 1990, Prockop & Kivirikko 1995.) 



 48

Table 3. The distribution of different-sized exons in the region coding for the triple-
helical domain of the α2(XI) and α1(II) chains. 

Exon size COL11A2 COL2A1 
36 1 0 
45 7 5 
54 31 23 
90 1 0 
99 0 5 
108 8 8 
162 0 1 
Total number of exons in the triple 
helix coding region 
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When the codon usage of glycine, proline and alanine in the triple-helical region of the 
α2(XI) chain was compared to the α chains of other characterized fibrillar collagens 
(Table II in II), it was found to be most similar to the α1(V) chain. For glycine, the four 
bases were clearly more uniformly used as the third base in the α2(XI) chain than in the 
α chains of the major fibrillar collagens. The pattern of the third base usage of alanine 
was also different in the α2(XI) chain. Somewhat surprisingly, the major triple-helical 
domain of the α2(XI) chain did not show significant homology with the α1(II) chain at 
the amino acid level (Fig. 5 in II) or in the pattern of positively charged amino acids (Fig. 
6 in II), but was found in these aspects to be highly similar to the α1(XI) and α1(V) 
chains. The low amino acid sequence homology and the lack of a conserved distribution 
of charged amino acids in the major triple-helical domain between the α2(XI) and α1(II) 
chains, indicate that heterotrimeric molecules containing these α chains may be 
considerably heterogeneous in the distribution of amino acid side chains on the surface of 
the molecules. 

The 3’ end of the COL11A2 gene was defined with the 3’RACE method as described 
in section 4.4. This method, together with the sequencing of the 3’ end of the cosmid 
clone 515 insert, yielded sequences for the last exon (exon 66), with additional codons for 
47 amino acids and the translation termination codon, as well as the preceding intron 
(intron 65) and 283 bp of the 3’ untranslated region (UTR). The 3’UTR contained a 
potential polyadenylation signal sequence ATTTAA located 251 nt from the translation 
termination signal (Fig. 7 in II).  

The nucleotide sequences obtained for the C-propeptide coding area of the COL11A2 
gene revealed internal deletions when compared to the C-propeptide coding areas of the 
COL1A1, COL2A1, COL5A1, COL5A2, and COL11A1 genes. Comparison of the C-
propeptide amino acid sequences (Fig 8 in II) shows that this region of the α2(XI) chain 
is about 30 amino acids shorter than those of the other presented fibrillar collagen α 
chains. However, the cysteine residues were found to be conserved in all the genes 
mentioned above, and it seems that the difference in the C-propeptide length is not 
critical for the chain selection and association. 
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5.3  The structure of the mouse Col11a2 gene (III) 

To define the cDNA sequences of the mouse Col11a2 gene, mouse chondrocyte mRNA 
was first converted to cDNA. Sequencing of the amplified cDNA products provided the 
complete coding sequences of the mouse Col11a2 cDNA, except for the last 36 
nucleotides at the 3’ end and 63 nucleotides coding for exon 7, which has been reported 
to be alternatively spliced in both mouse and human. The lack of exon 7 coding 
sequences from the mouse chondrocyte cDNA gave further support for the previously 
observed complex alternative splicing occurring in the N-terminal domain coding region 
of the Col11a2 gene. (see Tsumaki & Kimura 1995, Zhidkova et al. 1995.) The 
nucleotide sequences obtained for the mouse Col11a2 cDNA were submitted to GenBank 
under accession number U16789.  

The partial genomic sequence of the mouse Col11a2 gene was obtained from two 
cosmid clones, F4 and A6, that were isolated from a mouse genomic library (a gift from 
Dr. Reinhard Fässler), covering the entire mouse Col11a2 gene. About 12 300 bp of the 5’ 
end of the F4 clone was sequenced, and the nucleotide sequences were submitted to 
GenBank under accession number U16790. Comparison of the cDNA data and the 
genomic sequences led to the identification of 8 exons flanked by RNA splicing 
consensus sequences, numbered 1 to 5 and 9 to 11. The exon sizes were identical and the 
intron sizes similar to the human COL11A2 gene (see section 5.2), with introns 1 and 8 
being the largest. Exons 6, 7, and 8 of the mouse gene and exon 7 of the human gene 
have previously been demonstaretd to undergo alternative splicing (Tsumaki & Kimura 
1995, Zhidkova et al. 1995), and sequences corresponding to these exons, including exon 
7 that was lacking from the chondrocyte cDNA, were found in the genomic sequence of 
the mouse  Col11a2.  

Analysis of the 5’ end of cosmid clone F4 revealed that the gene for the retinoic X 
receptor β, Rxrβ (see Yu et al. 1991, Hoopes et al. 1992, Leid et al. 1992, Mangelsdorf et 
al. 1992, Mangelsdorf & Evans 1995), is located 5’ to the Col11a2 gene in a head-to-tail 
orientation. Two putative polyadenylation signals were seen in the sequence of the 3’ end 
of the Rxrβ gene, an -AATAAA- located 491 nt from the translation termination signal, 
and a -CATAAA- located 843 nt from the translation termination signal. The possible 
polyadenylation signal located farther downstream from the translation termination codon 
corresponds to the putative polyadelyation signal found in the human gene. The distances 
between the first and the last potential polyadenylation signals of the Rxrβ gene and the 
start of translation of the Col11a2 gene were found to be 1628 nt and 1276 nt, 
respectively (Fig. 2 in III). The Rxrβ-Col11a2 intergenic sequences obtained in this work 
were compared to the corresponding human sequences in the original article I (see 
section 5.2). 

The most 5’ cDNA sequences of the mouse Col11a2 gene extended about 219 nt 
upstream from the start of translation (Fig. 2 in III). To define the true 5’ end of the gene, 
several RNA analysis methods, including primer extension assay, S1 nuclease protection 
assay and RT-PCR, were employed as described in sections 4.5, 4.6, and 4.7. The farthest 
5’ extending product from the primer extension analysis performed with mouse 
chondrocyte total RNA indicated that the cDNA would extend 632 nt upstream from the 
start of translation (nt 1578 in Fig. 2 in III). The S1 nuclease protection analysis described 
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in original article III suggested that the 5’ end of the gene was farther upstream, but the 
results were not consistent. To further define the start site of transcription, additional S1 
nuclease protection assays were performed (data not shown). These did not, however, 
support the suggestion of the 5’ end of Col11a2 being farther upstream than the primer 
extension analysis indicated. Completely protected fragments were obtained with probes 
extending 444 nt upstream from the start of translation (nt 1736 in Fig. 2 in III), and 
partly protected fragments of a more 5’ probe indicated two potential transcription start 
sites located 486 and 506 nt upstream from the start of translation (nt 1694 and 1674 in 
Fig. 2 in III). No apparent TATA-box or CCAAT-box sequences were found in the Rxrβ-
Col11a2 intergenic sequences. These results indicate that there may be more than one 
possible transcription initiation site for the Col11a2 gene. 

The 5’ end of the mouse Col11a2 gene was further analyzed with a series of RT-PCR 
assays. The cDNA generated from total RNA as described in section 4.7 was amplified 
with several sets of primers, of which the 3’ primer hybridized to exon 2 of the Col11a2 
gene, and the 5’ primer to varying locations in the Rxrβ-Col11a2 intergenic region, 
extending as far as 22 nt beyond the last potential polyadenylation signal of the Rxrβ 
gene (Figs. 2 and 3 in III). The RT-PCR products were reamplified with nested primers 
and products of the expected size were obtained with all of the primer sets (Fig. 4 in III). 
Sequencing of almost all of the PCR products and restriction enzyme digestion of some 
of the products confirmed that all of them had the expected nucleotide sequence. 
Moreover, sequencing demonstrated that the first exon of the Col11a2 gene was correctly 
spliced out of the RT-PCR products, proving that the products were not amplified from 
contaminating genomic DNA.  

In order to further elucidate the existence of overlapping RNA transcripts of the Rxrβ 
and Col11a2 genes, additional RT-PCR assays were performed. The longest transcript 
that was obtained by RT-PCR spanned the whole Rxrβ-Col11a2 intergenic region, 
extending from the coding region of the Rxrβ gene, as far as 145 nt upstream from the 
translation termination codon, to the junction area of exons 3 and 4 of the Col11a2 cDNA 
(unpublished data, Fig.1). The transcript was generated from mouse cartilage total RNA 
with an oligo(dT) primer. The PCR product was cloned in the pGEM-T® Easy vector 
(Promega) and sequenced. Sequencing confirmed that the transcript included the 
complete Rxrβ-Col11a2 intergenic region, extending to Col11a2 exon 3 with correct 
splicing of the first 2 introns of the Col11a2 gene. 
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Fig. 1. Schematic figure of the longest RT-PCR product overlapping the Rxrβ and Col11a2 
genes. The boxes represent the cDNAs of Rxrβ and Col11a2, and the first four introns are 
indicated by vertical bars in the Col11a2 cDNA.  

5.4  Identification of a COL11A2 mutation in non-ocular  
Stickler syndrome (IV) 

All 66 exons of the COL11A2 gene were analyzed by CSGE. Several heteroduplexes, but 
only one unique pattern, were found in the proband’s sample. The unique heteroduplex 
was found in the fragment containing exon 57, and it was also seen in the samples of the 
proband’s father and grandmother, but not in the sample of the mother (Fig. 1B in IV). 
The nucleotide change causing the unique pattern in CSGE was identified by sequencing 
to be a heterozygous C to T mutation in exon 57+13, changing a codon for arginine to a 
premature translation termination codon (R893X). This mutation was found in the 
proband, the father, and the grandmother. Because heterozygous premature termination 
codon mutations in COL11A2 do not usually associate with disease phenotypes 
(Melkoniemi et al. 2000), all the exons and their flanking intronic sequences of the 
proband were sequenced to search for a possible second mutation that together with the 
heterozygous stop codon, as a compound heterozygote, could explain the phenotype. In 
the course of sequencing, 27 sequence variations in the COL11A2 were defined altogether 
in the proband, including the mutation in exon 57 (Table III in IV). Only two other 
sequence changes were found in exonic sequences, and both of them were common 
polymorphic changes. The rest of the variations were found in intronic sequences, but 
none of them changed the splice consensus sequence or appeared otherwise important, 
and thus they were likely to be neutral.  

Since no other disease-associated mutations were found by sequencing, RT-PCR 
analysis of the region covering the area of exon 57 was performed. cDNA was reverse 
transcribed from RNA samples of the affected father and a control, and from the cDNA 
samples a region spanning from exon 53 to exon 59 was amplified (Fig. 2). A nested PCR 
covering the region from exon 55 to exon 59 yielded two fragments, approximately 330 



 52

bp and 280 bp, from the father’s sample. From the control sample the PCR yielded only 
one fragment, corresponding to the larger fragment (330 bp) of the father’s sample (Fig. 
2A in IV). Sequencing of the cloned RT-PCR products revealed that the larger PCR 
fragment contained all exonic sequences from exon 55 to exon 59, including exon 57, but 
the smaller fragment lacked sequences for exon 57 (Fig. 2B in IV). The lack of exonic 
sequences containing the mutation indicates that the mutation causes skipping of this 
exon and thus a heterozygous in-frame deletion of 54 bp, or 18 amino acids. 

Fig. 2. Schematic figure illustrating the RT-PCR performed to define the effect of the E57 
PTC mutation on mRNA splicing. Arrows indicate the position of the primers used in the first 
and second amplification. *  indicates the position of the mutation. 



6 Discussion 

6.1  Collagen IX 

Defining the complete genomic structure of the human COL9A1 gene and the complete 
nucleotide sequence of the human COL9A2 gene revealed that even though the genes 
code for polypeptides of the same collagen molecule, there is a considerable size 
difference between these genes; the COL9A1 gene is about 90 kb and the COL9A2 gene 
only about 15 kb. Despite the difference in size, which is largely due to the large introns 
of the COL9A1 gene, the genes are very similar and, except for the NC4 coding domain, 
the exon sizes are almost identical. The number of exons in these genes differs by 6 as the 
COL9A1 gene consists of 38 exons, and the COL9A2 gene consists of 32 exons. The 
additional exons in the COL9A1 gene code for the cartilage-specific longer NC4 domain 
of the α1(IX) chain. There is an alternative promoter in intron 6 of the COL9A1 gene and 
the transcripts starting from the alternative exon 1* are comparable to transcripts of the 
COL9A2 gene. Also, a small size difference in the NC3 coding domains of the COL9A1 
and COL9A2 genes causes a five amino acid difference in the α chains, explaining the 
kink that is observed in the collagen IX molecules by electron microscopy (von der Mark 
et al. 1982, Reese et al. 1982). 

Analysis of the promoter regions of the COL9A1 and COL9A2 genes indicated that 
neither gene has CCAAT or TATA boxes. However, comparison of the promoter 
sequences of the human COL9A1, COL9A2 and COL2A1 (Vikkula et al. 1992) genes and 
the mouse Col9a2 (Perälä et al. 1994) gene revealed that there is a very well conserved 
14-bp sequence in all of these promoters, located between two Sp1 consensus recognition 
sites in all of the promoter regions except in the COL9A1 promoter. The conservation of 
the sequence, and its identical location among different collagen genes and between 
human and mouse, implies that the sequence is important for initiation or regulation of 
transcription. 

There are two alternative forms of the α1(IX) chain generated by the use of two 
alternative promoters. When the upstream promoter is used, transcription starts at exon 1 
and generates a long form of the α1(IX) chain containing a large globular NC4 domain, 
which is predominantly present in cartilage. When the downstream promoter is used, 
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transcription starts at the alternative exon 1* and generates a shortened form of the 
α1(IX) chain lacking the large NC4 domain, which is predominantly present in the 
cornea (Nishimura et al. 1989). The long and short forms of the α1(IX) chain, however, 
show spatial and temporal variation in their expression. In this work, intron 6 of the 
COL9A1 gene containing the alternative exon 1* was analyzed. Comparison of the 
COL9A1 intron 6 sequences between the human, mouse, and chicken (Nishimura et al. 
1989) genes revealed that the size of this intron was similar among these species, and the 
sequences from the 5’ end of intron 6 to the start of translation of exon 1* were well 
conserved. Also, a putative alternative promoter was identified within the human and 
mouse genes, as CCAAT box and TATA box sequences corresponding to similar elements 
in the chicken gene (Nishimura et al. 1989) were found. Furthermore, conservation 
between species was also seen in the shortness of sequences separating exon 1* from 
exon 7, which were found to be only 42-62 bp when the human, mouse, chicken, and rat 
COL9A1 (Ting et al. 1993) genes were studied. The COL9A1 transcripts starting from 
exon 1* are not spliced to exon 7, but skip exon 7 and are spliced directly to exon 8. This 
can be explained by the observation that about 70 bp is the minimum size seen for any 
mammalian intron sequences (Wieringa et al. 1984), and exon 7 of the COL9A1 gene is 
too close to the 3’ end of exon 1* to be included in the transcript. 

Taken together, the characterization of the human COL9A1 and COL9A2 genes in the 
present study produces information that is essential not only for mutation screening in 
patients with a variety of chondrodysplasias, but also for further characterization of the 
function of collagen IX molecules.  

6.2  Collagen XI 

Defining the complete structure of the gene for the α2 chain of collagen XI demonstrated 
that the COL11A2 gene differs markedly from the genes for the major fibrillar collagens 
in the number of exons, the exon sizes, and the codon usage. Also, the amino acid 
sequences and the patterns of charged amino acids in the major triple helix of the α2(XI) 
chain were found to be similar to those of the α1(XI) and α1(V) chains, but different 
from those of the α1(II) chain. The sequence coding for the triple-helical region of the 
α2(XI) chain consists of 48 exons and parts of two junction exons, whereas the same 
region of the genes for the major fibrillar collagens consists of only 42 exons and the 
junction exons. Most of the exons of the triple helix coding region are 45, 54, or 108 bp 
in the COL11A2 gene, and there are no exons of 99 or 162 bp as in the genes for the 
major fibrillar collagens. Also, there are two exons of unusual size, one 90-bp and one 
36-bp, in the COL11A2 gene. Altogether, when compared to the COL2A1 gene, which is 
one of the major fibrillar collagen genes as well as one of the genes encoding a collagen 
XI α chain, the pattern of exon sizes is clearly different. However, the sizes and 
organization of exons in the triple helix coding region are exactly the same in the gene 
coding for the α1 chain of collagen V, COL5A1 (Takahara et al.1995), as in COL11A2. 
(For a review of the genes for the major fibrillar collagens, see Vuorio & Crombrugghe 
1990, Prockop & Kivirikko 1995.)  
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Altogether, the structure of the COL11A2 gene indicates that it did not evolve together 
with the genes for the major fibrillar collagens. This finding, together with a report of the 
structure of the COL5A1 gene (Takahara et al. 1995), were the first to suggest that all the 
genes for fibrillar collagens did not evolve together. Subsequently, phylogenetic analyses 
have shown that the fibrillar collagen genes can be separated into two monophyletic 
groups, one containing the COL1A1, COL1A2, COL2A1, COL3A1, and COL5A2 genes, 
and the other the COL5A1, possibly COL5A3, COL11A1 and COL11A2 genes. The genes 
included in the former group have each been shown to be linked to one of the Hox gene 
clusters (Bailey et al. 1997), whereas the genes included in the latter group have not. 
Recently, the existence of a third distinct phylogenetic clade of fibrillar collagens, 
consisting of the recently established collagens XXIV and XXVII, has been reported 
(Boot-Handford et al. 2003). 

Comparison of the exon sizes in the N-terminal region of the human and mouse 
COL11A2 gene established that the first 11 exons are identical in size, and the sizes of the 
first 10 introns are similar in both species. Furthermore, a conserved arrangement of the 
gene encoding the retinoic X receptor β, RXRβ, 5’ to the COL11A2 gene in a head-to-tail 
orientation, was observed in both human and mouse. The RXRβ gene is located very 
close to the 5’ end of the COL11A2 gene, the distance between the putative 
polyadenylation signal of RXRβ and the translation start of COL11A2 being only 1362 
and 1276 nt in human and mouse, respectively. The RXRβ-COL11A2 intergenic 
sequences are also markedly homologous between human and mouse. These observations 
indicate that the association of these two genes has been maintained throughout the 
evolution of the mouse and human genomes. Moreover, the gene for the retinoic X 
receptor α, RXRα, has been mapped to the same locus as the COL5A1 gene in human, 
9q34.3 (Almasan et al. 1994). The similar location of two closely related collagen genes 
in very close proximity to two related retinoid receptor genes inevitably leads to some 
assumptions concerning the importance of this arrangement. Interspecies homology in 
both the arrangement and nucleotide sequence of the RXRβ and COL11A2 genes gives 
further support to the intriguing possibility that there might be a reason behind this 
evolutionary conservation. 

Interestingly, in addition to the very close proximity of the Rxrβ and Col11a2 genes, 
overlapping transcripts between these genes were obtained from mouse cartilage RNA. 
The transcripts generated by RT-PCR extend from the translated region of Rxrβ up to the 
junction of the third and fourth exons of Col11a2. Since introns 1 and 2 of the Col11a2 
gene are correctly spliced out of these RT-PCR products, they cannot be explained by the 
amplification of contaminating genomic DNA. The nature of these RT-PCR products 
remains to be solved, but it is speculated that they may be generated from unusually long 
mRNA transcripts of the Rxrβ gene that have not been terminated at the appropriate 
location. If this were the case, the “over reading” of the Rxrβ gene might cause inhibition 
of Col11a2 transcription, and there would thus be some kind of co-regulation of the 
expression of these genes. However, putative MAZ sequences (Ashfield et al. 1994) were 
found at the 3’ end of the Rxrβ gene, three in the mouse sequence and four in the human 
sequence (Fig. 3 in I). These sequences should prevent continuous transcription of the 
upstream gene in the case of two such closely located genes as Rxrβ and Col11a2, and the 
presence of such sequences contradicts the theory of the “over reading” of the Rxrβ gene. 
On the other hand, the possibility of the overlapping RT-PCR products being generated 
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from Col11a2 transcripts with an extremely long promoter is ruled out by the large 
amount of assays performed to analyze the 5’ end of the Col11a2 gene. None of the 
primer extension or S1 nuclease protection assays gave any indication that there could be 
a transcription initiation site so far upstream from the translation start site that it could 
explain these RT-PCR products. On the whole, it is not possible to conclude the nature of 
the Rxrβ-Col11a2 overlapping transcripts without additional information generated by 
other methods. 

As the close proximity of the Rxrβ and Col11a2 genes and the possible “over reading” 
of the Rxrβ gene indicate, it is feasible that expression of the α2(XI) chain may be 
indirectly influenced by retinoids. This hypothesis is supported by the fact that both the 
excessive administration of vitamin A 35 and the use of isotretinoin, a vitamin A analog, 
for the treatment of acne (Benke 1984, Lammer et al. 1985) in pregnant women cause 
multiple congenital anomalies that are similar to those caused by mutations in the 
COL11A2 gene, such as ear anomalies together with hearing defects, cleft palate and 
micrognathia. This hypothesis, however, needs further studies before any conclusions can 
be made. 

6.3  A novel COL11A2 mutation in non-ocular Stickler syndrome 

As discussed in section 2.5.2, mutations in the COL11A2 gene cause a spectrum of 
phenotypes affecting cartilaginous tissues and ranging from non-syndromic hearing loss 
to dominant and recessive chondrodysplasias, such as otospondylomegaepiphyseal 
dysplasia (OSMED) and non-ocular Stickler syndrome (Vikkula et al. 1995, Sirko-
Osadsa et al. 1998, Pihlajamaa et al. 1998, McGuirt et al. 1999, Melkoniemi et al. 2000). 
Recently, the COL11A2 gene has been associated with ossification of the posterior 
longitudinal ligament of the spine (OPLL) (Maeda et al. 2001a, Maeda et al. 2001b), and 
degenerative lumbar spinal stenosis (LSS) (Noponen-Hietala et al. in press). An 
important characteristic among the diseases caused by mutations in the COL11A2 gene is 
the lack of eye findings, which is due to the fact that the α2(XI) chain is not expressed in 
the eye. The phenotype observed in the family analyzed in the present study (see Table 
1), sensorineural hearing loss with mild chondrodysplasia, is consistent with non-ocular 
Stickler syndrome. A comparison of the clinical findings in this and two previously 
published studies on non-ocular Stickler syndrome is presented in Table II in the original 
article IV. Since COL11A2 mutations are known to be associated with non-ocular Stickler 
syndrome (Vikkula et al. 1995, Pihlajamaa et al. 1998, Sirko-Osadsa et al. 1998), it was 
decided to screen the family for mutations in this gene. 

The screening of a small, three-generation family with non-ocular Stickler syndrome 
resulted in the characterization of a heterozygous C to T change in exon 57+13 of the 
COL11A2 gene, changing a codon for arginine to a premature stop codon (PTC). Exon 57 
of the COL11A2 gene codes for the C-terminal part of the major triple helix of the α2(XI) 
chain, and if the nonsense mutation found in exon 57 were to result in a truncated α 
chain, it would most likely lead to haploinsufficiency; the truncated α chains would not 
be able to associate into triple-helical molecules as they would lack their C-terminal 
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propeptides. The phenotype observed in the analyzed family could not be explained by a 
mutation causing haploinsufficiency, since similar heterozygous mutations have been 
seen in a number of individuals without any obvious disease phenotype (Melkoniemi et 
al. 2000). Therefore, additional analysis of the affected individuals was performed. 
Sequencing all of the COL11A2 exons in the proband identified altogether 27 sequence 
variations. In addition to the previously defined exon 57 mutation, none of the variations 
that were identified as unique were in exons or in splicing consensus sequences, and it 
was presumed that they are not associated with the disease. However, it is known that 
mutations in the intervening sequences may affect splicing (Faustino & Cooper 2003). As 
there was no possibility of substantiating the significance of the sequence variations 
found in the intervening sequences, the effect of the nonsense mutation in exon 57 was 
studied on the RNA level. It was discovered that the PTC-harboring exon 57 was skipped 
in the mutated allele.  

It has been reported that the effects of premature termination codon mutations may 
show tissue specificity, as two heterozygous PTC mutations in the gene for collagen X 
with Schmid metaphyseal chondrodysplasia patients result in complete NMD in cartilage, 
while the mutant allele is not subjected to NMD in non-cartilage derived cells of the same 
patients (Bateman et al. 2003). The RT-PCR assay in this study was performed with 
fibroblast RNA of the affected father, and with chondrocyte RNA of the control sample 
(Fig. 2 in IV). In order to rule out the possibility of false results caused by tissue 
specificity, the control RT-PCR was later performed with normal fibroblast RNA, 
yielding the same results as with chondrocyte RNA (data not shown).  

There is extensive literature concerning the different mechanisms by which nonsense 
mutations exert their effect on the gene product. The majority of the PTC mutations are 
thought to lead to either nonsense-mediated mRNA decay (NMD), where the mutant 
transcript is subjected to degradation and which results in the reduced expression of the 
mutant allele, or to the generation of a truncated polypeptide chain. When a PTC 
mutation causes exon skipping, as in the case of the mutation characterized in this study, 
the mechanism is called nonsense-associated altered splicing (NAS). As discussed in 
section 2.6, various models have been proposed to explain its mechanisms. (For 
information on NMD and NAS, see Valentine 1998, Frischmeyer & Dietz 1999, Hentze 
& Kulozik 1999, Maquat & Carmichael 2001, Mendell & Dietz 2001, Cartegni et al. 
2002, Faustino & Cooper 2003.)  

One of the models to explain nonsense-associated altered splicing suggests that the 
premature stop codon has a structural effect on exon definition. This means that the 
mutation would alter the functioning of an exonic splicing enhancer (ESE) element or a 
cis-determinant of exon definition (Valentine 1998). Several exonic and intronic cis-
elements distinct from the classical splicing signals are known to be important for correct 
splicing. They can act by stimulating (ESEs) or repressing (exonic splicing silencers, 
ESSs) splicing, and they are thought to be especially important in the regulation of 
alternative splicing. It is of interest that ESEs are thought to be very prevalent, being 
present in most, if not all exons, including the constitutively spliced ones. (Cartegni et al. 
2002.) These regulatory sequences are usually purine-rich or A/C –rich, but they are not, 
however, easy to identify from sequence data, since they do not have recognizable 
consensus sequences (Valentine 1998). Introducing a T into an artificial polypurine 
sequence mimicking the ESE of the dystrophin gene has been shown to cause reduced 
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enhancer activity (Shiga et al. 1997). The suppression of enhancer activity is even more 
pronounced when the T is introduced in such a way that it creates a nonsense codon. The 
exon 57 mutation found in the present study involves introducing a T into the sequence, 
causing a premature translation termination codon. Considering the studies presented 
here, it is possible that the skipping of the COL11A2 exon 57 observed in the mutant 
allele of the affected individual is caused by an effect on a splicing enhancer element.  

There is a slight difference in the abundance of the RT-PCR products obtained from 
the affected father’s sample, as the larger, normal allele seems to be more abundant than 
the smaller, mutant allele (Fig. 2A in IV). This leads to the suggestion that some of the 
PTC-containing transcripts undergo nonsense-mediated mRNA decay, meaning that the 
mutation may affect transcription through both NAS and NMD pathways. This 
hypothesis could possibly explain the phenotypical variation observed in the affected 
family members, since the dominance of the NAS pathway over the NMD pathway 
would likely result in a more severe phenotype. Furthermore, we can not exclude the 
possibility that mutant transcripts undergoing NMD may not be completely eliminated, 
but some may instead be translated into truncated α chains. However, the results 
presented in this study do not allow definitive conclusions to be made on the pathway by 
which the PTC mutation causes its effects. 



7 Conclusions 

In the course of this study, a large amount of information concerning the minor cartilage 
collagens IX and XI was produced. All of the specific aims that were set for this thesis 
were met.  

 

1. The structures of the human COL9A1, COL9A2, and COL11A2 genes were defined.  

2. The mouse Col11a2 cDNA and partial genomic structure were defined. 

 
Defining the COL9A1 and COL9A2 genomic sequences revealed that even though the 
genes are considerably different in size, their coding regions are very similar, differing 
only in the NC4 and NC3 domain coding regions. Also of interest is the finding that 
intron 6 sequences of the COL9A1 gene containing the alternative exon 1* are well 
conserved among human, mouse, and chicken. 

The COL11A2 gene structure was found to differ clearly from those of the major 
fibrillar collagens, and it was suggested that it did not evolve together with the major 
fibrillar collagen genes. The current view indeed suggests that the fibrillar collagens have 
evolved in two, or even three, monophyletic groups, one of them containing the 
COL11A2 and other minor fibrillar collagen genes. 

The RXRβ gene was found to be located very close to the 5’end of the COL11A2 gene, 
in a head-to-tail arrangement, in both human and mouse. The intergenic sequences were 
also found to be conserved between these species. The analysis of the 5’end of the mouse 
Col11a2 gene suggested that there may be more than one potential transcription start site. 
Also, some transcripts were found to extend from the Rxrβ coding region up to the 
Col11a2 coding region. The results of this study, however, do not allow definitive 
conclusions to be made concerning the nature of these transcripts. 

 

3. A family with non-ocular Stickler syndrome was screened for mutations in the 
candidate gene COL11A2. 
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Analysis of the COL11A2 gene identified a heterozygous premature translation 
termination codon mutation in exon 57+13 in all three affected family members. No other 
disease-associated mutations were found, and RNA analysis revealed skipping of the 
PTC-harboring exon in the mutant allele. It was speculated that a phenomenon called 
nonsense-associated altered splicing (NAS) could cause the exon skipping, possibly due 
to an effect on a splicing enhancer element.  
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