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Abstract

This study was initiated to elucidate the complete genomic structures of type XV  collagen in man
and mouse and the functional properties of their promoters, as well as to  obtain knowledge of the
biological role of type XV collagen during development and  maturity using immunofluorescence and
transgenic techniques.

The cloning and characterization of genomic clones revealed that the human  COL15A1 gene is
145-kb in size and consists of 42 exons, and the  mouse Col15a1 gene is 110-kb with 40 exons. The
genomic organization  of the two genes was found to be highly conserved, except for two regions of
divergence.  The nuclease S1 protection analysis revealed multiple transcription initiation sites in
both genes, which is in accordance with the overall genomic structures of their  5'-flanking sequences.
Transient cell transfection experiments with varying lengths of  5'-deletion constructs identified the
fragments necessary for basic promoter activity in  both genes and those implicated in the positive
and negative regulation of the mouse  Col15a1 gene. Furthermore, the involvement of transcription
factor  Sp1 in the gene regulation of the human COL15A1 gene was demonstrated. A mouse specific
polyclonal antibody against type XV collagen was generated and utilized in the  localization of type
XV collagen protein in developing and mature mouse tissues. Type XV  collagen was deposited early
in the development and was particularly prominent in  capillaries. Spatio-temporal differences in the
expression of type XV collagen in various  capillary types was demonstrated. Early expression was
also detected in the skeletal  muscle and peripheral nerves, while expression in the heart, lung, and
kidney appeared to  be developmentally regulated. Transgenic mice lines expressing truncated type
XV collagen  driven by either short or long endogenous type XV collagen promoters were generated.
The  two promoters conferred different tissue-specificities and expression levels, the longer  one
resulting in more endogenous-like expression. Despite some expression at both mRNA  and protein
levels, the truncated type XV collagen did not cause any obvious phenotypic  or histological changes
in any of the lines driven by the shorter promoter fragment. In  heterozygote matings of one of the
lines driven by the longer promoter fragment, however,  a portion of the transgene positive mice
appeared to be lost prenatally. Furthermore,  pregnancy terminations in this line indicated a high
number of abortions beginning at  about 11 days of development. Further studies are needed before
detailed conclusions on  the consequences of the generated mutation can be drawn.

The elucidation of the genomic structure of the human  COL15A1 gene provides the necessary
database for screening mutations  in patient samples for candidate diseases caused by this collagen.
The genomic clones and  the mouse-specific antibody against type XV collagen are valuable tools
also in future  projects. The knowledge of the developmental dynamics of type XV collagen is of great
value, as it helps to understand the physiological consequences that the as yet  unidentified mutations
in type XV collagen may cause in humans. 

Keywords: basement membrane, transgenic mice, antibodies, promoter analysis, genomic
cloning
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α1(XV) type XV collagen α1 chain, and other collagen polypeptide chains 
accordingly 

BM  basement membrane 
bp  basepair(s) 
C-  carboxy- 
cDNA  complementary DNA 
COL  collagenous domain 
COL15A1 human type XV collagen gene, and other human collagen genes 

accordingly 
Col15a1 mouse type XV collagen gene, and other mouse (or chicken) collagen 

genes accordingly 
DHFR  dihydrofolate reductase 
ECM  extracellular matrix 
kb  kilobase(s) 
kDa  kilodalton 
N-  amino- 
NC-  noncollagenous domain 
PAGE  polyacrylamide gel elctrophoresis 
PBS  phosphate-buffered saline 
PCR  polymerase chain reaction 
RT-PCR  reverse transcription polymerase chain reaction 
SDS  sodium dodecyl sulphate 
X (in Gly-X-Y) any amino acid 
Y (in Gly-X-Y) any amino acid 
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1 Introduction 

Tissues are not solely comprised of cells. A substantial part of their volume is 
extracellular space, which is filled by a network of macromolecules constituting the 
extracellular matrix (ECM). The ECM not only has an important structural role in 
providing integrity to tissues and organs, but also affects the attachment, proliferation, 
migration, differentiation, and metabolism of the surrounding cells. Furthermore, ECM-
cell interactions have important implications in development and morphogenesis. 
Collagens are the major constituents of the ECMs, which also contain elastin, 
proteoglycans, and glycoproteins such as laminins and fibronectin. 

The collagens are by definition trimeric, structurally related proteins of ECM that 
contain at least one domain in the characteristic triple-helical conformation. To date, 23 
collagen types with altogether 38 distinct polypeptide chains have been formally defined 
as collagens. While the first collagen types were initially isolated at protein level based on 
the protease resistant nature of the native collagen triple helix, many of the new collagen 
types were discovered through cDNA and genomic cloning, by screening libraries with 
probes encoding for known collagens, or more recently through the genome sequencing 
projects. Although a wealth of information has been obtained in the past few years 
concerning the biochemical and genetic properties of these new collagens, there are still 
many unanswered questions regarding the biosynthesis, gene regulation, protein structure, 
supramolecular assembly, molecular interactions, and function of many of the new 
collagen types. Since the advent of techniques enabling the genetic manipulation of the 
mouse, the understanding of the function of collagens and the consequences of the 
mutations in their genes has been greatly enhanced. The lessons from the recent advances 
in collagen research not only strengthen the view of the importance of collagens in 
maintaining the structural integrity of tissues and organs, but also point to their role in 
other biological functions, such as mediating the cellular processes of migration, 
proliferation, and differentiation.  

When this work was initiated, studies on type XV collagen were at an early stage, 
since the primary structure of the human type XV collagen polypeptide had just been 
characterized. This work describes the characterization of the entire genomic structures of 
type XV collagen genes in man and mouse and a functional analysis of their promoters, 
the generation of a mouse-specific polyclonal antibody for type XV collagen and its 
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usage in the localization of type XV collagen in developing and mature mouse tissues, 
and the generation and analysis of transgenic mice expressing truncated type XV 
collagen. 



2 Review of the literature 

The word “collagen” originates from the mid 19th century and it means a constituent of 
the connective tissue that produces glue when boiled. Although the early histologists 
knew about the presence of fibers in connective tissues in the 19th century, it was not until 
the 1950s that the building unit of the collagen fiber, a collagen molecule, was identified 
(for review, see van der Rest & Garrone, 1991). Thereafter, it was realized that a similar 
collagenous sequence was shared by a number of ECM proteins, and the existence of a 
protein family became evident. This chapter provides a brief overview of vertebrate 
collagen types, their genes and tissue locations, with special emphasis on the latest 
developments of the family of type XV and XVIII collagens. The role of collagens in the 
development and etiology of various diseases will be discussed, as well as the 
contribution of the use of transgenic technology in collagen research. A short discussion 
of basement membranes (BM) is included in view of its relevance to the results obtained 
in this research. 

For a protein to be classified as collagen it should have at least one domain in the 
characteristic triple helical conformation and it should form supramolecular aggregates in 
the ECM. All collagens contain two distinct types of domains, the triple helical, 
collagenous (COL) domains and the globular, noncollagenous (NC) domains. The size, 
number and the distribution of the two domain types vary between individual collagen 
types. The characteristic triple-helical conformation is achieved as three identical 
(homotrimer) or dissimilar (heterotrimer) polypeptide chains, called α-chains, with 
repeated Gly-X-Y sequences wind around each other. The presence of glycine as every 
third amino acid is essential, since a larger amino acid would not fit into the center of the 
helix. The X and Y positions are frequently occupied by proline and hydroxyproline, 
respectively. In addition, some lysine residues are modified by hydroxylation and 
glycosylation. Collagen biosynthesis is a complex process involving a number of unique 
post-translational modifications and eight specific post-translational enzymes. (For 
reviews, see Burgeson & Nimni, 1992; Hulmes, 1992; Kivirikko, 1993; Prockop & 
Kivirikko, 1995; Myllyharju & Kivirikko, 2001) 

The collagen family is composed of 23 collagen types and 38 genetically distinct α-
chains, four of which are currently under characterization (for reviews, see Vuorio & de 
Crombrugghe, 1990; van der Rest & Garrone, 1991; Burgeson & Nimni, 1992; Hulmes, 
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1992; Kielty et al., 1993; Kivirikko, 1993; Mayne & Brewton, 1993; van der Rest & 
Bruckner, 1993; Pihlajaniemi & Rehn, 1995; Prockop & Kivirikko, 1995; Myllyharju & 
Kivirikko, 2001). The various collagen types, their constituent chains, chain 
compositions, and occurrence in tissues are summarized in Table 1. A brief discussion is 
provided below to provide a necessary basis for further discussions on the gene structures 
and the role of collagens in development and various human diseases. Collagens can be 
divided into two major groups based on similarities in the supramolecular assemblies, 
primary structures, and other characteristics - the fibril-forming collagens and the non-
fibril forming collagens. The latter group can be further divided into several subgroups. 

 

Table 1. Collagen types, their constituent chains, chain compositions, and tissue 
distributions. 

Type Constituent Chain composition Occurrence 
I α1(I) [α1(I)]2α2(I) common 
 α2(I) [α1(I)]3 rare 

Most connective tissues; abundant in dermis, bone, 
tendon, ligament, cornea 

II α1(II) [α1(II)]3 Cartilage, vitreous body 

III α1(III) [α1(III)]3 Tissues rich in collagen I, especially skin, blood 
vessels, and inner organs; not in bone or cartilage 

IV α1(IV) [α1(IV)]2α2(IV) All basement membranes 

 α2(IV) [α3(IV)]3  

 α3(IV) [α3(IV)]2α4(IV)  

 α4(IV) α3(IV)α4(IV)α5(IV)  

 α5(IV) α1(IV)?α6(IV)?  

 α6(IV) α3(IV)?α6(IV)?  

V α1(V) [α1(V)]2α2(V) 
 α2(V) α1(V)α2(V)α3(V) 

Tissues containing collagen I; quantitatively minor 
component 

 α3(V) [α1(V)]3  

 α4(V) α1(V)?α4(V)?  

VI α1(VI) α1(VI)α2(VI)α3(VI) Most connective tissues, including cartilage  

 α2(VI)   

 α3(VI)   

VII α1(VII) [α1(VII)]3 Anchoring fibrils (skin, cornea, cervix, oral and 
oesophageal mucosa) 

VIII α1(VIII) [α1(VIII)]2α2(VIII) 
 α2(VIII) [α1(VIII)]3, [α2(VIII)]3 

Many tissues, e.g. Descemet’s membrane of eye 
(Greenhill et al., 2000) 

IX α1(IX) α1(IX)α2(IX)α3(IX) 
 α2(IX)  

Tissues containing type II collagen; quantitatively 
minor component 

 α3(IX)   

X α1(X) [α1(X)]3 Hypertrophic cartilage 

XI α1(XI) α1(XI)α2(XI)α3(XI) 
 α2(XI) other forms 

Tissues containing collagen II; quantitatively minor 
component 

 α3(XI)§   

 
 

Table 1. Continued. 
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Type Constituent Chain composition Occurrence 
XII α1(XII) [α1(XII)]3 Tissues containing collagen I; quantitatively minor 

component 
XIII α1(XIII) [α1(XIII)]3 Most tissues in low quantities 

XIV α1(XIV) [α1(XIV)]3 Tissues containing collagen I; quantitatively minor 
component 

XV α1(XV) ND Many tissues in the BM zone 

XVI α1(XVI) [α1(XVI)]3 Many tissues 

XVII α1(XVII) [α1(XVII)]3 Skin hemidesmosomes 

XVIII α1(XVIII) ND Many tissues in the BM zone 

XIX α1(XIX) ND Many tissues in the BM zone 

* Fibril-forming collagen-
like 

  

* FACIT-like, XXI 
(Fitzgerald & Bateman, 
2001 ) 

 mRNAs in many tissues, incl. heart, stomach, 
kidney, skeletal muscle, placenta 

* FACIT-like   
* Collagen XIII-like   

If not indicated, collected from references appearing in the text. 

§ The α3(XI) is a post-translational variant of α1(II). 
ND, not determined 
* Complete cDNA sequences characterized 

 
Left outside the collagen superfamily are 15 proteins that contain triple-helical 

collagenous domains, but lack one or more of the criteria for classification as collagens 
(for example, are not structural components of ECMs) (for reviews, see Myllyharju & 
Kivirikko, 2001).  

2.1 Fibril-forming collagens 

As the name implies, the fibril-forming collagens, types I-III, V, and XI, aggregate into 
characteristic, highly-ordered, quarter-staggered fibrils in the ECM (van der Rest & 
Garrone, 1991; Burgeson & Nimni, 1992; Hulmes, 1992; Kielty et al., 1993; Fichard et 
al., 1994; Prockop & Kivirikko, 1995). They share a strong structural similarity in that 
the major part of each molecule is formed by an uninterrupted triple-helical domain. In 
addition, they are all synthesized as precursors that are proteolytically trimmed of their 
non-collagenous ends to yield mature molecules. The important function of fibrillar 
collagens in providing structural integrity to tissues and organs is illustrated by the 
consequences of their mutations in a number of human diseases and in transgenic animal 
models (see Kuivaniemi et al., 1991; Kivirikko, 1993; Prockop & Kivirikko, 1995; 
Aszodi et al., 1998; and Myllyharju & Kivirikko, 2001 for reviews and discussion later). 
In addition, collagens V and XI have a specific role in fibrillogenesis in the regulation of 
fibril diameter (reviewed by Fichard et al., 1994). 

Type I collagen is a major structural constituent of most connective tissues, except for 
cartilage, where homotrimeric type II collagen is prevalent. Type III collagen is found in 
many tissues rich in type I collagen, but especially in those requiring extensibility such as 
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skin, lung, and blood vessels. Quantitatively minor fibrillar collagens, types V and XI, are 
associated with collagens I and II, respectively, and are located in the core of the collagen 
fibrils. Contrary to the other fibrillar collagens, their N-terminal extensions are retained 
and project onto the fibril surface. This feature, together with the correct molar ratios of 
I/V and II/XI collagens in fibrils is significant in the regulation of the fibril diameter (Birk 
et al., 1990; Marchant et al., 1996; Blaschke et al., 2000). The recently isolated novel 
α4(V) chain has a restricted tissue distribution in the developing and regenerating 
peripheral nerves, which suggests a unique role in the regulation of these processes 
(Chernousov et al., 1996; 1999; 2000).  

2.2 Non-fibril forming collagens 

Grouped under the non-fibrillar collagens are all collagens that fall outside the category 
of the fibril-forming collagens. Except for the occurrence of one or more interruptions in 
the collagenous sequence of all these collagens, this group is structurally and functionally 
very heterogeneous. Several subfamilies can be distinguished, though, according to 
similarities in the domain organizations, supramolecular structures, and types of 
extracellular networks they form: A) collagens that are located on the surfaces of fibrils 
and are called fibril-associated collagens with interrupted triple helices (abbreviated as 
FACITs and including the structurally related collagens, types IX, XII, XIV, XVI, and 
XIX); B) collagens that form hexagonal networks (types VIII and X); C) basement 
membrane (BM) type IV collagen; D) type VI collagen that forms beaded filaments; D) 
type VII collagen that forms anchoring fibrils of BM; E) collagens with transmembrane 
domains (types XIII and XVII; and F) the family of type XV and XVIII collagens. (For 
reviews, see Vuorio & de Crombrugghe, 1990; van der Rest & Garrone, 1991; Burgeson 
& Nimni, 1992; Hulmes, 1992; Mayne & Brewton, 1993; Fukai et al., 1994; Pihlajaniemi 
& Rehn, 1995; Prockop & Kivirikko, 1995; Myllyharju & Kivirikko, 2001). Furthermore, 
the newly identified collagen types XX and XXIII are likely to belong to the non-fibrillar 
group of collagens (Myllyharju & Kivirikko, 2001). 

Although the association with collagen fibrils has only been shown for type IX, XII, 
and XIV collagens, collagens XVI and XIX are also classified as FACITs, based on 
sequence homology (for reviews, see Fukai et al., 1994). Type IX collagen molecules 
consist of three collagenous (COL) and four noncollagenous (NC) domains, with the 
COL domains representing most of the molecule. Type XII and XIV collagens consist of 
two COL domains, while a substantial part of these molecules is noncollagenous. The 
association with collagen fibrils occurs via COOH-terminal COL domain(s), whereas one 
COL and one NC region project out of the fibril. This latter region is believed to be 
functionally important in bridging the collagen fibers with other matrix components. Type 
IX collagen is covalently cross-linked on the surface of type II collagen fibrils (Wu et al., 
1992) and is expressed in cartilage and other noncartilagous tissues containing this 
collagen. Types XII and XIV collagens are found predominantly in tissues containing 
type I collagen. Collagen types IX, XII, and XIV contain glycosaminoglycan side chains 
in some tissues and are thus proteoglycans (Bruckner et al., 1985; Huber et al., 1986; 
McCormick et al., 1987; Watt et al., 1992). The collagenous regions of type XVI and 
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XIX collagens are very interrupted, as they consist of ten and five COL domains, 
respectively (Pan et al., 1992; Inoguchi et al., 1995; Sumiyoshi et al., 1997). Type XVI 
collagen is widely distributed throughout the body. It is found close to the cells, but is not 
associated with collagen fibrils (Grassel et al., 1996; Lai & Chu, 1996). The type XIX 
collagen protein also has a widespread distribution in many BM zones (Myers et al., 
1997). Specific roles in development, and especially in myogenesis, have been suggested 
for type XIX collagen (Sumiyoshi et al., 1997; Myers et al., 1999; Sumiyoshi et al., 2001 
and see below).  

The structurally homologous collagen types VIII and X consist of a single COL 
domain flanked by NC domains (for reviews, see Fukai et al., 1994). Both assemble into 
hexagonal lattices - type VIII collagen e.g. in the specialized BM of the corneal 
endothelium called Descemet´s membrane and type X collagen in the hypertrophic zone 
of cartilage. Based on the highly organized supramolecular assemblies of these collagens, 
a structural role has been suggested for them. Type VIII may play a role in resisting 
compression for example in the eye, while type X collagen may be involved in the 
formation of a scaffold during replacement of cartilage by bone in the process of 
endochondral ossification. This latter hypothesis has indeed gained support by the 
consequences of mutations in the type X collagen gene in murine models and in humans 
(reviewed by Chan & Jacenko, 1998, and see later). Mutations in the type VIII collagen 
gene encoding the α2 chain has been recently associated with two forms of inherited 
disorders of cornea (Biswas et al., 2001). In addition, the consequences of the mutations 
in both of these collagen types also support their roles in the determination of cellular 
phenotypes, in cell migration, and differentiation (Shuttleworth et al., 1997; Sutmuller et 
al., 1997). 

Type IV collagen molecules are the major constituents of all BMs. They aggregate into 
network-like structures and thus provide an essential scaffolding for cells and other BM 
components to attach. The α-chains have a central long collagenous region, flanked by 
very small N-terminal and longer C-terminal NC domains. The α-chains are highly 
glycosylated. The six different α-chains differ considerably with respect to their tissue 
distribution, the α1(IV) and α2(IV) chains being ubiquitous components of all BMs and 
α3(IV)- α6(IV) having a more restricted distribution (Hudson et al., 1993). In addition to 
the obvious structural role of type IV collagen in providing integrity to tissues and in 
serving as molecular sieves, e.g. in glomerular filtration, the NC domains of α2(IV), 
α3(IV), and α6(IV) have recently been shown to be implicated in the inhibition of 
angiogenesis (Petitclerc et al., 2000; Maeshima et al., 2000, 2001).  

The collagenous region of type VI collagen is short, with NC domains comprising 
most of the molecule. Type VI collagen molecules aggregate to form special fibrils, which 
resemble beaded filaments, and are present in all connective tissues close to the BM and 
cells. The important bridging function of type VI collagen (between BMs and matrix) has 
recently gained evidence, as mutations in its gene were identified in Bethlem myopathy 
(Jöbsis et al., 1996) and as similar symptoms were reproduced in Col6a1-deficient mice 
(Bonaldo et al., 1998, and see below).  

Type VII collagen has the largest triple-helical region among the collagens flanked by 
a large tridentate N-terminal and smaller C-terminal NC domains. Type VII collagen 
forms the anchoring fibrils, which attach the BM of the epithelium to the underlying 
stroma, and are present beneath the squamous epithelium of the skin, for example. The 
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importance of anchoring fibrils is attested to by the observation that alterations in their 
number or morphology results in the disruption of the dermal-epidermal connection. This 
leads to one form of blistering disease of skin, dystrophic epidermolysis bullosa (EB), 
which is caused by mutations in type VII collagen (see below).  

Although not homologous in their primary structures, the type XIII and XVII 
collagens belong to the same subfamily. They both contain transmembrane domains in 
their noncollagenous N-terminus and are located in the plasma membrane with a 
cytoplasmic N-terminal end and an extracellular C-terminal collagenous region (for 
reviews, see Pihlajaniemi & Rehn, 1995). Type XIII collagen is mostly collagenous, 
consisting of three COL domains flanked by short NC domains. The collagenous region 
of type XVII collagen is highly interrupted, consisting of 15 COL domains flanked by a 
large N-terminal and short C-terminal NC domain. A remarkable feature of type XIII 
collagen is the complex alternative splicing of its transcripts, which affects both NC and 
COL domains. The type XIII collagen triple helix formation has recently been shown to 
occur from the N- to C-terminus and thus in the opposite orientation to that of the fibrillar 
collagens (Snellman et al., 2000). Type XIII collagen localizes to adhesive structures and 
along the BM zone in cells and tissues, and has been suggested to have a role in 
mediating cell-matrix adhesion (Hägg et al., 2001). Type XVII collagen, also known as 
BP180 and BPAG2, is a major component of the hemidesmosomes, structures involved in 
the adherence of stratified epithelia to the underlying BM, and one of the two 
autoantigens implicated in the aetiology of autoimmune disease, bullous pemphigoid 
(Pulkkinen & Uitto, 1998).  

In addition, there are four  α-chains for which the complete cDNA sequences have 
been characterized, and that could be included in the collagen superfamily. These include 
one chain that is homologous with fibril-forming collagens, two FACIT collagen-like 
chains, and one chain homologous with type XIII collagen (Myllyharju & Kivirikko, 
2001). As their inclusion is not well founded and they are not well-characterized proteins, 
they are not further discussed here. 

2.3 Family of type XV and XVIII collagens 

A distinct subfamily among the collagens is formed by type XV and XVIII collagens (for 
reviews, see Pihlajaniemi & Rehn, 1995; Rehn & Pihlajaniemi, 1996). They were 
fortuitously identified while screening cDNA libraries in search of additional clones for 
known collagen types, namely collagen V clones in the case of type XV collagen (Myers 
et al., 1992) and collagen XIII clones in the case of type XVIII collagen (Rehn & 
Pihlajaniemi, 1994). Subsequent elucidation of the complete primary structures in man 
and mouse, characterization of the tissue distributions of their mRNA transcripts and 
protein products, and elucidation of some of their biochemical properties has revealed 
many similarities between the two collagens. There are also differences, which indicate 
that these two collagens clearly form their own entities in the ECMs, and therefore may 
have similar but not identical functions. This early work has also provided important tools 
for the characterization of their genomic organizations, for studies on gene regulation, 
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and for the generation of mouse models lacking these collagens or synthesizing altered 
collagen α-chains, thus forming a basis for this thesis work. 

2.3.1 Common structural and biochemical properties of type XV and 

XVIII collagens 

Comparison of the cDNA-deduced primary structures of type XV and XVIII collagens 
reveal homologies in both their noncollagenous and collagenous sequences (Kivirikko et 
al., 1994; Muragaki et al., 1994; Oh et al., 1994a; Rehn et al., 1994; Rehn & 
Pihlajaniemi, 1994; Hägg et al., 1997a; Saarela et al., 1998a). The similarity extends to 
their genomic organization (see Results). Both proteins are characterized by extensive 
interruptions in their collagenous sequences, which have prompted the naming of these 
molecules as MULTIPLEXINs (for multiple triple helix domains and interruptions) (Oh 
et al., 1994a). Furthermore, many of the collagenous domains in these two collagens are 
homologous in size and sequence. Their N-terminal NC domains contain a sequence 
module of about 200 amino acids, which is homologous to the N-terminal heparin 
binding domain of thrombospondin-1 (tsp-1), a multifunctional glycoprotein with affinity 
for several molecules (reviewed by Chen et al., 2000). The tsp-1 sequence motif has been 
previously identified in fibrillar collagens V and XI, and in FACIT collagens IX, XII, 
XIV, XVI, and XIX (Bork, 1992; Wälchli et al., 1993; Kivirikko et al., 1994). The 
positioning of the tsp-1 motif in the N-terminal NC domains adjacent to NH2-ends is 
similar in all collagens. The significance of the tsp-1 motif in collagens is unclear, since 
the amino acid residues involved in the heparin binding of tsp-1 are not conserved in any 
of the collagens (Bork, 1992; Kivirikko et al., 1994; Rehn & Pihlajaniemi, 1994).  

The most striking homology between collagens XV and XVIII is in their C-terminal 
NC domains, which are unique among collagens (Oh et al., 1994b; Rehn et al., 1994). 
These domains contain two regions of homology separated by a variable portion. The 
latter region of homology contains four conserved cysteines. The C-terminal NC domains 
of collagens XV and XVIII have been of particular interest after the finding that 
endostatin, a potent inhibitor of angiogenesis and tumor growth, is proteolytically cleaved 
from the C-terminal NC domain of type XVIII collagen (O'Reilly et al., 1997). Because 
of the high homology, it was no surprise that the corresponding region of type XV 
collagen, named restin (for related to endostatin), was demonstrated to possess similar, 
although not identical, activity (Ramchandran et al., 1999). The role of type XV and 
XVIII collagen in angiogenesis will be discussed in detail later (see 2.3.3.3.). 

Both collagen types also contain multiple potential sites for N-linked glycosylation 
and O-linked glycosaminoglycan (GAG) attachment, and these sites have recently been 
shown to be occupied, although with different sugar moieties. This is discussed in detail 
in next two sections.  
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2.3.1.1 Type XV collagen -specific features 

The complete primary structure of the α1(XV) chain has been elucidated for human and 
mouse. The human α1(XV) chain consists of 1388 residues, which include a 25-residue 
putative signal peptide, and it has a calculated molecular mass of 141,92 kDa. The 
following domains can be discerned: a 530-residue N-terminal NC domain; a 577-residue 
frequently interrupted collagenous region; and a 256-residue C-terminal NC domain. The 
collagenous region consists of nine COL domains separated by eight NC domains 
(Kivirikko et al., 1994; Muragaki et al., 1994). The corresponding mouse α1(XV) chain 
is 1367 residues in length, with a 25-residue putative signal sequence, and has a 
molecular mass of 140,52 kDa. The 507-residue collagenous region is flanked by N and 
C-terminal NC domains of 579 and 256 residues, respectively. There are two less COL 
domains in mouse than in human, and the collagenous region in the mouse polypeptide is 
divided into seven COL domains separated by six NC domains (Hägg et al., 1997a). The 
second half of the N-terminal NC domain diverges in human and mouse. A 41-residue 
sequence is found in mouse, but is not included in the human polypeptide. Overall, the 
human and mouse α1(XV)-chains are highly homologous. They both contain a tsp-1 
homology region in the N-terminal NC domain, and they are similar with respect to the 
lengths of their NC and COL domains and the positions of short interruptions in the 
collagenous sequence. Furthermore, both chains have eight conserved cysteines and a 
number of putative sites for N-linked and O-linked glycosylation, most of which are 
conserved.  

To determine the molecular mass of full-length type XV collagen, Hägg et al. (1997b) 
prepared a baculovirus expression construct and produced full-length α1(XV) chains in 
insect cells. The recombinant α1(XV) chain had a molecular mass of 200-kDa on SDS-
PAGE, which was greater than the mass predicted from the sequence. Several laboratories 
have employed SDS-PAGE gel electrophoresis of total protein homogenates followed by 
Western blotting to further investigate the biochemical properties of type XV collagen 
protein. This has resulted in some heterogeneity in the literature regarding the size of type 
XV collagen protein in various cell and tissue sources, most likely due to difficulties in 
preparing protein samples of such large proteins. In HeLa cells, 125-kDa α1(XV) 
monomers have been observed (Myers et al., 1992). Hägg et al. (1997b) reported a fuzzy, 
high-molecular weight band in human heart and kidney homogenates, which was reduced 
to 100 and 110-kDa polypeptide chains. This was in agreement with the results obtained 
earlier by Myers et al. (1996), who reported a 116-kDa type XV collagen monomer in 
placenta and colon. The biochemical properties of type XV collagen have been 
extensively studied by Li et al. (2000). Li and coworkers demonstrated in various human 
tissues and human rhabdomyosarcoma cells that upon chondroitinase treatment, a diffuse 
smear of ≥ 400 kDa resolves into 250/225-kDa core protein forms, indicating that type 
XV collagen is a chondroitin sulfate proteoglycan. By using antibodies against N and C-
terminal NC domains in combination with chondroitinase and/or collagenase digestions, 
they could further demonstrate that most of the GAG-chains are attached to the N-
terminal NC domain and that the 250/225 kDa forms differed in their C-terminal NC 
domains. Furthermore, they showed that although there are a total of eight cysteines 
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present, only two cysteine residues in the collagenous region participate in the interchain 
disulfide links.  

The biochemical properties of the type XV collagen endostatin homologue region are 
discussed in 2.3.3.3.  

2.3.1.2 Type XVIII collagen -specific features 

Initially, three independent groups reported mouse cDNA clones encoding a new collagen 
chain, which was designated as α1(XVIII) (Abe et al., 1993; Oh et al., 1994a; Rehn & 
Pihlajaniemi, 1994). Subsequently, the primary structure of α1(XVIII) has been 
completely elucidated for human and mouse (Oh et al., 1994b; Rehn et al., 1994; Saarela 
et al., 1998a, and see below), C. elegans and Xenopus leavis (Ackley et al., 2001; 
Elamaa, H., Peterson, J., Pihlajaniemi, T., & Destrée, O., submitted), and partially for 
chick (Halfter et al., 1998). The major difference compared with type XV collagen is that 
type XVIII collagen exists as three variants differing in their N-termini (Muragaki et al., 
1995; Rehn & Pihlajaniemi, 1995), whereas only one form is known for type XV 
collagen. The variant forms originate from the use of two alternative promoters and 
alternative splicing of the ensuing transcripts. The shortest variant of the mouse 
α1(XVIII) chain consists of 1315 residues with the following structure: a 25-residue 
putative signal peptide; a 301-residue N-terminal NC domain with tsp-1 homology motif; 
a 674-residue collagenous sequence; and a 315-residue C-terminal NC domain. The 
collagenous sequence consists of ten COL domains separated by nine NC domains (Oh et 
al., 1994b; Rehn et al., 1994). The two longer variants are 1527 and 1774 residues in 
length with 517- and 764-residue N-terminal NC1 domains, respectively. Moreover, the 
longest variant contains a 110-residue sequence with 10 cysteines, termed the fz-motif 
(Rehn & Pihlajaniemi, 1995) or the CR-domain (Muragaki et al., 1995), which is 
homologous to the wingless ligand binding domain of frizzled proteins and in several 
other proteins (Rehn et al., 1998). 

Only two variants have been reported for the human α1(XVIII) chain encoding 1516- 
and 1336-residue polypeptides, thus the longest variant characterized by the fz-motif has 
not been identified at cDNA-level despite extensive search (Saarela et al. 1998a). 
However, the sequences coding for the fz-motif have been found in the human genomic 
DNA (Elamaa pers. commun; GenBank, NT 001151, locusID 80781). These results 
suggest low expression levels for this variant in humans. Interestingly, the C. elegans 
homologue for type XV and XVIII collagens lacks the fz-motif, but instead contains the 
netrin receptor unc-40 motif (Ackley et al., 2001, and see later in 2.3.3.5.), whereas the 
frog, Xenopus leavis, has the fz-motif (Elamaa, H., Peterson, J., Pihlajaniemi, T., & 
Destrée, O., submitted). 

The two human α1(XVIII) chains have different signal peptides of 23 and 33 residues, 
respectively, and 493 and 303-residue NC1 domains corresponding to the NC1-517 and 
NC1-301 domains of the mouse (Saarela et al., 1998a). The collagenous region in the 
human chain is 688 residues in length and consists of ten COL domains, as does the 
mouse polypeptide. The C-terminal NC domain in humans is 312 residues and shares the 
greatest homology with the mouse, especially in the extreme 184 residues representing 
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the endostatin fragment (85% identity and 99% homology). The human α1(XVIII) 
transcript was found to undergo alternative splicing affecting a 43-residue stretch at the 
junction of the NC1 domain and the beginning of the collagenous sequence. 

The sequence-derived molecular masses are 182, 156, and 134-kDa for the mouse 
α1(XVIII) variants (Rehn and Pihlajaniemi, 1995) and 154 and 136-kDa for the human 
variants (Saarela et al., 1998a). The α1(XVIII) chain from mouse ES cell extracts 
migrates in the SDS-PAGE with a molecular mass 200-kDa (Muragaki et al., 1995). 
Halfter et al. (1998) detected a high molecular weight smear of ∼ 300 kDa in chick vitrous 
body, meninges, amnion, and kidney extracts, which reduced to a core protein of 180-kDa 
upon heparitinase treatment, indicating that type XVIII collagen is a heparan sulfate 
proteoglycan. Saarela et al. (1998b) reported similar findings in human kidney extracts 
using heparin lyase II and III digestions. 

The biochemical properties of the proteolytic fragment of type XVIII collagen, 
endostatin, are discussed in detail in 2.3.3.3. 

2.3.2 Common and distinct features in the expression and tissue 

distribution of type XV and XVIII collagens 

The expression and tissue distribution of type XV and XVIII collagens have been studied 
both at mRNA and protein levels using Northern blot analysis (Abe et al., 1993; 
Muragaki et al., 1994; Oh et al., 1994a; Oh et al., 1994b; Rehn & Pihlajaniemi, 1994; 
Kivirikko et al., 1995; Myers et al., 1996; Hägg et al., 1997a; Saarela et al., 1998a), in 
situ hybridization (Kivirikko et al., 1995; Saarela et al., 1998b), and immunofluorescence 
stainings (Muragaki et al., 1995; Myers et al., 1996; Hägg et al., 1997b; Halfter et al., 
1998; Saarela et al., 1998b). Both collagens are widely distributed throughout the body. 
Their mRNAs are often expressed in the same tissues but the proportions of the two vary, 
and some tissues express solely or predominantly only one of the two. Furthermore, both 
proteins are localized to many, but not all BM zones, again differing in their relative 
tissue distributions. Further complexity is brought about by the variant forms of type 
XVIII collagens exhibiting tissue-specificity in their expression and location in the BM 
zones. The specific features of the two collagens are discussed in detail below. 

2.3.2.1 Type XV collagen -specific features 

Northern blot analysis of adult human (Kivirikko et al., 1995; Myers et al., 1996) and 
mouse (Hägg et al., 1997a) tissues has indicated that type XV collagen has a prevalent 
and widespread distribution. Strong hybridization signals have been seen in the human 
heart, skeletal muscle, placenta, testis, ovary, small intestine and colon, and moderate 
signals have been seen in the kidney, pancreas, lung, and prostate. Weak signals have 
been detected in the spleen, whereas the brain and liver were negative. The results 
obtained by Northern blot analysis of mouse tissues were essentially the same, but low 
levels of α1(XV) transcripts could be also detected in brain and liver.  
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The in situ hybridization study of 20-gestational week human fetus indicated that the 
main producers of type XV collagen are mesenchymally derived cells, especially 
fibroblasts, muscle cells, and endothelial cells, although certain epithelial cells also 
produce it (Kivirikko et al., 1995). Briefly, all muscular tissues, namely skeletal, cardiac, 
and smooth muscle tissue, labeled for type XV collagen. Type XV collagen was also 
detected in vasculature in general, since strong labeling was seen in all endothelial cells 
and smooth muscle cells around larger arteries. The epithelial cells of the lower part of 
the nephron in developing kidney, as well as those in the developing alveolar structures of 
lung, were positive. 

The deposition of type XV collagen protein has been studied by immunostainings in 
human (Myers et al., 1996; Hägg et al., 1997b) and mouse (see III) tissues. Type XV 
collagen was localized to the BM zone in many tissues, and was especially prominent 
around capillaries and skeletal muscle cells. It was also detected around smooth muscle 
cells, lipocytes, and Schwann cells, as well as in some epithelial BM zones. It was not 
found in all BM zones, since some epithelial BMs, such as those of the developing fetal 
alveoli, and some tubular BMs of kidney, lacked type XV collagen. Nor was it restricted 
to BM zones, as some could be observed in the fibrillar collagen matrix of e.g. skin and 
placenta (Myers et al., 1996; Hägg et al., 1997b). Electron microscopy was used to 
determine the extent of association of type XV collagen with BM (Myers et al., 1996). It 
was localized to the outermost aspect of the lamina densa of the trophoblastic BM facing 
the adjacent interstitium, whereas in the endothelial BM it was distributed throughout its 
entire thickness. The interstitial localization was restricted, as only those collagen fibers 
close to the BM contained type XV collagen. Collectively, the Northern blot, in situ, and 
immunofluorescence data were suggestive of developmentally regulated expression of 
type XV collagen in some organs, such as kidney and lung, and in the vasculature 
(Kivirikko et al., 1995; Hägg et al., 1997a). This matter has been thoroughly addressed in 
the study of type XV collagen in murine development (see III). 

2.3.2.2 Type XVIII collagen specific features 

Northern blotting and in situ hybridization have been used to study the expression of type 
XVIII collagen transcripts in tissues. A distinguishing feature of type XVIII collagen is its 
prominent expression in liver, although high levels can also be found in other tissues, 
such as kidney and lung, and moderate levels in skeletal muscle and testis. Brain, heart, 
and spleen contain markedly lower levels (Abe et al., 1993; Oh et al., 1994a and b; Rehn 
& Pihlajaniemi, 1994; Saarela et al., 1998a). Furthermore, the three N-terminal variants 
are expressed in a tissue-specific manner (Muragaki et al., 1995; Rehn & Pihlajaniemi, 
1995; Saarela et al., 1998a). The high expression in the liver is mainly due to the 
occurrence of mRNAs encoding long variants, especially the NC1-517/NC1-497 variant, 
but also to some extent of the NC1-764 variant characterized by the fz-motif. The other 
tissues, however, contain the short NC1-301/NC1-303 as the main form. Furthermore, in 
situ hybridization revealed that the long variant is mainly produced by hepatocytes, 
whereas main producers of the short variant are endothelial and epithelial cells (Saarela et 
al., 1998b). The type XVIII collagen protein is found in virtually all BM zones with 
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strong association in vascular BMs (Muragaki et al., 1995; Halfter et al., 1998; Saarela et 
al., 1998b, Miosge et al., 1999). The long variant has a restricted distribution in the liver 
sinusoids and occurs in only minor amounts elsewhere, whereas the short variant is found 
in most conventional BMs, including blood vessels and various epithelial structures. 
Briefly, type XVIII collagen is found e.g. in the Bowman´s capsule, glomeruli and tubuli 
of the kidney, around the alveoli and bronchi of the lung, in the peripheral nerves, and at 
the epidermal-dermal junction of the skin (Saarela et al., 1998b). Ultrastructurally, type 
XVIII collagen localizes to the matrix side of the lamina densa in various ocular BMs 
(Fukai, N., Eklund, L., Marneros, A.G., Oh, S.P., Keene, D.R., Tamarkin, L., Li, E., 
Pihlajaniemi, T., & Olsen B.R., submitted). In addition, heavy gold-labeling was seen in 
those vitreal collagen fibrils that appear to be inserted in the inner limiting membrane.  

Thus, homologous collagen types XV and XVIII exhibit both similarities and 
differences in their expression patterns and tissue distributions. They are often present in 
the same tissues, as is the case in capillaries, and are in fact produced by the same cells. 
Nevertheless, type XV collagen has a more restricted distribution in the epithelial BM 
zone, but predominates in the skeletal and cardiac muscle. In contrast to type XVIII, type 
XV collagen is more often found in the fibrillar collagen matrix. On the other hand, type 
XVIII collagen is a prominent component of liver, from which type XV is virtually 
lacking. 

2.3.3 Current knowledge about the functions of type XV and XVIII 

collagens 

Since the characterization of the primary structures of type XV and XVIII collagens, the 
aim of several laboratories worldwide has been to elucidate their biological roles in the 
body. Several strategies have been employed to achieve that goal, and the outcome will be 
discussed in the following sections. The first function associated with type XVIII 
collagen was identified in “reverse sequence”, that is from the effect to its cause, when a 
novel antiangiogenic factor was isolated from murine hemangioendothelioma (EOMA) 
media. This factor was found to be derived from the C-terminal end of α1(XVIII) 
(O'Reilly et al., 1997, and see 2.3.3.3.). In a number of studies, recombinant proteins have 
been produced and their properties analyzed in cell culture conditions or in assays 
mimicking physiological processes (Sasaki et al., 1998; Felbor et al., 2000; Sasaki et al., 
2000; Kuo et al., 2001; Rehn et al., 2001, and see 2.3.3.3.). Moreover, some authors have 
taken advantage of evolutionary conservation as a marker of functionally important 
domains and studied these further in simple organisms (Ackley et al., 2001, and see 
2.3.3.5.). The production of genetically engineered mouse lines has provided a very 
powerful tool in elucidating the function of these novel collagens (Eklund et al., 2001, 
and see 2.3.3.2. and 2.6.2.). Additionally, some researchers have taken the prominent 
tissue location as a starting point and asked whether the distribution of the protein is 
changed in patients with diseases affecting that particular tissue (Hägg et al., 1997b; 
Musso et al., 1998, 2001a; Hägg, P.M., Hägg, P.O, Autio-Harmainen, H., & Pihlajaniemi, 
T., unpublished results, and see 2.3.3.1.). A genetic linkage between the type XVIII 
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collagen gene and disease loci led to the identification of mutations in this collagen as a 
cause of Knobloch syndrome (Sertie et al., 2000, and see 2.3.3.4.).  

2.3.3.1 Roles of type XV and XVIII collagens in fibrosis and cancer 

Both type XV and XVIII collagens have been implicated in fibrotic processes, type XV 
collagen in the context of kidney fibrosis (Hägg et al., 1997b) and type XVIII collagen in 
fibrotic liver (Musso et al., 1998). Kidney biopsies from patients with glomerular diseases 
originating from various pathological processes demonstrated pronounced accumulation 
of type XV collagen immunostaining in areas of interstitial fibrosis and in the thick-
walled, sclerotic capillaries of diabetic glomeruli (Hägg et al., 1997b). These areas have 
been previously shown to accumulate at least type IV collagen and laminin (Falk et al., 
1983; Kim et al., 1991; van den Born et al., 1995). In further studies, type XV collagen 
was found to be a sensitive indicator of glomerular damage, and was detectable already 
before collagen IV accumulation in mildly affected, border-line cases of mesangial 
glomerulonephritis (Hägg, P.M., Hägg, P.O, Autio-Harmainen, H., & Pihlajaniemi, T., 
unpublished results). The recent study of moderately differentiated colonic 
adenocarcinomas indicates that type XV collagen is less prevalent in the epithelial BM 
zones of malignant glands than type IV collagen and laminin, and like the other two 
proteins studied, shows an apparent shift in distribution from BM/BM zone into the 
tumor interstitium. These results collectively suggest a role in the invasive process for this 
collagen (Amenta et al., 2000). 

The prominent expression of type XVIII collagen in liver raises the obvious question 
of its biological importance in liver diseases, e.g. in cirrhosis and carcinomas. Indeed, in 
1998, Musso and coworkers demonstrated that type XVIII collagen is associated with 
BM remodeling and sinusoidal capillarization in liver cirrhosis. Type XVIII collagen was 
shown to be accumulated in cirrhotic nodules, where it formed thick deposits along the 
capillarized sinusoids. Interestingly, colocalization with an endothelial marker indicated 
that newly formed capillary sprouts produced type XVIII collagen, which deposited in 
BM-like cuffs around them. This finding is noteworthy in light of the potential role of 
type XVIII collagen endostatin in the regulation of angiogenesis (see 2.3.3.3.). Moreover, 
type XVIII collagen expression was shown to increase differentially in cells expressing 
this collagen as the fibrosis progressed. The increase in expression in activated stellate 
cells/myofibroblasts was 13-fold in the active and 2-fold in the quiescent stage of the 
disease, whereas in hepatocytes it was only 2-fold in both stages, suggesting that 
activated stellate cells/myofibroblasts are a major site of collagen XVIII expression in 
fibrosis. Further, these two cell types express different variants of collagen XVIII, since 
hepatocytes have been shown to express exclusively the long or NC1-493 variant, 
whereas BM-producing cells in liver express the short or NC1-303 variant (Saarela et al., 
1998b; Musso et al., 2001a). Recently, the two variants were shown to be present in a 
strikingly tissue-specific manner in primary and metastatic liver cancers (Musso et al., 
2001a). Tumor hepatocytes were shown to be the major source of the long variant in 
human hepatocellular carcinomas (HCCs). However, the short variant was identified in 
the stromal compartment of tumor tissues in both primary (HCCs), and metastatic liver 



28 

cancers (cholangiocarcinomas and colorectal cancer metastases). It was produced by both 
tumor and stromal cells in cholangiocarcinomas, and by stromal cells in colorectal cancer. 
Interestingly, the expression level of the long variant has been shown to correlate with the 
tumor size in HCCs (Musso et al., 2001b). Low collagen XVIII expression in hepatocytes 
was associated with larger tumor size, whereas tumors expressing high collagen XVIII 
levels were small and had low microvessel density. This indicates that a decrease in type 
XVIII collagen expression is associated with angiogenesis in primary liver cancer. In 
summary, the presence of type XVIII collagen in neoplastic tissue has been postulated to 
provide an endogenous source of endostatin, which could be released by proteases into 
the tumor microenvironment and affect the tumor progression and angiogenesis (see 
2.3.3.3. for further discussion).  

2.3.3.2 Skeletal myopathy and cardiovascular defects in type XV collagen 

deficient mice 

The generation of a mouse line deficient in type XV collagen has proven to be a valuable 
tool in defining the biological role of type XV collagen. The Col15a1-deficient mice 
developed symptoms in their skeletal muscles, microvessels, and heart (Eklund et al., 
2001). After 3 months of age, the Col15a1-/- mice showed progressive histological 
changes in their skeletal muscles, such as muscle cell degeneration, macrophage 
infiltration, and increased regeneration. These changes are frequently encountered in 
muscle diseases. This, together with the finding that Col15a1-deficient mice are more 
vulnerable to exercise-induced muscle damage than the control mice, suggests a role for 
type XV collagen in providing mechanical stability between cells and ECM in skeletal 
muscle. Previously, disruption of this linkage due to the mutations in the components of 
dystrophin-associated glycoproteins-laminin α2 axis (Campbell, 1995), the integrin α7 
subunit (Mayer et al., 1997), and type VI collagen (Jöbsis et al., 1996; Bonaldo et al., 
1998) has been shown to be implicated in the etiology of muscle diseases. Despite the 
potent antiangiogenic role of collagen XV endostatin-like region, the development of the 
vasculature was normal in the null mice. However, electron microscopy revealed 
structural changes such as collapsed capillaries and endothelial cell degeneration in the 
heart and skeletal muscle, which suggests a structural role for type XV collagen also in 
the microvessels. Furthermore, functional changes were observed in the Col15a1-/- heart, 
such as diminished inotrophic response and damage after increased cardiac workload. 
Both of these changes mimic early or mild heart disease, possibly resulting from impaired 
perfusion (Eklund et al., 2001).  

2.3.3.3 Roles of type XV and XVIII collagens in angiogenesis 

Angiogenesis, the formation of new blood vessels from pre-existing ones, is an important 
biological process during development, tissue growth and regeneration, and in 
pathological conditions such as tumor growth and metastasis. It is controlled by a 



29 

concerted action of various activators and inhibitors, several of which are known 
(Hanahan & Folkman, 1996; Risau 1995 and 1997; Beck & D'Amore, 1997; Folkman, 
2001). In 1997, O'Reilly and coworkers identified a novel inhibitor of angiogenesis, 
endostatin, which turned out to be a proteolytically cleaved fragment of the C-terminal 
NC1 domain1 of type XVIII collagen. Endostatin was shown to inhibit endothelial cell 
proliferation and migration, induce endothelial apoptosis, and, when used as the 
recombinant bacterial product, to suppress tumor-induced angiogenesis, resulting in the 
regression of tumor growth in several experimental tumors in mice (Boehm et al., 1997; 
O'Reilly et al., 1997; Dhanabal et al., 1999a and b; Yamaguchi et al., 1999). Somewhat 
surprisingly, the mice lacking collagen XVIII did not show any overt defects in their 
vascular development, although some abnormalities in blood vessel formation were 
observed at specific locations, supporting the role of collagen XVIII/endostatin in the 
regulation of angiogenesis at least locally (Fukai, N., Eklund, L., Marneros, A.G., Oh, 
S.P., Keene, D.R., Tamarkin, L., Li, E., Pihlajaniemi, T., & Olsen B.R., submitted). 
Briefly, the Col18a1-/- mice showed delayed regression of blood vessels in the vitreous, 
resulting in the abnormal outgrowth of retinal vessels. The persistence of hyaloid vessels 
in the Col18a1-/- mice was speculated to lead to high local oxygen levels, which would in 
turn prevent the normal upregulation of VEGF, known to be implicated in the oxygen–
dependent control of vessel outgrowth (Yancopoulos et al., 2000).  

The X-ray crystal structures of recombinant human and mouse endostatins have been 
determined, demonstrating a compact globular folding pattern related to that of the 
carbohydrate recognition domain of C-type lectins, and the presence of a fourfold ligated 
zinc ion (Ding et al., 1998; Hohenester et al., 1998; 2000). The parent 38-kDa NC1 
domain has been shown to assemble non-covalently into a trimeric structure. Each 
monomer is composed of three segments; an N-terminal association domain responsible 
for trimerization, a C-terminal globular 20-kDa endostatin (ES) domain, and a hinge 
region, which is characterized by the presence of several protease-sensitive sites (Sasaki 
et al., 1998). 

Obviously, a lot of scientific effort has been put into the study of the mechanisms 
underlying the antiangiogenic activity of endostatin. As mentioned earlier, type XVIII 
collagen has a prominent location in vascular BM zones (Muragaki et al., 1995; Saarela 
et al., 1998b), where it most likely is immobilized to some kind of network. In addition, 
there is evidence of this collagen or its fragments in circulation. Recently, Musso et al. 
(2001a) reported the presence of the long variant and two lower-molecular weight 
polypeptides of collagen XVIII in human plasma, where others have previously 
demonstrated circulating endostatin (Ständker et al., 1997; John et al., 1999). There are 
also reports of the presence of proteins with mobility similar to NC1 domain in various 
tissue homogenates (Sasaki et al., 1998; 2000), whereas the aorta- and skin-derived forms 
correspond in size to endostatin (Miosge et al., 1999). It has been suggested that both 
matrix-bound and partially processed circulating forms of type XVIII collagen could 
function as a readily available reservoir of endostatin, contributing to the homeostatic 
control of angiogenesis (O'Reilly et al., 1997; Sasaki et al., 1998). 
                                                           
1 Note. The numbering of the NC domains varies in literature. Endostatin references prefer the 
numbering from C to N-terminus, whereas originally the primary structures were numbered from N 
to C. For simplicity, the former numbering will be used in the endostatin context. 
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Recent data have provided evidence concerning the enzymes involved in the 
processing of type XVIII collagen. Metalloproteinases have been implicated in the initial 
generation of fragments of type XVIII collagen, which are further cleaved by elastase 
and/or by cathepsin L to release endostatin (Wen et al., 1999; Felbor et al., 2000; Ferreras 
et al., 2000; Heljasvaara, R., Parikka, M., Luostarinen, J., Nyberg, P., Rehn, M., Sorsa, T., 
Salo, T. & Pihlajaniemi, T., submitted), the latter cleavage site being located within the 
hinge region (see above). Furthermore, the processing of endostatin from the parent NC1 
changes the binding activity for extracellular ligands. Recombinant endostatin has been 
shown to bind to heparin, fibulin-1 and -2, and nidogen-2 (Miosge et al., 1999; Sasaki et 
al., 1998; 2000), the latter three interactions most likely occurring also in vivo, as shown 
by close colocalization in the immunogold double staining of elastic fibers of aortic 
media (Miosge et al., 1999). The NC1 domain, on the other hand, binds heparin, 
sulfatides, laminin-1, laminin-1-nidogen-1 –complex, and perlecan (Sasaki et al., 1998; 
2000). 

A few studies have provided insight into the possible mechanisms of endostatin action, 
some of them conflicting, suggesting that various mechanisms may be employed. The 
affinity of endostatin to heparin suggests a functional significance (O'Reilly et al., 1997; 
Sasaki et al., 1998). It has been hypothesized that endostatin may function as an 
antagonist to basic fibroblast growth factor (bFGF) by competing with it for heparan 
sulfate coreceptors (Sasaki et al., 1998), which are known to play a key role in bFGF 
controlled signaling in the promotion of angiogenesis (Friesel & Maciag, 1995). This has 
gained support in recent site-directed mutagenesis assays demonstrating that the 
inhibition of bFGF-2-induced chorioallantoic membrane (CAM) angiogenesis by 
endostatin is dependent on its heparin-binding property (Sasaki et al., 1999). 
Accordingly, increased apoptosis of cultured endothelial cells in the presence of 
endostatin was shown to depend on tyrosine-kinase signaling through Shb adaptor protein 
and the heparin-binding site of endostatin (Dixelius et al., 2000). On the other hand, 
Yamaguchi et al. (1999) showed that endostatin could inhibit VEGF-induced endothelial 
cell migration despite the lack of a heparin-binding domain. 

Endostatin has been shown to contain zinc (Ding et al., 1998; Hohenester et al., 2000). 
In 1998, Boehm et al. (1998) showed that the coordination of a zinc-atom in the N-
terminal region of endostatin is essential for its activity. This finding was not supported 
by Yamaguchi et al. (1999), who showed that despite mutations in Zn-binding region, 
endostatin could inhibit VEGF-induced endothelial cell migration and regress tumor 
growth. The first evidence of endothelial cell-specific receptors of endostatin came from 
Rehn et al. (2001). They showed that recombinantly produced endostatin interacts with 
α5- and αv -integrins on the surface of the human endothelial cells, and this interaction is 
of functional importance in vitro, as immobilized endostatin acts as the integrin agonist 
and supports endothelial cell survival and migration. In soluble form, however, it 
functions as the integrin antagonist and inhibits endothelial cell function. 

Recent evidence suggests a specific function for the trimeric NC1 domain of collagen 
XVIII in inhibiting ECM-induced morphogenesis. The NC1 domain was shown to act as 
a motility-inducing factor in the regulation of ECM-dependent morphogenesis of 
endothelial and other cells, and this activity requires ES domain oligomerization (Kuo et 
al., 2001). Furthermore, its cleavage product, endostatin monomer, was shown 
specifically to block this function, constituting a negative autoregulatory loop on the 
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action of NC1. Mechanistically similar findings have been reported by Ackley et al. 
(2001) in C. elegans (also see 2.3.3.5.), in which the trimeric NC1 domain of collagen 
XVIII homologue, CLE-1, could promote neuronal motility, whereas the ES monomers 
inhibited this activity. 

Since the identification of endostatin, the obvious question concerning the high 
sequence homology encompassing the C-terminal NC1 domains of type XV and XVIII 
collagens (referred to NC1-XV and NC1-XVIII here, see 2.3.1.) was whether the 
corresponding region in type XV collagen could have similar activity. Indeed, in 1999, 
Ramchandran and coworkers reported the characterization of restin (termed endostatin-
XV here), which had some of the functional properties previously assigned to endostatin. 
Like endostatin, its type XV collagen -homologue could suppress the growth of tumors, 
although contrary to endostatin, there was no regression on tumor size. Further, it could 
inhibit the migration of endothelial and also some non-endothelial cells, thus differing 
from the highly specific activity of endostatin on endothelial cells. It did not have any 
effect on the proliferation of endothelial cells. Also, endostatin-XV exists as a proteolytic 
fragment in circulation and has been isolated from human plasma (John et al., 1999). As 
predicted from the homologous primary structures, the crystal structure of endostatin-XV 
is nearly identical to that of endostatin-XVIII (Sasaki et al., 2000). Contrary to 
endostatin-XVIII, its XV-homologue does not bind either heparin or zinc, which is 
consistent with the lack of conservation in these sites in endostatin-XV. Both NC1 
domains assemble noncovalently into trimeric structures containing N-terminal 
association- and C-terminal endostatin domains separated by a hinge region, the latter 
being considerably shorter in NC1-XV and therefore less vulnerable to proteolytic 
cleavage. Both collagen fragments were also able to inhibit angiogenesis in the CAM-
assay, but in a strikingly different manner depending on the cytokine used. Both NC1-XV 
and endostatin-XV inhibited VEGF-stimulated angiogenesis, which was not affected by 
the corresponding collagen XVIII fragments. Instead, FGF2-induced angiogenesis could 
be efficiently inhibited by only NC1-XV, whereas of the two collagen XVIII fragments, 
only endostatin-XVIII possessed that activity. Furthermore, collagen XV and XVIII 
showed similar, although not identical, binding repertoires for ECM proteins. NC1-XV 
was shown to bind strongly to fibulin-2 and nidogen-2, and about 100-fold less to fibulin-
1, nidogen-1, laminin-1-nidogen-1 complex, and perlecan. Endostatin-XV exhibited 
nearly indistinguishable binding properties. As described earlier, endostatin-XVIII, when 
compared to NC1-XVIII, was a weaker ligand for all these ECM proteins, except for the 
fibulins (Sasaki et al., 2000). In contrast to NC1-XVIII, oligomerized NC1-XV did not 
show a migration-inducing effect on endothelial cells, indicating that the motogenic 
properties are highly specific for collagen XVIII, at least in the experimental set-up used 
(Kuo et al., 2001). The lack of overt defects in the vascular development of the collagen 
XVIII/endostatin null mice (Fukai, N., Eklund, L., Marneros, A.G., Oh, S.P., Keene, 
D.R., Tamarkin, L., Li, E., Pihlajaniemi, T., & Olsen B.R., submitted) was not explained 
by compensation by its collagen XV homologue, as the vascular development in the 
double Col15a1-Col18a1 knock-outs also did not show any overt phenotype (Ylikärppä, 
R., personal communication). This suggests that, although several lines of evidence 
demonstrate a role for both endostatins in controlling angiogenesis, the mechanism 
behind it is far more complex. 



32 

2.3.3.4 Mutations in type XVIII collagen cause Knobloch syndrome 

Knobloch syndrome, a rare genetic disorder, is characterized by high myopia, 
vitreoretinal degeneration with retinal detachment, macular abnormalities, and occipital 
encephalocele (Knobloch & Layer, 1971). By using the positional candidate approach, 
Sertie et al. (2000) identified a mutation in the COL18A1 gene as a cause of this 
syndrome. This mutation changes the invariant AG to AT in the acceptor site of the first 
intron of the short variant of COL18A1 gene, thus resulting in the creation of a stop codon 
in exon 4, and hence truncation of the α1(XVIII) polypeptides. Based on the clinical 
manifestations of Knobloch syndrome, the type XVIII collagen short form was suggested 
to play a major role in determining the retinal structure and in the closure of the neural 
tube. Indeed, the phenotypic consequences in the Col18a1-/- mice support a structural role 
for type XVIII collagen at specific locations in the eye, and provide an explanation for the 
eye manifestations seen in the Knobloch patients (Fukai, N., Eklund, L., Marneros, A.G., 
Oh, S.P., Keene, D.R., Tamarkin, L., Li, E., Pihlajaniemi, T., & Olsen B.R., submitted). 
Strong type XVIII collagen immunogold labeling was demonstrated at sites where 
collagen fibrils in the vitreous are connected with the inner limiting membrane. This, 
together with the finding of reduction in the number of vitreous fibrils along the inner 
limiting membrane in the Col18a1-/- mice, suggest a specific anchoring role for collagen 
XVIII between the vitreal collagen fibrils and the inner limiting membrane. Furthermore, 
the insufficient closure of the neural tube is consistent with the finding that type XVIII 
collagen NC1 domain affects cell migration (Ackley et al., 2001; Kuo et al., 2001, and 
see 2.3.3.3.). 

2.3.3.5 Type XV/XVIII collagen in C. elegans 

As the entire genomic sequence of the nematode Caenorhabditis elegans and fruit fly 
Drosophila melanogaster are now available in the Genbank 
(http://www.ncbi.nih.gov/PMGifs/Genomes/allorg.html#c), it is possible to search for the 
evolutionary conservation between distant phyla. Interestingly, among the twenty-three 
collagen types in mammals (see Myllyharju & Kivirikko, 2001 for reviews), only 
collagen IV and XV/XVIII are conserved within these genomes (Hutter et al., 2000). 
Ackley et al. (2001) has recently characterized cle-1 as the C. elegans homologue to 
vertebrate type XV/XVIII collagens. Although the exon/intron boundaries are in the 
identical positions in cle-1 and mammalian collagen XV and XVIII genes, and the amino 
acid sequence is equally similar to both collagens, a number of features support the 
conclusion that cle-1 is more similar to type XVIII collagen. Like mammalian collagen 
XVIII, CLE-1 exists as three variant forms, which exhibit tissue-specificities in their 
expression patterns, and contains a stretch of amino acids in the ES domain that has been 
shown to contribute to the heparin-binding property of endostatin. Although it does not 
have a wingless receptor fz-motif, it contains in an equivalent position an unc-40-motif 
related netrin receptor. The CLE-1 protein is broadly distributed in the BMs, being 
especially prominent in the nervous system. The deletion of the cle-1 NC1 domain caused 
multiple cell migration and axon guidance defects, which could be partly rescued by 
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ectopic expression of the trimeric NC1 domain. In contrast, the addition of a monomeric 
ES domain did not result in the rescue effect, but caused cell and axon migration defects 
in wild-type worms, thus phenocoping the NC1 deletion. This data nicely supports the 
observation by Kuo et al. (2001) that in mammalian system, the trimeric NC1 and 
monomeric ES domains are functionally different, and that the ES domain functions as an 
autoregulator of the NC1 domain.  

2.4 Collagen genes 

The knowledge of the structure of collagen genes has a number of important applications. 
One of them is to provide a necessary database for the identification of mutations in 
collagen genes that cause human diseases. These will be discussed in section 2.5. While 
screening for mutations in collagen genes, researcher often encounters normal variations, 
the knowledge of which is fundamental in understanding the functional properties of the 
protein. In addition, some of these normal variations may even turn out to be potently 
predisposing to common diseases (for examples, see Kivirikko, 1993). The knowledge of 
gene structures across distant phyla can be used in evolutionary studies and in the 
identification of functionally important domains in the protein structure and within the 
regulatory regions. The genomic sequences also provide a necessary tool for many 
molecular biological studies, for example, in gene regulation and elucidation of protein 
function by generating genetically modified animals (see 2.6.2.).  

Collagen genes and their loci have been given names with the prefix COL, followed by 
an Arabic number denoting the collagen type, the letter A, and another Arabic number for 
the α-chain in question. The gene names are usually written in italics. Those encoding 
human polypeptides are written with capital letters, whereas lower case letters are used to 
distinguish the corresponding genes in mouse or chicken. The 34 collagen genes 
characterized to date, excluding the most recently identified collagen types XX-XXIII, 
are dispersed throughout the genome and are located in 15 human and 13 mouse 
chromosomes. The collagen genes in human and mouse, their chromosomal locations, 
and characteristic features are presented in Table 2 and discussed briefly below.  

 

Table 2. Collagen genes and their chromosomal locations*. 

Gene Features Chromosome* References 
 Exons Size 

(kb) 

  

COL1A1 51 18 17q21.3-q22 Chu et al., 1985; D'Alessio et al., 1988; Määttä et al., 
1991; Westerhausen et al., 1991 

COL1A2 52 38 7q21.3-q22 de Wet et al., 1987; Körkkö et al., 1998 
COL2A1 54 31 12q13-q14 Ala-Kokko & Prockop, 1990 
Col2a1 54 28,9 15 Metsäranta et al., 1991 
COL3A1 51 44 2q24.3-q31 Chu & Prockop, 1993 
Col3a1 51 37,6 1 Toman & de Crombrugghe, 1994 
COL4A1 52 >100 13q34 Soininen et al., 1989 

Table 2. Continued. 
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Gene Features Chromosome* References 
 Exons Size 

(kb) 

  

COL4A2 47 >100 13q34 Heikkilä & Soininen, 1996 
Col4a2 47 >90 8 Buttice et al., 1990 
COL4A3 52 250 2q34-q37 Heidet et al., 2001 
COL4A4 48 >113 2q35-q37 Boye et al., 1998 
COL4A5 51 140  Xq22 Zhou et al., 1994 
COL4A6 46 425 Xq22 Oohashi et al., 1995; Zhang et al., 1996 
COL5A1 66 750 9q34.2-q34.3 Takahara et al., 1995 
COL6A1 36 29 21q22.3 Heiskanen et al., 1995; Saitta et al., 1991; Trikka et al., 

1997 
COL6A2 36 30 21q22.3 Saitta et al., 1991; Saitta et al., 1992 
COL7A1 118 31,1 3p21 Christiano et al., 1994 
Col7a1 118 31 9 Kivirikko et al., 1996 
COL9A1 38 90 6q12-q14 Pihlajamaa et al., 1998 
COL9A2 32 15 1p32 Pihlajamaa et al., 1998 
Col9a2 32 16 4 Peralä et al., 1994 
COL9A3 32 23 20q13.3 Paassilta et al., 1999 
COL10A1 3 6,2 6q21-q22 Apte et al., 1992; Thomas et al., 1991 
Col10a1 3 7,2 10 Apte & Olsen, 1993 
COL11A1 68 >150 1p21 Annunen et al., 1999 
COL11A2 66 >28 6p21.2 Lui et al., 1996; Vuoristo et al., 1995 
COL13A1 41/42 140 10q22 Hägg et al., 1998; Tikka et al., 1991 
Col13a1 42 135 10 Kvist et al., 1999 
COL15A1 42 145 9q21-q22 see I 
Col15a1 40 110 4 see II 
COL17A1 56 52 10q24.3 Gatalica et al., 1997 
COL18A1 43 105 21q22.3 Elamaa et al., personal communication 
Col18a1 43 >102 10 Rehn et al., 1996 
COL19A1 51 >250 6q12-q14 Khaleduzzaman et al., 1997 

* The chromosomal locations of human and mouse genes were collected from the GeneCards and Mouse 
Genome databases, respectively. 
Only completely characterized genes are listed, thus some genes whose chromosomal locations are known are 
excluded. 

 
Typically, genes encoding collagens span large genomic areas and consist of multiple 

exons that have some common characteristics due to the repeating Gly-X-Y –unit 
structure (see Vuorio & de Crombrugghe, 1990; Chu & Prockop, 1993, for reviews). 
Accordingly, the genes encoding fibril-forming collagens are similar in structure, whereas 
those encoding non-fibril forming collagens are more heterogeneous. The region 
encoding the triple-helical domain of the major fibril-forming collagens, types I-III, 
consists of 41-42 exons, all of which are multiples of 9 bp. Most exons are 54 bp in size, 
but can also be multiples of 54 bp or combinations of 45- and 54-bp exons. Furthermore, 
each exon starts with a complete codon for glycine and therefore codes for a discrete 
number of Gly-X-Y –units. Because of the high evolutionary conservation among the 
fibrillar collagen genes, it has been proposed that the ancestral gene arose by 
amplification of a 54-bp exon unit. The genes encoding minor fibrillar collagens, types V 
and XI, have a large number of 54-bp exons, thus supporting the hypothesis of a 54-bp 
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ancestor exon, although their structures otherwise diverse considerably from that of the 
major ones, indicating a separate evolutionary pathway (Takahara et al., 1995; Vuoristo et 
al., 1995). 

The triple helix encoding regions of nonfibril-forming collagen genes do not reflect 
the 54-bp exon motif common in fibril-forming collagens, but contain 36- and 63-bp 
exons or other sizes that are multiples of 9-bp, or slight deviations from that. The 
presence of imperfections in the Gly-X-Y sequences, together with the occurrence of split 
codons at the 5’- or 3’-ends of exons, some of them involving the first G-residue of a 
Gly-codon, further account for the variation in the exon sizes (see Vuorio & de 
Crombrugghe, 1990; Chu & Prockop, 1993, for reviews).  

Type XIII collagen was the first collagen shown to be modified by alternative splicing 
(Pihlajaniemi et al., 1987), but subsequent results have indicated that the occurrence of 
the variant collagen transcripts is the rule rather than the exception in the collagen family. 
The mode of generation of the alternative transcripts varies from the use of alternative 
promoters to exon skipping and utilization of internal splice sites (reviewed by 
Pihlajaniemi & Rehn, 1995). In most cases the alternative splicing affects the N and C-
terminal NC domains with the exception of type XIII collagen, where both NC and COL 
domains are affected. Although the significance of these modifications is not fully 
understood, the tissue- and developmental stage-specific expression patterns of the 
variant forms reported e.g. for collagen II (Sandell et al., 1991 and 1994; Lui et al., 
1995a), collagen IX (Liu et al., 1993), collagen XI (Sugimoto et al., 1998; Iyama et al., 
2001), and collagen XII (Böhme et al., 1995) have been suggested to be implicated in 
conferring different functional properties (and see later in 2.7.). 

To ensure that various collagen types are expressed at controlled rates in their specific 
locations in adult (see 2.1. and 2.2.) and developing tissues (see 2.7.), the coordinate 
function of a multiplicity of regulatory elements located in the core promoter areas, 5’-
flanking sequences, and within introns is required. In addition, further modulation of 
collagen gene expression is provided by various cytokines or hormones (for reviews see 
Vuorio & de Crombrugghe 1990). Recently, type XV collagen expression was reported to 
be enhanced by transforming growth factor-β (TGF-β) and reduced by tumor necrosis 
factor-α (TNF-α) and interleukin-1β (IL-1β) (Kivirikko et al., 1999). 

Structurally, the collagen genes, like other genes, can be roughly divided into two 
categories based on the characteristics in their core promoter areas. These categories are 
“tissue-specific genes”, which have TATA boxes specifying the precise position of 
transcription initiation, and “housekeeping genes”, which lack TATA boxes, but have 
instead high GC-contents and multiple transcription start sites. The genes belonging into 
the latter category are transcribed widely in many tissues, but at low RNA levels. Of the 
collagen genes, those encoding the major fibrillar collagens, COL1A1 (Bornstein et al., 
1987), COL2A1 (Metsäranta et al., 1991), and COL3A1 (Benson-Chanda et al., 1989), 
the COL10A1 encoding the highly specialized collagen of hypertrophic chondrocytes 
(Apte & Olsen, 1993), and the downstream promoter initiating the synthesis of the 
cornea-specific transcript of collagen IX (Pihlajamaa et al., 1998) belong to the tissue-
spesific gene category. COL4A3-A4 (Momota et al., 1998), COL5A1 (Lee & Greenspan, 
1995), COL7A1 (Christiano et al., 1994), COL9A2-A3 (Pihlajamaa et al., 1998; Paassilta 
et al., 1999), COL11A1 (Yoshioka et al., 1995), COL11A2 (Vuoristo et al., 1995), 
Col13a1 (Kvist et al., 1999), the promoter 1 of Col18a1 (Rehn et al., 1996), and the 
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downstream promoter of COL6A2 (Saitta et al., 1992) all belong to the housekeeping 
genes category. Furthermore, some collagen promoters, such as COL4A5-6 (Sugimoto et 
al., 1994) and the promoter 2 of Col18a1 (Rehn et al., 1996), lack both TATA- and GC-
boxes, but contain CCAAT boxes. Others, however, lack all the above mentioned 
proximal promoter elements, and examples of these are COL6A1 (Bonaldo et al., 1993) 
and the upstream promoter of the cartilage-specific transcript of collagen IX (Pihlajamaa 
et al., 1998). 

There are several ways to identify and characterize the regulatory elements. As 
described in publications I and II, putative regulatory elements can be identified simply 
by sequencing the 5’-flanking areas of the genes and by searching for binding sites for 
known transcription factors, the functional significance of which must be determined by 
other means. In several studies, hints provided by phylogenic conservation of critical 
regulatory elements have been utilized (collagens I, II, V and X) (Vikkula et al., 1992; 
Truter et al., 1993; Thomas et al., 1995; Antoniv et al., 2001, and see below). An 
important experimental system to study elements conferring tissue-specificity in intact 
animals is provided by transgenic mice, or lately also by nematodes, frogs, and zebra fish. 
Typically, a potential regulatory sequence is fused to a reporter gene, such as β-
galactosidase, luciferase, or green fluorescent protein (GFP), introduced into the mouse 
germline, and the expression of the reporter gene is monitored in tissues (for reviews see 
Hogan et al., 1994). This strategy has been used for example in the identification of the 
chondrocyte-specific elements in the first intron of Col2a1 gene (Zhou et al., 1995; Zhou 
et al., 1998), in the identification of osteoblast-specific elements in the promoter of 
Col1a1 gene (Rossert et al., 1996), as well as in the study of isoform specificity in the 
expression patterns of collagen XVIII, cle-1, in C. elegans (Ackley et al., 2001). 
Similarly, the promoter efficacy can be studied in vitro in transient transfection assays 
using reporter gene constructs, which, when coupled with cotransfection, gel-shift, and 
footprinting assays or mutagenesis, reveal functional characteristics of the promoter, such 
as the cis-acting elements implicated in the gene regulation. This strategy has been 
successfully used for example in the identification of regulatory elements conferring the 
liver-specificity of promoter 2 of the Col18a1 gene (Liétard et al., 2000).  

2.5 Mutations in human collagen genes 

The critical roles of collagens in the vertebrate body are illustrated by the wide spectrum 
of diseases caused by aberrations of collagen biosynthesis or mutations in collagen genes. 
Briefly, the correct amount of collagen in a given tissue is important. Excessive collagen 
accumulation leads to fibrosis and impairment of normal functioning of the affected 
organ, whereas decreased collagen synthesis leads to delayed wound or fracture healing. 
More than 1000 mutations have been characterized in 23 collagen genes for 13 out of 
more than 20 collagen types, as well as in two genes encoding collagen processing 
enzymes. These mutations result in heritable disorders with a broad range of clinical 
phenotypes (Table 3. and for reviews, see Kivirikko, 1993; Prockop & Kivirikko, 1995; 
Kuivaniemi et al., 1997; Myllyharju & Kivirikko, 2001). 
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Diseases caused by collagen gene mutations include bone disorders such as 
osteogenesis imperfecta (OI) and some forms of osteoporosis, as well as cartilage 
disorders such as many chondrodysplasias and some forms of osteoarthritis and 
intervertebral disc disease. Several subtypes of Ehlers-Danlos syndrome (EDS), a 
heterogeneous group of heritable disorders characterized by joint and skin changes and 
the rupture of arteries or other hollow organs, are linked to mutations in the collagen 
genes, as are the renal disease Alport syndrome, muscle disease Bethlem myopathy, 
certain subtypes of a skin disease epidermolysis bullosa (EB), a rare genetic disease 
characterized by eye and cranial defects called Knobloch syndrome, and some forms of 
arterial aneurysms. The most recent addition to the list of diseases caused by collagen 
mutations is corneal endothelial dystrophy, which is caused by mutations in the COL8A2 
gene (Biswas et al., 2001). 
 

Table 3. Diseases caused by mutations in collagen genes or collagen processing 
enzymes*. 

Gene Disease 
COL1A1;COL1A2 OI, EDS types I, II, VIIA and VIIB, osteoporosis 
COL2A1 Several chondrodysplasias § 
COL3A1 EDS type IV, arterial aneurysms  
COL4A3;COL4A4;COL4A5 Alport syndrome 
COL4A5; COL4A6 Alport syndrome with diffuse oesophageal leiomyomatosis 
COL5A1; COL5A2 EDS types I and II 
COL6A1; COL6A2; COL6A3 Bethlem myopathy 
COL7A1 EB, dystrophic forms 
COL8A2 Some forms of corneal endothelial dystrophy 
COL9A1; COL9A2; COL9A3 Multiple epiphyseal dysplasia, intervertebral disc disease, osteoarthrosis 
COL10A1 Schmid metaphyseal dysplasia 
COL11A1; COL11A2 Several mild chondrodysplasias §, non-syndromic hearing loss, 

osteoarthorosis 
COL17A1 Generalized atrophic benign EB 
COL18A1 Knobloch syndrome 
Lysyl hydroxylase 1 EDS type VI 
Procollagen N-proteinase EDS type VIIC 

* For references, see text. 
§ For details, see Kivirikko (1993), Prockop & Kivirikko (1995), Kuivaniemi et al. (1997), and Myllyharju & 
Kivirikko (2001).  

 
Most of the mutations underlying these diseases are single base substitutions 

converting a codon for the obligatory glycine in the Gly-X-Y –triplet to a bulkier amino 
acid. However, other amino acid substitutions as well as deletions, insertions, 
duplications and complex rearrangements, have also been identified (for reviews, see 
Kivirikko, 1993; Prockop & Kivirikko, 1995; Kuivaniemi et al., 1997; Myllyharju & 
Kivirikko, 2001). The consequences of the mutations vary depending on their nature and 
location in the collagen chain, and thus mutations in the same gene can cause disease 
phenotypes ranging from lethal and severe forms of a disease to relatively mild forms, or 
just confer a predisposition for a certain disease. Generally, mutations that cause the 
synthesis of abnormal collagen chains, which can still associate with other chains, cause 
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more severe phenotypes than null alleles or mutations that prevent chain association, due 
to the dominant-negative effect, or “procollagen suicide”. Accordingly, the effect of the 
mutation is amplified because the incorporation of mutant chains into collagen molecule 
prevents proper folding of the collagen triple helix, leading to the degradation of both the 
normal and mutant chains. Alternatively, the abnormal α-chains may allow the formation 
of collagen triple helix, but exert conformational changes in the overall structure of the 
collagen molecule, which may interfere with the normal supramolecular assembly of the 
collagen molecules and lead to impaired function of such assemblies (Prockop, 1990). 

2.6 Collagen mutations in animals 

The modern medicine benefits from the animal models of various human diseases in a 
number of ways. First of all, they are valuable in the study of the consequences of gene 
mutations and the biochemical and patho-physiological mechanisms underlying the 
disease phenotype. Secondly, they are valuable in the testing of potential therapies for 
corresponding human diseases. The animal models can be classified into two categories 
based on the “origin” of the mutation, namely to naturally occurring ones and man-made 
ones. Previously, mutations were caused by exposing animals to x-rays or mutagenic 
agents, with uncontrollable results. Controlled mutagenesis was achieved as the 
techniques enabling the genetic manipulation of mice were developed, and is especially 
powerful in defining the consequences of mutations and functions of new proteins. In the 
1980’s, the first transgenic mice were generated by random insertion of a gene into the 
genome. Only few years later, the techniques were further developed to enable targeting 
of the gene construct into a specific location of the genome, i.e. the generation of so 
called knock-out mice or targeted mice (for reviews, see Palmiter & Brinster, 1986; 
Jaenisch, 1988). Both of these techniques have been successfully used in collagen 
research. The random insertion of mutated collagen genes into the mouse genome has 
proven especially useful as the consequences of the expression of mutant collagen chains 
mimic the situation in patients with collagen mutations due to the dominant-negative 
effect (see above). Indeed, in a number of mouse lines, the phenotypes of various human 
diseases have been reproduced (see 2.6.2.). The power of these techniques is illustrated in 
the number of mouse lines with genetically engineered mutations, which exhibit 
phenotypes that have not yet been identified in humans, or in those cases where the 
mouse model preceded the identification of the human disease and eventually helped in 
identifying the gene mutations responsible. The next two sections and two tables will 
briefly summarize the currently available naturally occurring and genetically engineered 
animal models of the collagen genes. 

2.6.1 Spontaneous mutations 

There are several animal models whose phenotypic and biochemical manifestations 
resemble certain human diseases and which have subsequently been identified as 
resulting from mutations in the collagen genes (see Table 4). These include three mouse 
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models for diseases affecting cartilage and bone. The oim mice, with a mutation in the 
Col1a2 gene, have a phenotype similar to the moderate and severe forms of human OI 
(Chipman et al., 1993). The Dmm mice, with a mutation in the Col2a1 gene, have 
disproportionate micromelia and other symptoms similar to the human variant of 
chondrodysplasia, Stickler syndrome (Pace et al., 1997), while the cho mice with a 
mutation in the Col11a1 gene, develop clinical manifestations similar to the lethal form of 
human chondrodysplasia (Li et al., 1995a). Furthermore, three canine models exist for 
hereditary nephritis, differing in their mode of inheritance. Samoyed dogs having a 
mutation in the gene encoding the α5(IV) chain serve as an animal model for human X-
linked Alport syndrome (AS) (Zheng et al., 1994). The hereditary nephritis in bull terrier 
and English cocker spaniel display autosomal dominant and autosomal recessive modes 
of inheritance, respectively, and serve as animal models for these forms of human AS, 
although the underlying genetic defect has not yet been confirmed yet (Hood et al., 1995; 
Lees et al., 1998). Recently, Nielsen et al. (2000) reported a mutation in the gene 
encoding the α1(X) chain in domestic pigs that causes dwarfism and growth plate 
abnormalities similar to those seen in human Schmid metaphyseal chondrodysplasia 
(SMCD). 

 

Table 4. Animal models with spontaneous mutations for collagen diseases*. 

Locus Species Mutation  Mutant phenotype 
oim Mouse Single base 

deletion in Col1a2 
Absence of α2(I) collagen in skin and bone, progressive skeletal 
deformities, fractures, osteopenia 

dmm Mouse 3 nucleotide 
deletion in Col2a1 
 

Homozygotes die at birth and display reduced collagen II content, 
shortened long bones and spine, growth plate abnormalities; 
heterozygotes are viable, but dwarfed. 

cho Mouse Single base 
deletion in 
Col11a1 

Absence of α(XI) collagen in cartilage, abnormally thick collagen 
fibrils, and disorganized growth plate leading to disproportionate 
dwarfism, short snout, and cleft palate in homozygotes. 

Col4a5 Dog Gly-to stop codon 
substitution in 
Col4a5 

X-linked inheritance. Proteinuria and hematuria leading to 
progressive renal failure and death at 8 to 15 months of age in 
affected males.  

ND Dog  ND Autosomal dominant inheritance. Proteinuria and hematuria 

leading to progressive renal failure and death at variable ages. 

Anterior lenticonus in some affected dogs. Normal hearing.  

ND Dog ND Autosomal recessive inheritance. Proteinuria and juvenile-onset 

chronic renal failure and death at 8 to 27 months of age.  
Col10a1 Pig Gly→Arg 

substitution 

Metaphyseal chondrodysplasia of long bones leading to dwarfism 
and skeletal defects. 

*For references, see text. 

2.6.2 Genetically engineered mutations in mouse 

To date, 12 transgenic mouse lines generated by random insertion of normal or mutated 
collagen genes and 12 lines generated by a targeted mutation in these genes have been 
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reported in literature (reviewed by Aszodi et al., 1998; Myllyharju & Kivirikko, 2001). 
The phenotypic consequences of genetically engineered collagen mutations in mice and 
their equivalent human diseases are summarized in Table 5. Some engineered mutations 
were modeled after known human disease-causing mutations, such as the in-frame 
deletions of Col1a1 (Khillan et al., 1991) and Col2a1 (Vandenberg et al., 1991), which 
mimicked sporadic deletions of lethal OI variant, and the Gly-to-Ser substitution in 
Col2a1 (Maddox et al., 1997), which corresponded to lethal human chondrodysplasia. 
Both of these resulted in the reproduction of the same disease phenotypes in mouse. The 
dominant nature of many collagen mutations in human diseases (see above) is also 
evident in engineered mouse mutations, as the dominant-negative mutations lead to more 
severe phenotypes than null mutations. For example, the transgenic mice expressing 
mutant type X collagen develop a more severe skeletal phenotype (Jacenko et al., 1993) 
than mice lacking type X collagen (Kwan et al, 1997; Gress & Jacenko, 2000), which 
were first reported as unsymptomatic (Rosati et al., 1994). Similarly, in two mouse 
models for degenerative joint disease, the phenotype was more obvious with the 
dominant-negative mutation of collagen IX than with the null allele (Nakata et al., 1993; 
Fässler et al., 1994), although as later demonstrated, both approaches led to the functional 
knock-out of the entire type IX collagen molecule (Hagg et al., 1997, and see below). 

The phenotypic severity correlates with the level of the transgene expression in some 
lines, indicating a certain threshold requirement. For example, mice expressing high 
levels of truncated collagen I or II develop a lethal phenotype of OI or chondrodysplasia, 
whereas lower expression levels of these transgenes are associated with osteoporotic or 
osteoarthritic phenotypes (Khillan et al., 1991; Vandenberg et al., 1991; Helminen et al., 
1993; Pereira et al., 1993 and 1994). Moreover, in some lines, extensive breeding resulted 
in phenotypic variability and incomplete penetrance, which may be an inherent property 
of the expression of mutated collagen genes (Helminen et al., 1993; Pereira et al., 1993 
and 1994). Whereas in most knock-out lines the heterozygotes were asymptomatic, in 
Col2a1 and Col6a1 lines the heterozygotes displayed the same although milder 
phenotype than homozygotes. This indicated haploinsufficiency in the gene function 
(Bonaldo et al., 1998; Li et al., 1995b), a phenomenon also seen in the corresponding 
human diseases (Richards et al., 2000; Lamandé et al., 1998).  

Besides being important models for human diseases, genetically engineered mice have 
often provided further inside into protein function. Hagg et al. (1997) showed that the 
inactivation of one chain of heterotrimeric collagen, α1(IX), leads to the functional 
knock-out of the entire collagen molecule despite normal synthesis of α2(IX) and α3(IX) 
chains, thus providing the first in vivo evidence of the essential role of α1(IX) in 
molecular assembly. The consequences of the depletion of Col2a1 demonstrated that a 
well-organized cartilage matrix is required for the formation of the epiphyseal growth 
plate of long bones, but it is not essential for the initial mineralization of long bones, the 
synthesis of periosteal bone, or formation of bone cavities (Li et al., 1995b). The lack of
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Col3a1 disturbed collagen I fibrillogenesis, resulting in defective development and 
functional failure in the cardiovascular system and other organs, indicating an essential 
role for collagen III in fibrillogenesis (Liu et al., 1997). The targeted mutation of Col5a1 
provided the first genetic evidence of a regulatory role for collagen V during matrix 
assembly (Andrikopoulos et al., 1995). Furthermore, the consequences of the Col13a1 
mutation and the lack of Col15a1 in mice both provided the first functional evidence for 
these recently identified widely expressed collagens (Eklund et al., 2001; Sund et al., 
2001a). Analogously to that seen in the mouse models of Col5a1 (Andrikopoulos et al., 
1995), Col9a1 (Nakata et al., 1993), and Col10a1 (Jacenko et al., 1993), where the 
phenotypic analysis of the mice preceded the identification of the human mutations, it has 
been suggested that the consequences of the mutations in Col13a1 and Col15a1 will most 
likely correlate with as yet unidentified disease phenotypes in humans (Eklund et al., 
2001; Sund et al., 2001a). 

Recently, Rani et al. (1999) demonstrated a rescue of the lethal phenotype of Col2a1 
null mice (Li et al., 1995b) by introducing a human COL2A1 gene into the mouse 
genome, indicating that the human collagen II can substitute for mouse protein. 
Furthermore, the cartilage of these mice is essentially “humanized”, thus these animals 
present a unique model to investigate the pathological effects of COL2A1 mutations. 
Although many successful examples encourage the use of genetic engineering in the 
elucidation of collagen function, it has certain limitations. One of them is the functional 
redundancy of the targeted gene or compensation by other gene products, which may 
explain the lack of severe phenotypes e.g. in collagen X and collagen XVIII knock-outs 
(Rosati et al., 1994; Fukai, N., Eklund, L., Marneros, A.G., Oh, S.P., Keene, D.R., 
Tamarkin, L., Li, E., Pihlajaniemi, T., & Olsen B.R., submitted). Accordingly, there may 
be many unpublished mouse lines with no apparent phenotype. 

2.7 Collagens in development 

The development of a multicellular organism from a single cell, the fertilized egg, 
requires a concerted sequence of cell divisions, differentiation, and morphogenesis, as 
well as a coordinate interplay between cells and their surrounding extracellular matrix 
(ECM) (Gilbert 1997). Collagens, as the major structural proteins in ECM, have been 
implicated in these processes. The currently available data in literature about the 
expression and deposition of various collagen types during murine development has been 
collected in Table 6 and will be briefly discussed below. (For tissue locations of various 
collagen types in adult see Table 1.) When this knowledge is combined with that obtained 
by studies of the consequences of collagen mutations in human diseases and genetically 
engineered mice (see 2.5. and 2.6.2.), conclusions of the biological function of various 
collagen types can be drawn. 

The importance of collagens in development is evident in the early expression of 
various collagen types (see Table 6). Furthermore, the various murine collagen mutants 
underline the developmental importance. The synthesis of the most abundant collagen, 
type I, is essential for normal development, as Mov-13 mice lacking this collagen die at 
days 12 to 14 of development due to the rupture of large vessels. This indicates a role for 



Table 6. Collagens in developing mouse tissues §. 

Collagen Fetal age 
(dpc)* 

Tissue distribution References 

I 8.5 R Widespread distribution, e.g. in mesoderm, 
sclerotomes, dermatomes, and developing connective 
tissues; from 14.5 onwards in the ossified regions; 

coordinate expression of α1(I) and α2(I) 
 

Niederreither et al., 1995 

II 9.5 R In cartilagous and non-cartilagous tissues in variant 
specific manner, the IIB (short) is prevalent in 
cartilagous tissues, and IIA (long) in non-cartilagous 
ones; expression in cartilage prior to chondrocyte 
differentiation (accompanied with IIA to IIB switch); 
outside cartilage e.g. in notochord, neural retina, 
corneal and conjunctiva epithelium, and sclera of the 
eye, transient expression also in heart, epidermis, 
inner ear, and brain  
 

Cheah et al., 1991; 
Sandberg et al., 1993 
Khetarpal et al., 1994; 
Sandell et al., 1994; 
Lui et al., 1995; 
Savontaus et al., 1998 
 

III 8.5 R Widespread distribution in mesoderm; similar overall 
expression pattern with type I at 8.5-12.5 dpc, e.g. in 
sclerotome, meninges, heart; contrary to type I is 
absent from osteoblasts 
 

Niederreither et al., 1995 

IV 3 P In all basement membranes (BM); different tissue 

distribution of six α(IV) chains; most BMs rich in α1-

α2(IV), α3-α5(IV) acquired later during 
development; e.g. in glomerular BM, a switch from 

α1-α2(IV) to α3(IV)- α5(IV) from primitive to 
mature stage 
 

Adamson & Ayers, 1979; 
Leivo et al., 1980;  
Thomas & Dziadek, 1993; 
Miner & Sanes, 1994; 
Lohi et al., 1997 

V α1, 11 R 

α2, 7 R 

α3, 7 R 
 

α1(V): At 13.5-15.5 throughout mesenchyme, at 15.5, 

accumulates in the perichondrium; α2(V): At 12.5, 
low, diffuse expression in mesenchyme e.g. in 
intestinal and craniofacial tissues, and in peritoneal 
membrane, becomes more restricted and higher at 
16.5 being e.g. in ossified regions, perichondrium, 
joints, tendon, valves of the heart, head mesenchyme; 

α3(V): Low expression levels at 13.5, accumulated at 
15.5 in the epimysium of muscle and epineurium of 
nerves, and in the developing ligaments and tendons, 

absent from perichondrium; α4(V): restricted to 
developing peripheral nerves first appearing between 
15-18 dpc in rat 
 

Andrikopoulos et al., 
1992;  
Chernousov et al., 1996;  
Chernousov et al., 1999;  
Imamura et al., 2000 

 
Table 6. Continued. 

Collagen Fetal age 
(dpc)* 

Tissue distribution References 
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VI α1, 7.5 R 

α2, 7.5 R 

α3, 10.5 R 
 
11.5 P 

At 11.5, low protein levels in the mesenchyme of e.g. 
visceral yolk sac, branchial arches, dorsal aorta, 
increased between 12.5-14.5 e.g. in the visceral yolk 
sac, subepidermal mesenchyme, and in that of lung, 
gut, meninges, muscle, perichondrium and vertebral 
column; at 16.5, most connective tissues positive, 
especially high deposition in joints, intervertebral 
discs, perichondrium and -ostium, dermis, muscle, 
heart valves; cartilage and bone negative; pericellular 
staining of chondrocytes  
 

Dziadek et al., 1996;  
Marvulli et al., 1996; 
Klewer et al., 1998 

VIII 11 P In murine development, from 11 dpc- in e.g. cranial 
mesenchyme, heart, subendothelium of cardiac 
vessels2 and placental capillaries; at 140 d in fetal calf, 
in Descemet´s membrane and sclera of the eye, optic 
nerve, meninges, spinal cord, periosteum and – 
chondrium, calvaria and the white matter of spinal 
cord. 3  
 

Kapoor et al., 1988; 
Sage & Iruela-Arispe, 
1990 
 

IX 9.5 R 
 
 
 

In fetal heart, lung, brain, and skin, in addition to 
cartilage and eye (two prominent locations of collagen 

IX in adults); short and long form of α1(IX) 
differentially expressed; eye and heart express 
preferably the short, and lung and cartilage the long 

form; coordinate expression of three α(IX) chains in 
the developing eye and cartilage, except for 16.5-18.5, 

when α2(IX) is not expressed in periosteal cells  
 

Liu et al., 1993; 
Perälä et al., 1997; 
Savontaus et al., 1998 

X 13.5 R 
 
 

Expression at 13.5 in mouse and 16-day in chick, thus 
prior to the onset of endochondral ossification; mainly 
confined to the hypertrophic zone of cartilage, but 
some present also in cartilage residues within bone 
trabeculae and zone of periosteal ossification (studied 
in human fetuses at 12-40 wk of gestation) 
 

LuValle et al., 1992; 
Nerlich et al., 1992; 
Kong et al., 1993; 

 

 

                                                           
2 For closer study of collagen VIII during cardiogenesis, see Iruela-Arispe & Sage 1991. 
3 According to Kittelberger et al. (1990), collagen VIII is heavily masked in vascular tissues and is 
present in the arterioles and venules of muscle, heart, kidney spleen, liver, and lung in adult. 
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Table 6. Continued. 
Collagen Fetal age 

(dpc)* 
Tissue distribution References 

XI 9.5 R 
 
 

In cartilagous and non-cartilagous tissues, in e.g. 
notochord, bone, brain, heart, lung, muscle, skin, 
intestine, and otic vesicle; in some non-cartilagous 

tissues, the three α(XI) chains are not coexpressed, 

but α1(XI) and α2(XI) are present singly or without 

α3(XI), α1(XI) having wider distribution than α2(XI) 

outside cartilage; the variant forms of both α1(XI) 

and α2(XI) have distinct distributions: the α1(XI) 
variant containing exon 6B being predominant in 
cartilage, muscle and intestinal epithelium, and 
variant exon 6A in the smooth muscle of intestine, 

aorta and lung; whereas the variant of α2(XI) lacking 
exons 6-8 is prevalent in cartilage and notochord, 
while the one containing these exons is prevalent in 
non-cartilagous tissues, including calvarium and 
periosteum 
 

Sandberg et al., 1993; 
Lui et al., 1995; 
Yoshioka et al., 1995; 
Perälä et al., 1997; 
Sugimoto et al., 1998  

XII 7 R 
 
12 P 

Dense connective tissues containing type I collagen 
such as tendons, ligaments, membraneous bones, 
cornea, meninges, endo- and perineurium, and blood 
vessels from 12 dpc-; also in perichondrium and -
osteum and intervertebral discs; temporal variant 
specific distribution, the long form (XIIA) being 
prevalent in the early stages 7 and 11 dpc, and the 
short form (XIIB) at later stages 15 and 17 dpc, the 
latter becoming the major variant in adult, although in 
some tissues the long form also exists 
 

Oh et al., 1993; 
Bohme et al., 1995 

XIII 7 R 
 
10.5 P 
 

High deposition in the developing central and 
peripheral nerves, and in heart; also e.g. in cartilage, 
bone, muscle lung, intestine, and skin; developmental 
shifts in the expression in lung and cartilage; often 
found in conjunction with cell-matrix contact sites, in 
heart is also present at sites of cell-cell contact 
 

Sund et al., 2001 

XIV 19 wk P, b 
st 30 (E7) 
P, c 
 

Studied only in fetal bovine skin (9-37 wk) and chick 
muscle (st. 27-); at 19 wk- in dermis of the bovine 
skin and around hair follicles; in chick from st 30- 
transiently in epimysium, from st 37- in perimysium, 
decreases in these locations after hatching; increases 
upon denervation and regeneration  
 

Lethias et al., 1993; 
Tono-Oka et al., 1996 

Table 6. Continued. 
Collagen Fetal age 

(dpc)* 
Tissue distribution References 
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XV 10.5 P Prominent expression in capillaries, peripheral nerves 
and muscle; also in perichondrium; developmentally 
regulated expression in heart, lung and kidney, and in 
brain vasculature 
 

See III. 

XVI 11 R, P From 12 dpc-, strong signal in heart, dorsal root 
ganglia, skin, perichondrium and –ostium, and in 
some chondrocytes; also in liver and intestine 
 

Lai & Chu, 1996 

XVIII ES cells P Variant specific tissue distribution; short variant 
expressed evenly in most BM zones throughout 
development from 9 dpc-, two longer ones accumulate 
later in restricted BM zones between 11-15 dpc, e.g. 
in those of kidney, peripheral nerves, muscle, thymus 
and skin, and in liver sinusoids, which lack the short 
variant; developmentally regulated expression in 
heart, pancreas, and kidney  
 

Muragaki et al., 1995; 
Saarela et al., 1998 

XIX 9.5 R 
 

Transient expression in differentiating skeletal 
muscle; also in smooth muscle of stomach and 
esophagus, skin, cerebral cortex, and hippocampus 
 

Sumiyoshi et al., 1997; 
Sumiyoshi et al., 2001 

§ The data is collected preferably from developmental studies performed in mouse tissues. In references, 

relevant studies on human and other mammalian species is included. 

* First reported appearance of collagen during murine fetal development. The letter R or P indicate the mRNA 

or protein, respectively, if the data is available, both are given. Letters b and c after R or P indicates bovine and 

chick, respectively. dpc, days post coitum; E, embryonic day. 

 
this collagen in establishing the mechanical stability of the circulatory system (Schnieke 
et al., 1983; Löhler et al., 1984, and see Table 5). Another collagen essential for normal 
development is collagen XIII, as transgenic mice that over-express mutant α1(XIII) 
chains abort at days 10.5 and 13.5 of development due to placental and cardiac defects 
(Sund et al., 2001a). Niederreither et al. (1995) demonstrated that the expression of type I 
collagen starts already at 8.5 dpc in mouse, and collagen III is coordinately expressed in 
many tissues. This may lead to collagen III compensating for type I in certain tissues and 
allowing the normal development to proceed up to 12 dpc in Mov-13 mice. Collectively, 
the consequences of the mutations in type I collagen in OI and in corresponding mouse 
models, as well as its deposition in the ossified regions as soon as they evolve, point to 
essential role for this collagen also in bone development and integrity. The phenotypic 
consequences of type II collagen mutations and the early expression of type II collagen in 
cartilage leave no doubt of its role in the normal development and growth of long bones 
by providing the cartilage model for endochondral ossification (see above). Several 
studies have demonstrated the transient expression of cartilagous collagens II, IX, and XI 
in developing tissues outside the cartilage, although in adult they are mainly confined to 
cartilage (Cheah et al., 1991; Liu et al., 1993; Sandell et al., 1994; Lui et al., 1995b; 
Yoshioka et al., 1995; Sugimoto et al., 1998). This finding may be of relevance to non-
skeletal defects observed in certain human skeletal dysplasias (for reviews, see 
Myllyharju & Kivirikko, 2001). In addition, the variant forms of collagens II, IX, and XI 
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arising from the use of alternate promoters or alternative splicing have distinct tissue 
distributions during development, which together with transient expression is suggestive 
of specific roles during development (see Table 6). In support of this suggestion is the 
finding that e.g. the variant IIA of collagen II, the major form in non-cartilagous tissues, 
is expressed in prechondrogenic areas by progenitor cells of chondrocytes before they 
mature and differentiate to chondrocytes, a process that is accompanied by a switch to 
IIB, thus possibly establishing the microenvironment for chondrocyte differentiation 
(Cheah et al., 1991; Sandell et al., 1994; Lui et al., 1995a). Therefore, in addition to 
providing structural integrity to cartilage, type II collagen may have a morphogenetic role 
both in cartilage and elsewhere.  

Dziadek et al. (1996) demonstrated that the three α(VI) chains are not co-ordinately 
expressed during development, but the formation and secretion of collagen VI is 
dependent on the expression of α3(VI). Based on the concurrent expression of type VI 
collagen during atrio-ventricular (AV) valve development, a role in heart morphogenesis 
has been suggested. This is intriguing in light of the chromosomal location of α1(VI) and 
α2(VI) chains on chromosome 21 in the critical region implicated in congenital heart 
defects in infants with trisomy 21 (Klewer et al., 1998). Although collagen VI is a widely 
distributed protein in developing and mature tissues, the consequences of its mutations in 
man and mouse have only been implicated in skeletal muscle integrity (Jöbsis et al., 
1996; Bonaldo et al., 1998).  

The specialized ECMs, BMs, have a great influence on tissue compartmentalization 
and cellular phenotypes from early embryonic development onwards, and thus all BM 
components, including collagen IV, are expressed very early (Table 6). For a further 
discussion on BMs, their components, and developmental regulation, see section 2.8. A 
restricted distribution in fetal, but not in adult tissue, is always suggestive of a unique 
function during development. Two recently identified polypeptide chains, α4(V) and 
α1(XIX), have been shown to be expressed during peripheral nerve development and 
regeneration and in the early stages of skeletal muscle cell differentiation, respectively 
(Chernousov et al., 1999; and 2000; Sumiyoshi et al., 2001). Recently, Sund et al. 
(2001b) demonstrated a prominent deposition of collagen XIII in developing central and 
peripheral nervous systems, the staining pattern resembling that obtained with the neural 
marker antibody neurofilament. Furthermore, the collagenous extracellular ectodomain of 
collagen XIII could induce neurite outgrowth and network formation in cultured neurons, 
suggesting a specific role for this collagen in neuronal development. Interestingly, the C-
terminal NC1 fragment of collagen XVIII has also been implicated in neural patterning, 
as its deletion in C. elegans causes axon guidance defects (Ackley et al., 2001). A 
morphogenetic role for collagen has been suggested through an elegant study, which 
utilized organ cultures and tissue recombinants. These results demonstrated that a 
structural ECM component, collagen XVIII, is involved in the patterning process of 
kidney and lung morphogenesis via Wnt2 and ectopic surfactant protein C signalling (Lin 
et al., 2001). 
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2.8 Basement membranes – structure and function 

To provide a basis for the discussion on type XV collagen in relation to other BM 
components, a brief overview on that matter is provided here. Basement membranes are 
thin sheets of specialized extracellular matrices present ubiquitously throughout the body. 
In most tissue locations, they separate epithelial and endothelial cells from underlying 
stroma, but they can also separate apposing cell layers, as does the glomerular BM 
(GBM) in kidney. They also surround cardiac, smooth, and skeletal muscle cells, 
adipocytes, and Schwann and perineural cells, whereas sinusoidal endothelia in liver, 
spleen, bone marrow, and lymph nodes, as well as fibroblasts, histiocytes, lymphoid, and 
other blood cells lack any such membrane. The BMs often form continuous sheets, but 
they may also be discontinuous at some locations. (Martinez-Hernandez & Amenta, 
1983; Pihlajaniemi, 1996) 

At electron microscopy level, most BMs have a two-layered appearance. The lamina 
rara, also called lamina lucida, appears with a low electron density adjacent to the cell 
membrane, whereas the lamina densa, with a high electron density, faces the connective 
tissue. Some BMs, such as the GBM, appear as a three layered structure with a thick 
lamina densa sandwiched between two lamina rarae, resulting from a fusion of 
developmentally distinct epithelial and endothelial BMs. The thickness of BMs vary 
between 50-350 nm, being usually 60-80 nm.  

The BMs have been implicated in a number of important mechanical and biological 
functions. Their tensile strength provides physical support for tissues and serves to 
compartmentalize them. They also influence cell proliferation, adhesion, migration, 
differentiation, and polarization, and are thus implicated in biological processes such as 
development, tissue maintenance, regeneration, and repair, and in various pathological 
processes such as tumor growth and metastasis. In addition, the BMs act as reservoirs of 
growth factors, enzymes, and plasma proteins. The GBM has a specific role in the 
glomerular filtration of macromolecules from blood. The critical roles of BMs in tissue 
integrity and function and in development are illustrated in a number of disease 
phenotypes caused by mutations in various BM components in man and genetically 
engineered mice (reviewed by Relan & Schuger, 1999; Erickson & Couchman, 2000, and 
see below)  

2.8.1 Basement membrane components 

The BM composition varies from one tissue to another, within the same tissue at different 
developmental stages, and during tissue remodeling, such as repair. The major 
constituents of all BMs are collagen IV, laminins, nidogen/entactin, and proteoglycans. 
Collagen IV and laminin each form a network by self-assembly, and these networks are 
connected by nidogen/entactin, which is also known to bind several other components, 
such as proteoglycans and fibulins. The functional diversity of BMs arises from the 
molecular diversity of their components, particularly the different collagen IV and 
laminin isoforms, but also from their minor constituents. (Paulsson, 1992; Yurchenco & 
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O’Rear, 1994; Timpl & Brown, 1996; Aumailley & Gayraud, 1998; Erickson & 
Couchman, 2000). 

As discussed earlier, at least six different isoforms of collagen IV exist. They are 
assembled from six α(IV) chains, with characteristic tissue distributions (for reviews, see 
Hudson et al., 1993, and see 2.2. and Table 1). In the GBM, two networks with distinct 
chain composition have been identified (Gunwar et al., 1998). In the developing 
glomerulus, an α1(IV)·α2(IV) network is assembled first, but then there is switch to the 
synthesis of an α3(IV)·α4(IV)·α5(IV) network, which forms the GBM of the mature 
glomerulus. The α3(IV)·α4(IV)·α5(IV) network is essential for the normal structure 
and function of the GBM, as mutations in any of the genes encoding these chains arrest 
the developmental switch and result in a GBM composed of the embryonic 
α1(IV)·α2(IV) network, as detected in Alport syndrome patients. Recently, a specific 
function in the inhibition of angiogenesis and tumor growth in vivo has been associated 
with the NC1 domain of α3(IV), termed tumstatin (Maeshima et al., 2000 and 2001; 
Petitclerc et al., 2000). Similar to the family of collagens, the laminins also constitute a 
large protein family. The laminin molecule is composed of three genetically different 
polypeptides, termed α, β, and γ, that assemble into a characteristic cross-shaped 
structure. To date, five α-chains, three β-chains, and four γ-chains have been reported, 
which have been shown to assemble in vivo into at least 12 different isoforms (Miner et 
al., 1997; Kortesmaa et al., 2000). The expression patterns of various laminin chains 
reveal remarkable spatio-temporal differences in various tissues and during development, 
contributing to the heterogeneity of BMs (Sanes et al., 1990; Miner et al., 1997, and see 
2.8.2.). The necessity of BMs for development, and laminins, as one of their major 
constituents, is evident from a recent gene targeting experiment, where depletion of the 
γ1-subunit, the most common constituent chain in the laminin isoforms, resulted in an 
early arrest of embryonic development at day 5.5 due to lack of BMs and parietal yolk 
sac development (Smyth et al., 1999). Another laminin chain deletion that results in 
prenatal lethality is that of α5 (Miner et al., 1998). The α5-deficient fetuses die relatively 
late in gestation, between 13.5 and 16.5. dpc, with multiple developmental defects in 
neurulation, digit septation, and morphogenesis of the placental labyrinth. For reviews on 
the functional properties of other laminins, see Ryan et al. (1996) and Aumailley & 
Smyth (1998). 

Proteoglycans are composed of different types of core proteins with covalently 
attached glycosaminoglycan side chains. In BMs, heparan sulfate side chains are most 
common, although some chondroitin sulfate proteoglycans also exist. Best characterized 
is a heparan sulfate proteoglycan, perlecan (Kallunki & Tryggvason, 1992). The 
abolishment of perlecan in mice results in fetal lethality between 10 to 12 days of 
gestation due to bleeding in the pericardial sac. Although some null mice survive further 
in development, they perish around birth with severe defects in the brain (exencephaly, 
neuronal ectopias) and skeleton (chondrodysplasia) (Arikawa-Hirasawa et al., 1999; 
Costell et al., 1999). Thus, perlecan is not required for BM assembly, as the null mice 
have normal BMs, but it is needed for maintaining BM integrity, as the BMs deteriorate 
in regions of mechanical stress, such as the contracting myocardium and expanding brain 
vesicles. In addition, the chondrodysplastic phenotype, manifested as a lack of the typical 
collagen network and the elevated expression of some ECM genes, suggests a role in 
protecting ECM from degradation. Additional chondroitin sulfate proteoglycans found in 



52 

BMs are the recently characterized bamacan (Wu and Couchman, 1997) and lepracan 
(Wassenhove-McCarthy & McCarthy, 1999). Other minor components present in some 
specialized BMs are BM-40/osteonectin/SPARC, agrin, and fibulins (for references, see 
Aumailley & Gayraud, 1998). 

In addition, there are a number of molecules in close proximity to BMs, in the BM 
zone, which have been suggested to have an important function in linking the BM to its 
underlying stroma. Several collagen types have been identified at these locations. The 
beaded filament collagen, type VI, has been shown to form a network that bridges the 
collagen IV network within the BM with collagen I fibers, fibronectin, and some 
proteoglycans in the interstitium (Bonaldo et al., 1990; Specks et al., 1992; Kuo et al., 
1997). Although collagen VI is a widely distributed protein, the consequences of the 
failure of this bridging function have been associated only with skeletal muscles in 
Bethlem myopathy and genetically engineered mice lacking this collagen (Jöbsis et al., 
1996; Bonaldo et al., 1998). Type VII collagen has a limited tissue distribution in the 
squamous epithelia of the skin and mucous membranes, where it forms the anchoring 
fibrils that attach the epithelial BM to the underlying stroma (Uitto et al., 1992). This 
bridge is of utmost importance to the skin integrity, because if it fails, the epidermal BM 
becomes detached from the dermis, as seen in the dystrophic variant of skin blistering 
disease EB caused by mutations in collagen VII in human and mouse (Christiano et al., 
1994; Uitto et al., 1994, Heinonen et al., 1999). Collagen XVII is also associated with the 
special structures of BMs underlying stratified epithelia, the hemidesmosomes 
(Hopkinson et al., 1992). In bullous pemphigoid, autoimmunity to collagen XVII causes 
blisters resulting from a separation of epidermis from dermis above the BM (Liu et al., 
1994). Blister formation is also caused by mutations in collagen XVII in some 
hemidesmosomal variants of EB (Pulkkinen & Uitto, 1998; 1999). In addition, collagen 
types XV, XVIII, and XIX, are located in the BM zones of many tissues (Hägg et al., 
1997b; Myers et al., 1997; Halfter et al., 1998; Saarela et al., 1998b). Furthermore, types 
XV and XVIII collagen have been demonstrated to be proteoglycans, with heparin sulfate 
and chondroitin sulfate side chains, respectively, attached to the collagenous core protein. 
As discussed earlier, collagen XV has been implicated to have a stabilizing role between 
cells and ECM in skeletal muscle and capillary endothelia based on recent knock-out data 
(Eklund et al., 2001, and see 2.3.3.2). 

2.8.2 Developmental regulation of basement membrane components 

Lastly, a brief review will be provided on the developmental regulation of the expression 
of various BM components during the development of skeletal muscle and vasculature, 
particularly in capillaries. These are chosen for further discussion, because they are 
affected by the absence of collagen XV in Col15a1-/- mice (Eklund et al., 2001), and 
because of the prominent expression of collagen XV in these tissues during development 
(see III). 

Skeletal muscle development   The formation of somites between 8 and 10 dpc in 
mouse marks the onset of myogenesis (Furst et al., 1989). Myogenesis is not 
synchronized, as skeletal muscles at different positions of the body develop 
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independently, e.g. in mouse the myogenic processes begin at 9 dpc in the trunk, and not 
until 12 dpc in the forelimbs. On average, however, the period from 10 to 12 dpc in 
mouse myogenesis is characterized by myoblast proliferation and differentiation. At 13 
dpc, primary myoblasts start to fuse and form primary myotubes, which are seen as small, 
irregular structures with patchy BM depositions (Rosen et al., 1992). The BM continues 
to accumulate on 14 dpc, and by 15 dpc, each myotube is surrounded by a continuous 
BM. At 16 dpc, a distinct population of secondary myoblasts aligns along the walls of 
primary myotubes, proliferate and fuse into them to form secondary myotubes, which 
comprise most of the adult muscle (Furst et al., 1989; Rosen et al., 1992). The 
components of BM regulate myogenesis, contribute to the tensile strength of muscles in 
adults, and serve as a scaffold to orient regenerating myotubes after muscle damage 
(Sanes, 1994). The predominant laminin isoform in adult skeletal muscle is laminin 2, a 
heterotrimer of α2-β1-γ1 (Leivo & Engvall, 1988; Ehrig et al., 1990). Mutations in the 
α2 chain, originally named as merosin, have been shown to result in muscular dystrophy 
both in humans (Helbling-Leclerc et al., 1995) and in a naturally occurring mouse strain 
dy/dy (Sunada et al., 1994; Xu et al., 1994a and b). Patton et al. (1997) studied the 
distribution of the 10 laminin chains known at that time (α1-5, β1-3 and γ1-2) in adult 
and developing skeletal muscle. Only α2, β1, and γ1, the constituents of laminin 2, were 
found to be expressed in adult muscle. However, the cultured muscle cells and developing 
skeletal muscles incorporated four different α-chains (α1, α2, α4 and α5). At 11.5 dpc, 
patchy BM depositions containing α2, α5, β1, and γ1 were seen in the intercostal 
muscles. The α1 chain was also present, but restricted to the ends of the myotubes, in 
regions abutting ribs. Based on the assumption that myogenesis proceeds at the ends of 
fibers (Zhang & McLennan, 1995), the restricted expression of the α1 by myoblasts was 
speculated to coinside with the fusion with myotubes. By 15 dpc, when most myotubes 
bear continuous BM, they were rich in α2, α5, β1, and γ1, and also α4, whose levels 
increased dramatically after 11.5 dpc, whereas the α1 remained confined to the ends of 
myotubes as previously. Thus, laminin-8 (α4β1γ1) appears to join laminins 2 (α2β1γ1) 
and 10 (α5β1γ1) as primary myotubes mature and secondary myotubes form. 
Interestingly, it has been demonstrated that in patients with a deficiency in laminin α2, 
another α-chain of unknown identity is upregulated, the α4 being a good candidate based 
on its prominent expression in skeletal muscle during development (Patton et al., 1997). 
If so, the pattern resembles that seen in dystrophin-deficient muscular dystrophies (mdx in 
mice and Duchenne and Becker in human, Campbell, 1995) in which utrophin, a 
homologous protein normally expressed only transiently during development, is retained 
or upregulated in adult diseased muscle (Tinsley et al., 1996). This suggests that this kind 
of compensation and coregulation with homologous matrix components may be a general 
feature in BM assembly and maintainance. As discussed previously, the same 
phenomenon is seen also in the GBM of Alport syndrome patients, which retain the 
embryonic α1(IV)α2(IV) collagen (see above). 

The BMs of adult skeletal muscle cells contain α1(IV) and α2(IV) chains as their 
major collagen IV constituents. They also contain low amounts of α6(IV), but lack 
α3(IV), α4(IV), and α5(IV) chains (Sanes et al., 1990; Miner & Sanes, 1994; Ninomiya 
et al., 1995). There is no data available of the developmental regulation of various α(IV) 
chains in skeletal muscle. However, the location of the newly identified BM zone 
components, collagens XV, XVIII, and XIX, has been extensively studied in mature and 
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developing skeletal muscle. Collagen XV has been shown to be abundant in muscle cell 
BM zones (Myers et al., 1996 and 1997; Hägg et al., 1997b), whereas its homologue, 
collagen XVIII, is less abundant, forming only nonlinear deposits along the BM zones 
(Saarela et al., 1998b). Furthermore, they both are expressed in developing skeletal 
muscle (Kivirikko et al., 1995; Saarela et al., manuscript), with type XV collagen protein 
being detected as soon as the BM deposits are seen (see III). Collagen XIX is clearly a 
fetal component of skeletal muscle. In adult skeletal muscle, only traces of collagen XIX 
can be seen in the BM zones of muscle fibers (Myers et al., 1997), which is in contrast to 
the dramatic upregulation of its expression, which accompanies the initial events in 
myogenesis both in vitro and in vivo (Myers et al., 1999; Sumiyoshi et al., 2001). 
Moreover, its expression was shown to follow that of an early myogenic regulator, myf-5, 
and likewise decrease concomitantly with the differentiation of muscle cells (Sumiyoshi 
et al., 2001). The beaded filament collagen VI is also expressed in the developing skeletal 
muscle, the increase in its expression occurring at the time of BM deposition (Marvulli et 
al., 1996). In vitro, its expression has been shown to be induced during the differentiation 
of myoblasts (Piccolo et al., 1995).  

Development of vasculature   The formation of vasculature during development occurs 
via two processes, vasculogenesis and angiogenesis (Risau, 1995 and 1997; Beck & 
D'Amore, 1997). Vasculogenesis is de novo vessel formation, as endothelial cell 
precursors, angioblasts, associate to form early vessel tubes. Angiogenesis is the 
formation of new blood vessels from pre-existing ones by budding and sprouting. In 
general, tissues that originate from the embryonic endoderm, such as the lung, pancreas, 
and spleen, are vascularized via vasculogenesis, whereas those derived from embryonic 
ectoderm or mesoderm, such as the kidney and brain, are vascularized primarily via 
angiogenesis. The development of vasculature is influenced by several factors that 
modulate the endothelial cell phenotype and behavior (for these, see Beck & D'Amore, 
1997), and it involves communication between the developing vasculature (and hence 
endothelial cells) and the tissue parenchyma, as well as cell-cell interactions in the 
vascular wall. The mechanistic process of angiogenesis requires extensive ECM 
remodeling and a concerted sequence of endothelial cell proliferation, migration, and 
differentiation. The BM surrounding the endothelial cell tube is locally degraded, and 
those cells underlying this disruption change shape and invade into the surrounding 
stroma. A migrating column is formed as the cells at the leading edge of the invasion start 
to proliferate. The cells behind the advancing front differentiate, cease proliferation, 
change shape, and adhere to each other to form the lumen of the new capillary tube. After 
that, the endothelial cells secrete a BM that helps stabilize and maintain the vessel wall 
(Hanahan & Folkman, 1996).  

The adult capillary endothelia have been reported to contain laminin α4, α5, β1, γ1, 
and γ3 chains (Frieser et al., 1997; Iivanainen et al., 1997 and 1999; Patton et al., 1997). 
The expression of laminin α5 in the capillary endothelial BMs is developmentally 
regulated, as it is present only in larger blood vessels in fetal and newborn tissues, but 
appears in the capillary endothelia in mice tissues collected from animals older than 3-4 
weeks of age (Sorokin et al., 1997). In addition, the laminin β2 chain has been shown to 
be expressed in the endothelial cells of a human gestational week 17 fetus and in neonatal 
tissues (Iivanainen et al., 1995). Laminin α4 chain has been implicated to have a role in 
the formation and structural integrity of the capillary BMs based on a recent generation of 
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α4 null mice (Kortesmaa, 2000). These mice exhibit hemorrhages in subcutaneous tissues 
during the neonatal period and anemia. In adult null mice, the formation of blood vessels 
was dramatically affected in the cornea angiogenesis model, resulting in extensive 
bleeding and disorganization of microvessel growth, indicating a role for laminin α4 also 
during angiogenesis. The hemorrhages disappeared in null mice a few days after birth and 
the anemia normalized within a few weeks, possibly because of compensation by another 
laminin α chain present in capillary endothelia, the α5 chain (see above). 

The ubiquitous α1(IV) and α2(IV) collagen chains are present in all vascular 
basement membranes, whereas the other four α(IV) chains have a more restricted tissue- 
and organ specific distribution, being mostly absent from endothelial BMs, although they 
are located in close proximity to them in many epithelial BMs (Miner & Sanes, 1994; 
Ninomiya et al., 1995; Zhou & Reeders, 1996). While type XVIII collagen is present in 
essentially all vasculature (Halfter et al., 1998; Saarela et al., 1998b), type XV collagen is 
a prominent component of most, but not all, vascular endothelia (Hägg et al., 1997b). 
Furthermore, developmental transitions in the expression of type XV collagen in the 
capillary endothelia occur (see III). 



3 Outlines of the present research 

At the time when this work was initiated, the complete primary structure of the human 
type XV collagen had just been elucidated. This collagen was found to be highly 
homologous to another novel collagen type studied in our laboratory, type XVIII 
collagen. The elucidation of the primary structure of α1(XV) and the cDNA clones 
obtained during the course of this earlier study have provided the necessary tools for the 
characterization of the genomic organization of the human COL15A1 gene. However, 
since other tools were also needed to address the questions set by this thesis work, the 
characterization of the primary structure and search for the cDNA clones encoding the 
corresponding collagen in mouse were simultaneously started by others in our laboratory. 
The initiation of this thesis occurred at the time when the information about type XV 
collagen was just emerging, with no knowledge available about the genomic organization, 
tissue distribution, or biochemical properties, let alone the function of this novel collagen. 
Thus the following aims were set for this thesis: 

 
1. To isolate and characterize genomic clones encoding the human COL15A1 and the 
mouse Col15a1 genes and to determine the genomic organizations of these genes and 
the functional properties of their promoters. To study the evolutionary conservation of 
collagen XV by comparing the genomic structures in man and mouse, and to compare 
homologous collagens XV and XVIII at the genomic level.  

 
2. To prepare an antibody specific for mouse type XV collagen and use it to localize 
the type XV collagen protein during murine development. 

 
3. To gain insight into type XV collagen function by generating transgenic mice 
expressing mutated type XV collagen chain and by analyzing the phenotypic 
consequences of this mutation. 

 



4 Materials and methods 

4.1 Isolation and characterization of genomic clones of human and 

mouse genes (I, II) 

To isolate genomic clones for the human α1(XV) collagen gene (I) radioactively, labeled 
cDNA clones for the human α1(XV) chain (Kivirikko et al., 1994) were used as probes 
for screening the following libraries: a human lung fibroblast genomic library in the λ 
FIXTM vector (944201; Stratagene), a human leukocyte genomic library in the vector 
EMBL-3 (HL1006d; Clontech), a human lymphocyte cosmid library in pWE15 (951203; 
Stratagene), and a human genomic library in the cosmid vector PJB8 (a gift from Dr. 
Leena Ala-Kokko, University of Oulu, Oulu, Finland). The libraries were plated as 
suggested by the manufacturer and the screenings were performed under stringent 
conditions (Sambrook et al., 1989). Restriction mapping and Southern blot analysis were 
used to analyze the positive clones, and suitable restriction fragments were subcloned into 
the plasmid pBluescript SK (Stratagene). All the exons, exon-intron boundaries, and 
introns of reasonable size were sequenced, whereas restriction mapping and PCR was 
utilized to determine the size of the larger introns. 

In addition, a PCR method designed for the isolation of end fragments from yeast 
artificial chromosome clones was used to fill the gaps in the genomic sequences not 
covered by the subclones (Kere et al., 1992). Briefly, isolated λ or cosmid DNA were 
blunt-end digested separately with AluI, EcoRV, HaeIII, HincII, PvuII, RsaI, SmaI, and 
StuI, and ligated with a linker (for linker sequence, see Kere et al., 1992). The reaction 
was stopped by heating, diluted 1:4, and used as the template in a PCR reaction primed 
with an exon-specific type XV collagen primer and a linker primer (for linker sequence, 
see Kere et al., 1992). The amplification conditions were as described previously (Kere et 
al., 1992). After the first round of PCR, the reaction mixture was diluted 1:25 and used as 
a template for nested PCR. The synthesized fragments were subcloned and sequenced as 
described below. 

To isolate genomic clones for the mouse α1(XV) collagen gene (II), a mouse genomic 
λ library (946305; Stratagene) and a cosmid library (951303; Stratagene) were screened 
using cDNA and genomic fragments coding for human and mouse α1(XV) chains 
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(Kivirikko et al., 1994; Hägg et al., 1997a). The libraries were plated as suggested by the 
manufacturer and the screenings were performed under stringent conditions (Sambrook et 
al., 1989). When using human cDNA clones as probes, however, conditions allowing 
cross-species hybridization were used (Myers et al., 1992). The positive clones were 
characterized as described above, except that the PCR method (Kere et al., 1992) was not 
used. In addition, partial digestions fractionated by pulse field gel electrophoresis (CHEF-
Mapper electrophoresis, Bio-Rad) followed by Southern blot analysis were used to 
determine the size and restriction map of the second intron.  

4.2 Nucleotide sequencing and sequence analysis (I, II, IV) 

Nucleotide sequencing was carried out either directly with the genomic clones or with the 
subclones in plasmid vectors, using vector-specific or sequence-specific primers 
synthesized in an Applied Biosystems DNA synthesizer (Department of Biochemistry, 
University of Oulu). DNA sequences were determined by the dideoxynucleotide chain 
termination method (Sanger et al., 1977) either manually or using an automated DNA 
sequencer (Applied Biosystems). The nucleotide sequence data were analyzed by 
DNASIS (Amersham Pharmacia Biotech). Consensus sites for the binding of 
transcription factors were searched for in the Transcription Factor Data Base using the 
Sequence Analysis software package, Version 8.0 (Genetics Computer Group, Inc.). The 
BLASTN 2.0.5 program (www.ncbi.nih.cov/gorf/wblast2.cgj) was used to identify 
homologous 5´-flanking sequences in the human COL15A1 and mouse Col15a1 genes 
(II). The criteria for homology was set to a minimum length of 40 bp with over 75% 
identity.  

4.3 Nuclease S1 analysis (I, II) 

Total RNAs were isolated from cultured human skin fibroblasts (I) and from mouse 
kidney and heart (II) using guanidium isothiocyanate-chloroform-phenol extraction 
(Chomczynski & Sacchi, 1987) for the nuclease S1 analysis of the human COL15A1 (I) 
and mouse Col15a1 (II) genes, respectively. The S1 nuclease protection assay was 
performed as described (Pihlajaniemi & Myers, 1987; Sambrook et al., 1989). The probes 
(a 574-bp fragment (nt −469 − +112) of the human COL15A1 gene (I) and a 755-bp-
fragment (nt -666 to +89) of the mouse Col15a1 gene (II)) were prepared by 5´-end-
labeling with T4 polynucleotide kinase and [γ-32P]ATP (3000 Ci/mmol, Amersham 
Corp.). The probes were allowed to hybridize to RNA, DNA-RNA hybrids were subjected 
to S1 digestion, and the protected fragments were analyzed on a 6% polyacrylamide 
sequencing gel. Yeast tRNA was used as a negative control. The exact sizes of the 
protected fragments were determined by comparison with adjacent dideoxynucleotide 
sequencing reactions (Sanger et al., 1977). 
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4.4 Northern blot analysis (I) 

Human adult multi-tissue Northern blots (7760-1, 7759-1; Clontech) were hybridized 
under stringent conditions with 32P-labeled probes covering 33 kb of intron 2 in the 
COL15A1 gene (I) in the manner suggested in the manufacturer´s protocol. Intronic probe 
was used in order to find out whether it contains coding sequences. 

4.5 Deletion constructs for promoter analysis of human and mouse 

genes (I, II) 

Five deletion constructs containing different lengths of the 5´-flanking sequences of the 
COL15A1 gene were prepared for the functional analysis of the human COL15A1 
promoter region (I). All fragments were restriction enzyme-digested from a HindIII 
subclone derived from a cosmid clone HG-23 (I) and subcloned into the pGL2-Basic 
Vector (Promega) upstream from the luciferase gene. An EspI restriction site at position 
+27 was utilized as a common 3´-end for all constructs, whereas the 5´-restriction sites 
varied, being HindIII (position –3598) for del 1, HincII (position –2615) for del 2, XhoI 
(position –1858) for del 3, XbaI (position –1117) for del 4, and SacI for del 5 (position –
474).  

For the promoter analysis of the mouse Col15a1 gene, a series of six 5´-deletion 
constructs were subcloned into the pGL2-Basic Vector (Promega) upstream from the 
luciferase gene (II). The various promoter fragments were obtained by restriction-enzyme 
digestions of the genomic λ clone MG5’11 (II). A BamHI-site at position +42 was used as 
a common 3´-end for all constructs. The deletion constructs and their respective 5´-ends 
were: SpeI (approx. –7900) for M1, BamHI (position -3654) for M2, MscI (position -
2926) for M3, StuI (position -2064) for M4, SpeI (position -657) for M5, and SacI 
(position -135) for M6.  

4.6 Cell culture, transfections, and luciferase assays (I, II) 

For the transient transfection experiments of the human COL15A1 promoter, HeLa cells 
were grown at 37°C in DMEM (Imperial) containing 10 % fetal calf serum and 
antibiotics (I). Transfections were made using a liposome-based method (DOTAP 
liposomal transfection reagent kit, Boehringer Mannheim) according to the 
manufacturer’s protocol. Briefly, the various luciferase deletion constructs (5 µg) were 
transfected with 1 µg of pCMV-βgal plasmid (Clontech) to normalize the transfection 
efficiencies. Five independent transfections were performed, each run in duplicate. For 
cotransfection experiments, 5 µg of luciferase plasmids were cotransfected with either 1 
µg of the human Sp1 expression vector under control of the CMV promoter (pEVR2/Sp1 
plasmid – a gift of Dr. Suske, Institut für Molekularbiologie und Tumorforschung, 
Germany) or 1 µg of the control expression vector (pEVR2/0 plasmid = pEVR2/Sp1 
without the Sp1 cDNA fragment). For cotransfections, three independent transfections 
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were made. Cells were harvested 24 h after transfection and luciferase and β-
galactosidase activities were determined from cell extracts using the luciferase (Promega) 
and β-galactosidase (Promega) assay systems, respectively. To normalize the transfection 
efficiency for the cotransfection experiments, total DNA was extracted from each sample 
and dot-blot was performed with a probe corresponding to a fragment of the luciferase 
reporter gene. Densitometry scanning of the autoradiograms was performed with the 
«GelWorks 1D » program (UVP’s Gel Documentation and Analysis System – GDS8000).  

Two µg of the various luciferase deletion constructs for mouse Col15a1 or human 
COL15A1 genes were transiently transfected into NIH/3T3 cells (American Type Culture 
Collection) with the non-liposomal FuGENETM 6 Transfection Reagent (Boehringer 
Mannheim) according to the manufacturer’s protocol (II). Forty-eight hours after 
transfection, luciferase activity was determined from cell extracts using the luciferase 
assay system (Promega). The normalization of the transfection efficiency was done by 
dot-blot analysis as described above, except using different software (Bioimage scanning 
software, Millipore). Three and four independent transfections were performed, each run 
in duplicate or triplicate, with the human and mouse constructs, respectively (II). The 
results are expressed in relative luciferase activity, calculated as a relation of luciferase 
activity to the quantity of cells and to the efficiency of the transfection (I, II). For 
cotransfections with the Sp1 expression vector, the results are expressed as a ratio of the 
relative luciferase activity obtained with the Sp1 expression vector to that obtained with 
the control vector (pEVR2/0 - I). The promoterless pGL2-Basic vector and the pGL2-
Control vector (Promega) were used as negative and positive controls, respectively, for 
both experiments I and II.  

4.7 Expression of polypeptide fragments in E. coli for antigen 

production (III) 

A 271–bp cDNA fragment, +83AA, corresponding to the first 83 amino acids of the C-
terminal noncollagenous (NC8) domain of mouse type XV collagen, was amplified from 
cDNA clone HM6-1 (Hägg et al., 1997a) using sequence-specific primers. The 
synthesized fragment was subcloned in-frame into the expression vector pQE-41 
(Qiagen), designed for expression of N-terminally His-tagged dihydrofolate reductase 
(DHFR) fusion proteins, and transformed into E. coli strain M15. Sequencing was used to 
confirm the fidelity of the amplified fragment. The expression of the +83AA fusion 
protein was performed as suggested by the manufacturer for the high level expression of 
toxic genes and proteins (Qiagen). In the protein purification, 6xHis-tag affinity to 
TALON IMAC resin (immobilized metal affinity chromatography, Clontech) was used 
and the purification steps were done according to the manual for the denaturing-
purification of insoluble proteins. The eluted fractions were analyzed using SDS-PAGE 
and Coomassie Brilliant Blue staining (see 4.9.). The fractions containing type XV 
collagen-derived polypeptides were first dialyzed against decreasing urea concentrations, 
then against 1xPBS, and finally concentrated by ultrafiltration using Centricon 
concentrators (MWCO, molecular weight cut off 10 kD, Millipore). The purified and 
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concentrated +83AA fusion protein was used as an antigen in immunizing rabbits (see 
4.8). 

In addition, the expression construct –83AA was generated, which was the similar to 
the +83AA, except that the insert was subcloned into the vector pQE-31 (Qiagen) lacking 
the DHFR leader but containing the N-terminal His-tag for efficient purification of the 
recombinant protein. The –83AA fragment was expressed and purified as above, and used 
in the characterization of antibodies (see 4.9). 

4.8 Preparation and affinity purification of antibodies (III, IV) 

Antibodies to fusion protein +83AA were raised using conventional methods (III). For 
immunization, about 0.5 mg of the purified fusion protein was emulsified with complete 
Freund´s adjuvant (Sigma) and injected subcutaneously into rabbits. At appropriate 
intervals rabbits were boosted with 0.5 mg of antigen with incomplete Freund´s adjuvant. 
The crude immunosera were analyzed with enzyme-linked immunoabsorbent assay 
(ELISA) using the purified fusion protein as an antigen according to the manual of the kit 
(Vectastain ABC) (III).  

For the purification of the C-terminal antibodies, a peptide-affinity column was 
generated (III). A synthetic peptide (PLNPILSANYERPV) selected to correspond to the 
very end of the antigen region was synthesized using an automated peptide synthesizer 
(Applied Biosystems, Department of Biochemistry, University of Oulu, Finland), purified 
with reversed-phase HPLC, and its mass was confirmed by mass spectroscopy (Kratos 
Kompact MALDI). 50 mg of purified peptide was coupled to epoxy-activated Sepharose 
6B according to the manufacture´s protocol (Pharmacia Biotech). The affinity–
purification was performed as previously described (Hägg et al., 1997b). The antibody 
preparations were concentrated to 0.5 mg/ml using Centricon concentrators (MWCO 100 
kd, Millipore) and used in the Western blot analysis (see 4.9.) and immunofluorescence 
stainings (4.11.) at dilutions of 1:200 - 1:400 and 1:10, respectively (III, IV). 

To prepare a polyclonal antibody against the N-terminal noncollagenous domain (IV), 
a synthetic peptide (PISVPPTSSSPAE) corresponding to residues 276 to 288 of mouse 
type XV collagen was synthesized as described above. The antigen was prepared by 
coupling the peptide to the keyhole limpet hematocyanin (Sigma) by a standard 
procedure (Harlow & Lane, 1988) and used to raise polyclonal antibodies in rabbits as 
described above. For the purification of the antibody, the same peptide used as antigen 
was used to prepare a peptide-affinity column as previously described (see above). The 
N-terminal antibody was used in the Western analysis of transgene protein at 1:400 
dilution (IV). 
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4.9 SDS-PAGE and Western blot analysis of cell and tissue samples 

(III, IV) 

The various cell and tissue materials analyzed on protein gels were prepared as follows. 
IPTG-induced crude bacterial cultures of DHFR, +83AA, and –83AA were collected by 
centrifugation and used in the characterization of the antibodies (III). 10 mg of heart and 
skeletal muscle tissue homogenates of wild-type, Col15a1-/- null mice, and transgenic 
mice were prepared as described by Li et al. (2000), aliquoted, and stored at –20°C until 
used in the protein analysis (IV). Additionally, concentrated samples were prepared by 
homogenizing whole organs and processing them as described above (IV). 

For analysis by denaturing SDS-PAGE, samples were boiled in SDS sample-buffer 
with or without reduction with 2-mercaptoethanol. Depending on the experimental set-up, 
various concentrations of acrylamide gels were used (5/5%, 5/8% and 8/12%). The 
proteins were detected on gels by Coomassie Brilliant Blue staining or transferred onto a 
nitrocellulose membrane for Western blot analysis, which was performed as described 
(Hägg et al., 1997b). 

4.10 Tissue preparation for routine histology and immunofluorescence 

studies (III, IV) 

Normal fetal, newborn (P1), P3, and mature mouse tissues were used to study the 
distribution of type XV collagen during development, as well as in the adult mouse 
tissues, through immunofluorescence staining (III). To obtain age-matched fetuses, 
NMRI mice were allowed to mate overnight, and the next morning the presence of 
vaginal plugs was checked and the day was designed as 0.5 post coitum (dpc). The 
fetuses were dissected from pregnant females from 10.5 to 18.5 dpc at one-day intervals 
(III). Both mature and fetal mouse tissues derived from a mouse strain lacking type XV 
collagen, Col15a1-/-, (Eklund et al., 2001) were used to confirm the specificity of the C-
terminal type XV collagen antibody (III). The histology of tissues from wild-type, 
Col15a1-/- null mice, and transgenic mice was studied, as well as the presence of the 
transgene protein (IV). For immunohistology studies, the freshly dissected tissue samples 
were immediately frozen in liquid nitrogen in Tissue Tec embedding compound (Miles) 
and stored at -70°C until used (III, IV). For routine histology studies, tissues were fixed 
in 10 % phosphate buffered formalin, embedded in paraffin, sectioned, and stained with 
hematoxylin and eosin (H&E), using standard methods (IV). For skeletal muscle 
histology studies, samples were oriented under a microscope, frozen in isopentane cooled 
with liquid nitrogen, and stained with H&E. The various muscle groups studied were 
soleus, gastrocnemius, quadriceps femoris, and triceps brachii (IV).  
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4.11 Immunofluorescence staining of tissues (III, IV) 

Tissue samples for indirect immunofluorescence staining were cut into 5 µm cryosections 
on SuperFrost Plus glass slides (Menzel Gläser). The immunofluorescence staining 
procedure was essentially as previously described (Hägg et al., 1997b). The following 
primary antibodies were used in stainings: a rabbit polyclonal antibody to the mouse type 
XV collagen C-terminus (see 4.8., III, IV); a rabbit polyclonal antibody to mouse type IV 
collagen (at 1:300 dilution, Chemicon, III, IV); a rat monoclonal antibody to human and 
mouse laminin γ1-chain (at 1:100, Chemicon, III, IV); a rabbit polyclonal antibody to 
mouse type II collagen (at 1:40, Chemicon, III); and a rat polyclonal antibody to mouse 
CD31/PECAM-1 (at 1:50, Pharmingen, III, IV). The secondary antibodies Cy3TM-
conjugated goat anti-rabbit (for type XV and IV collagens) and goat anti-rat (for laminin 
γ1-chain and CD31/PECAM-1) were purchased from Jackson Immunoresearch 
Laboratories and used at 1:300 dilution, while Alexa 488-conjugated goat-anti-rabbit 
secondary antibodies (for type XV collagen double stainings) were purchased from 
Molecular Probes, and used at 1:100 dilution. The immunofluorescence stainings were 
examined under an epifluorescence microscope (Leitz Aristoplan). For confocal 
microscopic analysis of neuromuscular junctions, Oregon Green 514-conjugated α-
bungarotoxin (150 nM, Molecular Probes) was added with the secondary antibody to 
label AChRs (III). Optical sections of 0.2 – 0.7 µm were made using a Zeiss LSM 510 
laser scanning confocal microscope equipped with appropriate filter sets. The control 
sections were incubated with the secondary antibody alone or an antigen-antibody-
mixture in order to demonstrate antigen blocking for type XV collagen antibody (III, IV).  

The following denaturing and enzymatic treatments were performed after fixation to 
reveal masked epitopes (III): 1) 6 M Urea – 0.1 M glycine (pH 3.5), 2) 10 U/ml bacterial 
collagenase (Worthington), 3) 0.2 U chondroitinase ABC (Sigma), 4) 0.2 U N-
glycosidase F (Boehringer-Mannheim), and 5) 0.01 mU O-glycosidase (Boehringer-
Mannheim). The incubation conditions were as suggested by the supplier of the products. 

4.12 Construction of a minigene (IV) 

A cDNA-based minigene construct was prepared to guide the expression of truncated 
type XV collagen in transgenic mice. Briefly, a connecting PCR fragment was amplified 
from an NIH/3T3 cell –derived cDNA-pool using sequence-specific primers and ligated 
to cDNA clones, MK9-2 and HM6-1 (Hägg et al., 1997a), to generate a full-length mouse 
type XV collagen cDNA. A 123 amino acid in-frame deletion was accomplished by 
removing a 372-bp AatII fragment encoding two out of the seven collagenous domains, 
COL2 and COL3, an intervening noncollagenous domain, NC3 domain, and some of the 
flanking NC sequences. The 3XV-123 and 8XV-123 minigene constructs were completed 
by adding to the sequence: the first short 89-bp intron, a 3-kb or 8-kb endogenous 5´-
flanking sequence of the Col15a1 gene to drive the expression, and the SV40 
polyadenylation site. All the genomic sequences were derived from a genomic clone 
MG5´-11 covering the 5´-end of the mouse Col15a1 gene (II). The intactness of the 
minigenes was confirmed by restriction enzyme digestions and by sequencing all the 
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cloning sites. The inserts were liberated from the vector with XhoI digestion, purified, and 
used for microinjection. 

4.13 Generation of transgenic mice (IV) 

Mouse oocytes were obtained from B6D2F1-hybrid females (hybrid for C57BL/6 and 
DBA/2J strains) mated with males from the same hybrid strain. The construct DNA was 
microinjected into the pronuclei of one-cell embryos, and the surviving embryos were 
transferred into NMRI pseudopregnant foster mothers. To propagate subsequent 
generations, transgene positive founders were bred with the C57BL/6 strain, and their 
offspring further bred by heterozygote brother-sister matings to produce homozygote 
individuals. The homozygosity was confirmed by backcrossing the putative homozygote 
mice with wild-type mice, the 100 % transgene transmission to the progeny being 
indicative of homozygote parents. Homozygote individuals were used to establish 
permanently homozygote lines. 

To test for transgene positivity, DNA was isolated from tail biopsies taken from 2- to 
3-week-old mice, and subjected to PCR and Southern hybridization. The detection of the 
transgene by PCR was based on the amplification of a 660-bp region flanking the 
deletion site using sequence-specific primers, the endogenous type XV collagen being too 
large to be amplified because of the intervening introns. Southern hybridization using a 
297-bp AatII-KpnI-cDNA fragment as a probe for KpnI digested genomic DNA identified 
a 1,6-kb fragment for the transgene, and a ∼ 7,5-kb fragment for the endogene. Southern 
analysis was utilized also to determine the number of integrated transgene copies. To 
accomplish that, two additional probes were used for EcoRV digested genomic DNA, a 
5´-flanking probe (approx. 1,2-kb XbaI-EcoRV -fragment) and a C-terminal (562-bp 
XmnI-EcoRV -fragment) probe. 

Gene targeting and Cre-loxP site-specific recombination in ES-cells have been used 
previously to introduce a null mutation in the Col15a1 gene (Eklund et al., 2001). The 
Col15a1-/- mice were crossed with transgenic lines to produce new lines expressing only 
truncated type XV collagen without endogenous product. The absence of endogenous 
gene was determined as described previously (Eklund et al., 2001). 

4.14 RT-PCR analysis of transgene expression (IV) 

Total RNA was isolated from several tissues as described by Chomczynski & Sacchi 
(1987). Ten µg of total RNA was used as template in random oligohexamere primed 
reverse transcriptase (RT) reactions. RT reactions were performed using the 
SuperScript  Preamplification System according to the manufacture´s protocol (Gibco 
BRL). Two µl of the RT-reaction was used as template in PCR amplification using 
sequence-specific primers. The PCR products were analyzed by agarose gel 
electrophoresis. The identification of the transgene product from that of the endogene was 
based on the deletion-induced size difference, with the transgene product being 339-bp 
and the endogene product, 711-bp. 
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4.15 Fetal fibroblast cultures (IV) 

To collect cell material from transgenic mice, heterozygote males were allowed to mate 
overnight with wild-type C57BL/6 females. The next morning, the presence of vaginal 
plugs was checked and the day was assigned as 0.5 in fetal development. The fetuses 
were dissected at day 14.5 of development. Head, heart, and liver were removed, the rest 
of the fetus was cut into smaller pieces with a scalpel in sterile PBS, and cells were 
dissociated with trypsin (Gibco BRL). Fibroblast cultures were routinely maintained at 
37°C in DMEM (BioChrom Kg) supplemented with 10-15 % fetal calf serum in the 
presence of antibiotics. The transgene positive fetuses were identified by PCR and 
Southern hybridization as described previously (see 4.13.) using genomic DNA extracted 
from liver. Total RNA was extracted from cells as described by Chomczynski & Sacchi 
(1987) and subjected to RT-PCR-analysis (see 4.14.).  
 



5 Results 

5.1 Exon-intron organization of the human COL15A1 gene (I) 

The partial structure corresponding to the seven extreme 3´ exons for the human 
COL15A1 gene have been previously described (Kivirikko et al., 1994). To complete the 
characterization of the human COL15A1 gene, genomic λ and cosmid libraries were 
screened with type XV collagen cDNA probes. These screenings resulted in the isolation 
of eight genomic clones covering the entire COL15A1 gene, with the exception of the two 
largest introns 2 and 9, the sizes of which were obtained by Southern blotting of genomic 
DNA.  

The human COL15A1 gene is about 145 kb in size and consists of 42 exons and 41 
introns. The sizes of the exons, excluding 3´-untranslated sequences, vary between 36 to 
548 bp, and those of the introns vary between 89 bp and ∼ 55 kb. The exon-intron 
boundaries agree with published consensus sequences for splice donor and acceptor sites 
(Shapiro & Senapathy, 1987), except for the donor site following exon 6, which has GC 
instead of the normally invariant GT. Altogether, seven exons begin with a split codon for 
an amino-acid. 

The coding information is unevenly distributed throughout the gene. About 90 kb of 5´ 
genomic sequences contain only the first 11 exons encoding the N-terminal NC domain 
(NC1), while the rest of the gene, exons 12-42, lies within a 55 kb genomic area. Exons 
12 to 36 cover collagenous sequences with multiple interruptions, exons 12 and 36 
themselves being junction exons encoding both noncollagenous terminal domains and 
collagenous sequences. Exons 37 to 42 encode the C-terminal NC domain (NC10). The 
exons encoding the central collagenous sequences are on average shorter than those 
encoding flanking noncollagenous N and C-terminal sequences. Since type XV collagen 
contains several interruptions in the collagenous sequence, many of the exons encoding 
this region contain both collagenous and noncollagenous sequences. However, there are 
eight exons encoding solely collagenous sequences, four of which are 36 bp in length, 
one 54 bp, two 63 bp, and one 81 bp. Moreover, all except one begin with a complete 
codon for glycine. The possibility that the very large second intron (∼ 55 kb) houses 
another gene was excluded by Multi-Tissue Northern blot hybridization with intronic 
sequences, which yielded negative results. 
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5.2 Exon-intron organization of the mouse Col15a1 gene (II) 

A total of ten genomic clones covering the entire mouse Col15a1 gene and about 8 kb of 
the 5´- and 15 kb of the 3´-flanking region, respectively, were isolated after several 
rounds of screening of genomic λ and cosmid libraries. The mouse Col15a1 gene is about 
110 kb in size and contains 40 exons. The sizes of coding exons vary between 36 and 548 
bp, whereas the introns are between 83 bp and ∼ 38 kb in length. The exon-intron 
boundaries conform to the consensus sequence (AG-exon-GT) for intron splicing 
(Shapiro & Senapathy, 1987), except that the normal donor site following exon 6 is 
replaced by exon-GC. Seven exons begin with a split codon for an amino acid. The 
coding information is not evenly distributed in Col15a1, since the introns at the 5´-end of 
the gene are in general larger than those at the 3´-end. The first 12 exons in the Col15a1 
gene encode the N-terminal NC domain (NC1), while exon 13 is a junction exon 
encompassing the beginning of the collagenous sequences. Exons 13 to 34 cover 
collagenous sequences with multiple interruptions, in which exon 34 is a junction exon 
between the end of the collagenous sequences and the beginning of the C-terminal NC 
domain. Exons 35 to 40 encode the C-terminal NC domain (NC8). There are eight exons 
coding for purely collagenous sequences, four of them being 36 bp, one 54 bp, two 63 bp, 
and one 81 bp in length, whereas most of the exons encoding the collagenous region 
contain both collagenous and noncollagenous sequences inherent to the interrupted nature 
of the domain. Of the exons encoding solely collagenous sequences, all except one begin 
with a complete codon for glycine. 

5.3 Identification of the transcription initiation sites for human and 

mouse α1(XV) collagen genes and sequence comparison of the 5´-

flanking regions (I, II) 

The transcriptional start sites were identified by S1 nuclease protection assays using total 
RNA extracts from cultured human skin fibroblasts for the human COL15A1 gene (I), and 
mouse kidney and heart for the mouse Col15a1 gene (II). For the human COL15A1 gene, 
the transcription was found to be initiated at three major and nine minor sites (see Fig. 2 
in I), the lengths of the protected fragments ranging from 352 to 96 bp. The strongest 
band coinciding with an adenosine (A) nucleotide was located 109 bp upstream of the 
first codon (ATG) and was denoted +1 (I). Furthermore, computer analysis of the 5´-
flanking sequence using the Transcription Factor Data Base (TDF) program predicted a 
promoter area between -398 and -142, which is reasonably well in line with the 
transcription initiation sites predicted by the S1 nuclease protection assay. 

For the mouse Col15a1 gene, three major and three minor start sites located within the 
same region of 9 nucleotides were identified (see Fig. 2 in II), thus the pattern of 
protection was not as dispersed as with the human gene. The same pattern of transcription 
start sites was obtained when total RNA from heart or kidney was used, except that the 
intensity of the protected fragments was higher in the heart RNA. A thymidine (T) 110 bp 
upstream of the first codon (ATG) was denoted +1 (II). Other rare initiation sites appear 
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to be used, since one of the previously identified cDNA clones, MK9-2, begins 49 bp 
upstream of the designated initiation site +1 (Hägg et al., 1997a). 

Sequencing of the proximal promoter areas revealed that both type XV collagen genes 
lack TATA and CAAT boxes in positions typical of functional binding sites (I, II). 
However, both genes have a high G-C content, that being 68,4 % in the human COL15A1 
gene (between nucleotides –474 to +112) and 80 % in the mouse Col15a1 gene (between 
nucleotides –100 to +1). In addition, the mouse Col15a1 promoter has a high frequency 
of CpG dinucleotides (31 in the 250 bp area around the Col15a1 transcription start site). 
Of the several putatitive binding sites for transcription factors (see Fig. 3 in I, and Fig. 4 
in II), the Sp1 sites in the human COL15A1 promoter are implicated in the regulation of 
gene expression as shown in HeLa cells cotransfected with different deletion constructs 
and with the Sp1 expression vector (see 5.4.). Both genes also contain a consensus 
sequence for MED-1 (as in Multiple start site Element Downstream) located downstream 
of the mapped transcription initiation.  

To identify putative conserved promoter regions potentially involved in the regulation 
of type XV collagen expression, the sequencing of the 5´-flanking areas was extended to 
cover -5429 to +368 of the human COL15A1 gene and -5084 to +441 of the mouse 
Col15a1 gene. Sequence comparisons revealed four conserved domains within the 
proximal promoter and further upstream, corresponding to mouse -36 to +74, -90 to -133, 
-905 to –957, and -2067 to -2540 sequences and named H4, H3, H2, and H1, respectively 
(see Fig. 4 in II). These sequence homologies had cross-species identities of 86 %, 84%, 
81%, and 77%, respectively.  

5.4 Deletion analysis of the human COL15A1 and mouse Col15a1 

promoters (I, II) 

Three separate experiments were performed to study the functional properties of the 
human and mouse type XV collagen promoters using transiently transfected luciferase 
reporter gene constructs with varying promoter fragments. The first set of experiments 
was carried out in HeLa cells, known to express this collagen, using a series of five 5´-
deletions (del 1-del 5, from 3598 bp to +27 bp – see 4.5. for constructs) of the human 
COL15A1 gene to study the activity of the human promoter. Secondly, the potential role 
of Sp1 binding sites in the regulation of the human COL15A1 gene was investigated by a 
Sp1 cotransfection experiment in HeLa cells. In the third experiment, mouse NIH/3T3 
fibroblasts were transfected with six 5´-deletion constructs (M1-M6, from -7900 to + 42 – 
see 4.5.) of the mouse Col15a1 gene to test the functional activity of the mouse promoter, 
and with the five human 5´-deletion constructs (see above) to compare the functional 
properties of the two promoters and to define putative conserved domains involved in the 
regulation of gene expression in both species.  

All the human COL15A1 promoter constructs exhibited similar luciferase activity in 
transfected HeLa cells (see Fig. 4A and B in I). Thus, the shortest promoter fragment 
from –474 bp to +27 bp is sufficient for promoter activity for the COL15A1 gene in HeLa 
cells. Furthermore, cotransfection with the Sp1 expression vector induced the promoter 
activity of all constructs from 5.5-fold for the longest construct to 10.3-fold for the 
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shortest one. These results suggest that Sp1 is involved in the regulation of the human 
COL15A1 gene (I). 

There was more variation in the luciferase activity obtained with the various mouse 
Col15a1 promoter constructs in NIH/3T3 fibroblasts (II). In terms of luciferase activities, 
the shortest fragment of the mouse promoter (M6: -135 to +42 bp, see Fig. 5 in II) 
contained the necessary elements for gene expression. However, the addition of further 
upstream sequences (up to -657 and -2064 bp, for M5 and M4, respectively) resulted in a 
~3-fold increase in luciferase expression. Nucleotides -657 to -2064 had no significant 
effect on reporter gene expression, as indicated by the similar levels of luciferase activity 
obtained with the constructs M5 and M4. Transfection with M3 (-2926 bp) revealed a 
marked decrease in luciferase activity, which was about a fourth of that obtained with the 
M4 construct. This suggests the existence of a silencer-like element located between 
positions -2064 and -2926 bp. Furthermore, the addition of further upstream sequences 
(M2: -3654 and M1: ~-7900 bp) resulted in a ~2.5-fold increase in luciferase expression, 
suggesting the presence of positive element(s) in the region of -2926 to - 3654 bp. 

The comparative analysis of the functional properties of the human and mouse 
α1(XV) collagen promoters in NIH/3T3 fibroblasts gave quantitatively similar results 
with the human and mouse promoter constructs, except that the longest human 5´-
fragment, which contained the 3´-end of the most distal homology domain (H1, Fig. 4 in 
II), did not have any repressive effect (II). 

5.5 Comparison of the human COL15A1 and mouse Col15a1 genes (I, 

II) 

Type XV collagen genes span a large genomic area in both species studied, the human 
COL15A1 gene being ∼ 145 kb in size and the mouse Col15a1 gene, ∼ 110 kb. Although 
they differ in the number of exons (42 in human and 40 in mouse gene), their overall gene 
structures are well conserved, as seen in Fig. 3 in II. The only clear divergence is in the 
genomic area encoding the ends of the N-terminal NC domains and the beginning of the 
collagenous sequence. Otherwise, the overall exon size pattern of the genes is very 
similar, with 33 exons being identical in size. If the clearly nonhomologous exons are 
excluded, the identity that exists between exons at the nucleotide level ranges from 67% 
to 81% (mean 74 %) in those encoding the N-terminal NC domain, from 56% to 89 % 
(mean 82 %) encoding the collagenous region, and from 78% to 87 % (mean 84 %) 
encoding the C-terminal NC domains. Moreover, in both genes, the smallest exon is 36 
bp and the longest 548 bp. The conservation in the gene structures extends also to the 
intervening sequences, since approximately half of the introns show similar sizes (the 
criteria being that the difference in size in nt should be less than 10-15 % of the size of 
the larger intron). The first intron in both genes is the smallest, being 89 bp in human, and 
83 bp in mouse, whereas the second intron is the largest, being 55 kb and 38 kb in the 
human and mouse genes, respectively. Also, the occurrence of one deviation from the 
normally invariant consensus sequence for exon-intron boundaries is conserved, since the 
donor site following exon 6 has GC instead of the GT in both genes. Furthermore, all 
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seven split codons occur at homologous exons, one of them being a split codon for 
glycine encoding a purely collagenous sequence.  

5.6 Preparation and characterization of a polyclonal antibody to 

mouse type XV collagen (III) 

An 83 amino acid polypeptide fragment of the C-terminal NC8 domain of the mouse 
α1(XV) chain (see Fig. 1A in III) was expressed as a dihydrofolate reductase (DHFR) 
fusion protein in E. coli, purified, and used as an antigen in immunizing rabbits. The 
polyclonal antibody was affinity purified and characterized by Western blotting and 
immunofluorescence staining. In Western blotting, the DHFR leader sequence alone did 
not react with the antibody, whereas the type XV collagen-derived fragment with or 
without DHFR reacted clearly (see Fig. 1C in III). This indicated that the antibody 
detected type XV collagen polypeptides and there was no cross-reactivity to the DHFR. 
In immunofluorescence stainings of mouse tissues, the immunosignal was abolished by 
adding the antigen as a competitor to the reaction, and there was no staining in tissues 
derived from Col15a1-/- mice (Eklund et al., 2001, data not shown, and see Fig. 5F in III). 
This collectively provided the final evidence for the specificity of the antibody. 

5.7 Localization of type XV collagen in developing and mature mouse 

tissues (III) 

To follow the tissue distribution of type XV collagen from development to maturity, fetal 
(from 10.5 to 18.5 dpc), newborn (P1), P3, and mature mouse tissues were analyzed by 
immunofluorescence staining with type XV collagen antibodies and compared to the 
classical BM components, type IV collagen and laminin γ1 chain, as well as to the 
endothelial specific CD31/PECAM. To reduce the possibility that the lack of a type XV 
collagen immunosignal is caused by epitope masking, various enzymatic and urea 
treatments were performed, none of which resulted in any alterations in the staining 
patterns. Type XV collagen was found to reside in most, but not all, BM zones, some of 
them being subjects for developmental regulation of its expression. It was not, however, 
restricted to the BM zones, since staining could also be observed in e.g. the 
perichondrium of the cartilage. A summary of the expression of type XV collagen in 
various developing and mature BM zones and elsewhere is collected in Table 7. The 
major findings are presented briefly here, but a more detailed description and figures can 
be sees in the original article (III).  
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Table 7. Type XV collagen in developing and mature BM zones and elsewhere in mouse #. 

Tissue/organ Fetal Adult Comments 
Skin    

Epidermal - -  
Dermal + +  
Vascular + + Capillaries and some larger vessels 

Brain    
Neuronal - -  
Vascular + + Spatio-temporally regulated expression in capillaries, lost from 

15.5 to 17.5 dpc, some larger vessels remain positive 
Peripheral nerve    

Perineurial + +  
Endoneurial + +  

Heart    
Muscle + + Spatio-temporally regulated expression - obtained gradually from 

periphery inwards 
Vascular + + Spatio-temporally regulated expression - obtained gradually from 

periphery inwards in capillaries; capillaries and some larger 
vessels 

Lung    
Bronchial - -  
Alveolar + - Lost postnatally 
Vascular + + Lost postnatally from capillaries, some larger vessels remain 

positive 
Liver    

Epithelial - + Bile ducts 
Sinusoidal# - -  
Vascular - + Some larger vessels 

Intestine    
Epithelial + +  
Smooth muscle + +  
Vascular + + Capillaries and some larger vessels 

Pancreas    
Ductal + +  
Acinar + +  
Vascular + + Capillaries and some larger vessels 

Spleen    
Sinusoidal# - -  
Vascular + + Capillaries and some larger vessels 

Kidney    
Glomerular + +  
Tubular + +  
Mesangial# + +  
Vascular + + Capillaries and some larger vessels 

Thymus    

Table 7. Continued. 
Tissue/organ Fetal Adult Comments 

Epithelial + NS  
Vascular + NS Capillaries and some larger vessels 

Thyroid    
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Epithelial + NS  
Vascular + NS Capillaries and some larger vessels 

Salivary gland    
Epithelial + NS  
Vascular + NS Capillaries and some larger vessels 

Testis    
Epithelial + +  
Vascular + + Capillaries and some larger vessels 

Skeletal muscle    
Synaptic NS -  
Vascular + + Capillaries and some larger vessels 

Smooth muscle + +  
Fat NS +  
Cartilage#    

Perichondrium# + +  
Proliferating zone# - -  
Hypertrophic zone# - -  
Resting zone# - -  

Bone#    
Periosteum# ± NS  
Bone spiculae# ± NS  

+ stained; - unstained; ± dimly stained, NS; not studied 

 
Capillaries  The first signs of a type XV collagen immunoreaction in the early fetuses 

were observed in the capillaries (for e.g. see Fig. 2 in III). Type XV collagen was not, 
however, a ubiquitous component of all capillaries, nor was it present at every 
developmental stage. Thus, it differed from type IV collagen and laminin γ1, which were 
observed in all capillaries throughout development. For a summary of the expression of 
type XV collagen in the capillaries of various developing and mature organs, see Table 1 
in III. 

Microvascular endothelia can be categorized as continuous and discontinuous, and the 
latter further to sinusoidal and fenestrated diaphragmed (Risau, 1995). Type XV collagen 
was present in most endothelia of the continuous type, such as those in the head, trunk, 
and extremities, and persisted to adulthood with few interesting exceptions. Whereas 
capillaries in skeletal muscle were positive for type XV collagen from early on, those in 
the cardiac muscle gained this collagen gradually from the periphery inwards (see Fig. 5 
in III). The opposite was observed for the lung, which lost type XV collagen from most of 
its vasculature with maturity (see Fig. 8 in III). The most intriguing exception regarding 
type XV collagen expression in the capillary endothelia was observed in the central 
nervous system. Whereas at 10.5 to 11.5 dpc the few capillaries positive for type IV 
collagen and laminin also stained for type XV collagen (not shown), it was absent from 
most of the capillaries at later developmental stages, except for a transient, spatially 
restricted expression in the forebrain region during 12.5 to 14.5 dpc (see Fig. 3 in III). Of 
the discontinuous endothelia, the sinusoidal endothelium did not contain type XV 
collagen, as illustrated by the lack of immunoreaction in the liver sinusoids and in those 
of the splenic red pulp (not shown). In stead, type XV collagen was present in fenestrated 
endothelia, such as those of the choroid plexus (see Fig. 3I in III), thyroid (not shown), 
and renal glomeruli.  
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Skeletal muscle  Myogenesis in mouse begins with the formation of somites between 8 
and 10 dpc. From 10 to 12 dpc, myoblasts proliferate and differentiate, and at 13 dpc, the 
primary myoblasts start to fuse to form primary myotubes. At 16 dpc, a distinct 
population of secondary myoblasts aligns along the primary myotubes and fuses into 
them to form secondary myotubes (Furst et al., 1989; Rosen et al., 1992). The first 
evidence of type XV collagen in developing skeletal muscle is seen at 13.5 dpc, thus 
coinciding with primary myotube formation and BM deposition (see Fig. 4A in III). By 
15 dpc, each myotube is surrounded by a continuous BM (Rosen et al., 1992) and clear 
type XV collagen staining is observed (see Fig. 4B in III), which persists into adulthood 
(see Fig. 4C in III). 

Cardiac muscle  Unlike skeletal muscle, cardiac muscle did not contain type XV 
collagen at the early stages, thus differing from type IV collagen and laminin. Whereas 
antibodies against the latter two stained both the BMs of individual muscle cells and the 
vasculature of the heart at 13.5 dpc (see Fig. 5B in III and not shown), type XV collagen 
staining was restricted to only a few positive peripheral capillaries (see Fig. 5A in III). 
Not until 14.5 dpc did the first signs of type XV collagen in the BM zones of the 
cardiomyocytes appear (see Fig. 5C in III). Thereafter, the signal continued gradually to 
expand from the periphery inwards, until, in the adult cardiac muscle, it nicely delineated 
individual muscle cells (see Fig. 5E in III). 

Peripheral nerves  Strong type XV collagen immunostaining was seen in the nerve 
fibers leaving the developing ganglia, while weaker staining was seen inside the ganglia 
and in the connective tissue surrounding them (see Fig. 6A in III). The staining in the 
latter two areas grew in intensity, and became indistinguishable from that of type IV 
collagen and laminin γ1 as development proceeded (see Fig. 6B in III and not shown). In 
adult peripheral nerves, type XV collagen antibodies stained strongly both the 
endoneurium and perineurium (see Fig. 6C in III), thus resembling laminin γ1-staining 
(not shown), and differing somewhat from type IV collagen staining, which was stronger 
in the peri- than in endoneurium (not shown). To study type XV collagen in the 
neuromuscular junction, skeletal muscle sections were double-labeled with α-
bungarotoxin, to visualize acetylcholine receptors (AChRs), and examined under a 
confocal microscope. Type XV collagen staining was clearly restricted to the 
extrasynaptic and Schwann cell BMs and was absent from the synaptic BM (see Fig. 6D 
and E in III). 

Cartilage  In long and short bones undergoing endochondral ossification, faint type 
XV collagen staining was seen in precartilagous areas at 12.5 dpc (see Fig. 2A, Meckel´s 
cartilage in III), whereafter the signal intensity began to grow and became focused on the 
perichondrium and the outermost layers of the cartilage (see Fig. 2B and C, and 7A and C 
in III). There was no immunostaining with antibodies against type IV collagen or laminin 
in the cartilage (not shown and Fig. 7A and B in III). The restricted location of type XV 
collagen in the perichondrium differed from that of cartilagous collagen type II, which is 
prominent in all cartilagous areas (see Fig. 7E and F in III). 

Lung  In the developing lung, the type XV collagen immunosignal was mainly 
confined to the vasculature at the earlier developmental stages (see Fig. 8A in III), but 
increased later and could also be detected in the smaller airways (see Fig. 8B and C in 
III). It was never found in the BM of the developing bronchioles, however (see Fig. 8A-C 
in III), thus differing from type IV collagen and laminin (not shown). The level of type 
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XV collagen expression in the lung vasculature and small airways of the newborn mice 
decreased dramatically (see Fig. 8D in III) relative to the situation a few days before 
birth, and this low level persisted in adulthood (not shown). 

Kidney  Similarly to developing lung, the first type XV collagen immunosignal in the 
kidney was observed in the vasculature, and appeared only later in the various BM zones. 
As different stages of nephrogenesis can also be seen postnatally as a gradient from 
newly forming nephrons just beneath the cortical surface to more mature ones in deeper 
areas, the location of type XV collagen was studied in the P3 kidney, and compared to 
laminin γ1 known to be present in the BMs at all stages.  

The BM zones of the primitive nephrons, vesicle, and comma-shaped structures were 
not stained with type XV collagen antibodies, and the only positive signal was in the 
interstitial blood vessels. At the S-shaped stage, a type XV collagen immunosignal 
localized to the invading vessels destined to generate the capillary loops of the glomeruli, 
and was also faintly seen in the progenitor of the Bowman’s capsule (see Fig. 9A in III). 
This stage also marks the initiation of tubule formation, as the distal portion of the 
structure fuses with the ureteric bud. Interestingly, the tubule-forming pole of the nephron 
lacked the type XV collagen immunosignal, since neither the BM zones of the ureteric 
bud nor those giving rise to the tubules contained type XV collagen (see Fig. 9A in III). 
The capillary tufts at the succeeding stages continued to be rich in type XV collagen, 
whereas the Bowman’s capsule showed lower levels (see Fig. 9C in III). In the mature 
kidney, type XV collagen immunostaining could be seen in the BM zones of all the 
tubules in the cortical and medullar regions, in the glomerular BM zones, in the 
intertubular blood vessels, and also faintly in the Bowman’s capsule (see Fig. 9D in III). 
Thus the staining pattern resembled that of the classical BM components, type IV 
collagen and laminin (not shown).  

5.8 Generation of transgenic mice with a truncated type XV collagen 

minigene in normal background and in Col15a1-/- background (IV) 

Two different cDNA-based minigene constructs were generated, both having an in-frame 
123-amino acid deletion in the collagenous region, the first intron of the Col15a1 gene, 
and the SV40 polyadenylation site (polyA), and either 3-kb (for 3XV-123) or 8-kb (for 
8XV-123) endogenous Col15a1 5´-flanking sequence (see Fig. 1 in IV). Four transgenic 
founder mice were obtained by microinjections of the construct 3XV-123, three of them 
showing germline integration and giving rise to lines 3XV-1, 3XV-8, and 3XV-29. 
Southern blot analysis of heterozygote offspring demonstrated that line 3XV-29 contained 
at least five copies of the transgene, whereas lines 3XV-1 and 3XV-8 contained two and 
four copies, respectively (see Table 1 in IV). In heterozygote matings, a slight deviation 
from the Mendelian ratios was observed, since line 3XV-1 lacked approximately 6 % of 
the transgene positive offspring, while lines 3XV-8 and –29 lacked 12 %. This could be 
due to chance, since the number of mice generated was so low (see Table 1 in IV). 
However, all the founders and their positive offspring, including mice homozygous for 
the transgene, were viable, fertile, and phenotypically normal, indicating that the 
mutation did not cause any major life- or health-threatening conditions. Unfortunately, all 
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3XV-lines were accidentally lost due to a system malfunction in the animal facilities, thus 
preventing further analysis of more subtle changes the transgene might have caused. 

Since characterization of the expression patterns of the mutant α1(XV) chains in the 
lines containing the 3-kb 5´-flanking region suggested abnormal tissue distribution (see 
below), new transgenic lines were generated by microinjecting the longer 8XV-123 –
minigene construct. Of the six positive founders, three had germline integration of the 
transgene, resulting in the establishment of the lines 8XV-01, 8XV-02, and 8XV-166. The 
transgene copy number was approximately two in all of these lines. Preliminary results 
from heterozygote matings of line 8XV-166 indicated that only 56.5 % (35/62) transgene 
positive mice were born, suggesting that homozygotes are not compatible with life. 
However, more mice for this and other lines, as well as a detailed histological analysis, 
are needed to confirm the finding. Towards this, pregnancy terminations of heterozygote 
matings of line 8XV-166 have been initiated at days 10, 12, and 14 of fetal development 
(dpc). In two litters terminated at 12 dpc, 3/7 and 4/8 fetuses were aborted. The genotypes 
were determined for the surviving fetuses of both pregnancies, and the number of 
transgene positive fetuses was 2/4 and 3/4 (expected 5/7 and 6/8), respectively. At 14 dpc, 
4/10 fetuses were aborted and only three of the surviving ones were transgene positive 
(expected 7/10). To estimate the time point at which abortions began, termination at 10 
days was performed. At this point, only 1/9 was aborted and 6/9 were transgene positive. 
Collectively, these results suggest that a portion of transgene positive fetuses is aborted 
between 10 and 11 dpc. There is no histological data yet, but at 10 dpc, all the fetuses, 
including the transgene positive ones, appeared macroscopically similar, and their hearts 
were functioning apparently normally under a light microscope. More pregnancy 
terminations are in progress to confirm this finding and to study the cause behind the 
abortions. 

To study the consequences of three truncated α1(XV) chains forming a mini type XV 
collagen molecule, a transgene was introduced into the Col15a1-/- background by crossing 
the 3XV-1 and 3XV-29 lines to type XV collagen null mice, yielding lines COLXV1 and 
COLXV29, respectively. The genotype distribution of mice derived from double 
heterozygote matings showed some deviation from the Mendelian ratios, especially in 
line COLXV29, which had the higher copy number of the transgene (see Table 3 in III). 
In this line, the transgene was preferentially present in mice, which were wild-type for the 
endogenous allele (10 observed vs. 5.25 expected) and, accordingly, was observed in 
lower frequencies than expected in mice, which were heterozygous (7 vs. 10.5) or lacking 
the endogenous allele (1 vs. 5.25). The latter was emphasized by a considerably larger 
number than expected of mice lacking the endogenous allele as well as the transgene (9 
vs. 1.75). 

5.9 mRNA expression of the transgene in tissues and cultured 

fibroblasts (IV) 

Total RNA was extracted from the cartilage, skin, brain, heart, lung, liver, spleen, kidney, 
testis, uterus, skeletal muscle, and intestine of transgene positive mice and subjected to 
RT-PCR analysis. To compare the ratio of endogenous to transgenous type XV collagen 
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transcripts, primers flanking the deletion were used, which enabled the discrimination 
between the two due to a difference in size (711-bp vs. 339-bp). All tissues studied 
displayed some endogenous type XV collagen RNA expression, the highest levels being 
found in the heart, kidney, testis, uterus, skeletal muscle, and intestine (see Fig. 2 in IV). 
This finding was well in line with the previous Northern hybridization results (Hägg et 
al., 1997a). Furthermore, both the 3-kb and 8-kb 5´-flanking fragments used were able to 
drive the expression of the transgene, although qualitative and quantitative differences 
were observed. In lines driven by the shorter promoter fragment, the expression levels of 
the transgene were copy-number dependent, varied between the lines, and differed 
somewhat from the endogenous ones. In two of the three lines driven by the longer 
promoter fragment, the transgene mRNA levels and tissue specificity followed more 
closely those of the endogenous ones, although even this portion was not fully capable of 
directing endogenous-like expression. For a summary of the results, see Table 2 in IV. For 
line 8XV-166, the transgene to endogene expression was also studied using total RNA 
extracted from cultured fetal fibroblasts of transgene negative and positive mice, using the 
same method as for the tissues. Whereas in the 8XV-166 hearts there were more 
endogene than transgene derived transcripts, the ratio in cells was the opposite (see Fig. 5 
in IV). 

5.10 Morphological analysis of transgenic mice (IV) 

Since born transgenic mice of all lines appeared phenotypically indistinguishable from 
their nontransgenic littermates, closer basic histological and immunohistological 
examination was undertaken to detect any subtle changes. Nevertheless, the histological 
screening of the tissues expressing the transgene mRNAs did not reveal any changes in 
transgenic (heterozygotes or homozygotes) versus wild-type mice in line 3XV-1 and its 
derivative COLXV1, or in lines 3XV-29 and 8XV-166 (lines 3XV-8 and COLXV29 were 
unfortunately lost before a closer histological analysis could be performed). After the 
discovery of focal histological changes characteristic of skeletal muscle myopathy in the 
Col15a1-/- mice (Eklund et al., 2001), special emphasis was put on the analysis of various 
muscle groups of the transgenic mice. No sign of a similar phenotype was seen, however.  

To study the localization of the mutant protein in tissues and its effect on the BM 
composition or assembly, immunofluorescence stainings with antibodies against types 
XV (see III) and IV collagen (α1-α2 chain specific) and laminin γ1 were performed. 
Besides ectopic expression in the brain in lines 3XV-1 or –29 (see below), there was no 
change in the staining pattern in other tissues of the transgene positive mice, suggesting 
that the transgene protein did not dramatically reduce the endogenous type XV collagen 
level, nor did it accumulate in tissues. Neither did it affect BM composition or assembly, 
as illustrated by the normal staining pattern for type IV collagen and laminin γ1 (for e.g. 
see Fig. 4B and E in IV). However, the transgene derived protein was deposited in the 
capillaries of the brain matrix (see Fig.4A in IV), a location showing normally only 
transient, spatially restricted expression of type XV collagen during development (see 
III). Contrary to the normal situation the transgene protein was not present in the larger 
blood vessels of the brain matrix (see Fig. 4A-C in IV). The observed aberrant transgene 
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expression in the brain capillaries was not integration-site dependent, as it was seen in the 
two independent lines 3XV-1 (and its derivative COLXV1) and 3XV-29. The expression 
pattern, however, was dependent on the length and composition of the 5´-flanking 
sequence used to drive the expression of the transgene, since the brain blood vessels of 
line 8XV-166, which contained the longer promoter fragment, showed only endogenous-
like expression (see Fig. 4D in IV).  

5.11 Western blot analysis of transgene protein in tissue homogenates 

(IV) 

Although RT-PCR analysis suggested the expression of the transgene in many tissues, the 
lack of an obvious phenotype in the transgenic lines 3XV-1 and 3XV-29 raised the 
question of whether these transcripts are translated to protein in tissues other than brain 
(see above). To assay this, Western blot analysis was performed. Skeletal muscle and 
heart specimens of transgene positive mice of lines 3XV-29 and 8XV-166 were chosen 
for analysis because they contained both endogenous and transgenous mRNAs, and 
tissues derived from wild-type and Col15a1-/- mice were used as controls. A ∼ 180-kDa 
protein band was detected with N and C-terminal type XV collagen antibodies under 
nonreducing conditions using dilute tissue homogenates of 3XV-29 mice (see Fig. 3 in 
IV). This protein band was not detected in those derived from wild-type or Col15a1-/- 

tissues, suggesting that it represented a transgene product. The transgene protein 
expression levels correlated with the mRNA levels since, with equal loading, this 180-
kDa protein band was missing from tissues of 8XV-166 mice. However, a band with 
similar mobility was seen when using concentrated tissue homogenates of wild-type and 
8XV-166 mice, indicating that it most likely represents endogenous and transgene derived 
products with the same mobility.  



6 Discussion 

6.1 Comparison of the genomic organizations of the human and 

mouse type XV collagen genes (I, II) 

The present work describes the elucidation of the entire genomic structures of type XV 
collagen genes in two species, human and mouse, and the functional characterization of 
their promoters (I and II). Characteristic for most collagen genes (Vuorio & de 
Crombrugghe, 1990; Chu & Prockop, 1993, and see Table 2. in 2.4.), both type XV 
collagen genes are large and consist of multiple exons, the mouse Col15a1 gene being 
about 110 kb in size and having 40 exons, and the human COL15A1 gene being 145 kb 
with 42 exons. Because of the difference in exon numbers and due to the codon 
divergence in one exon, the mouse α1(XV) chain contains seven COL domains, two less 
than the human chain (Kivirikko et al., 1994; Hägg et al., 1997a). The region 
encompassing the second half of the NC1 domain, encoded by exons 9 to 11 in mouse 
and exons 9 to 13 in man, is the most divergent between the two species (see Fig. 3 in II). 
Exon 10 encodes a mouse-specific 41-residue sequence, which does not show homology 
to any known peptide, and the flanking exons 9 and 11 are clearly different in size and 
sequence from the corresponding human exons. No sequences homologous to the human 
exons 12 and 13 could be found, despite sequencing the entire 6-kb intron 11. Thus, the 
38-residue sequence encompassing the COL1 domain in the human is truly missing from 
the genomic sequence of mouse and not a result of alternative splicing. The other COL 
domain, COL7, which is found in human (Kivirikko et al., 1994), but absent from mouse 
(Hägg et al., 1997a), is encoded by human exon 34 and mouse exon 32. This region has 
diverged, since some of the glycines in the Gly-X-Y repeat have been exchanged for other 
amino acids, and the homology precentage is only 56 %. Based on the lack of 
conservation in these regions, the two COL domains and the end of the NC1 domain, 
which includes a tandem repeat structure similar to the rat cartilage proteoglycan core 
protein found in the human α1(XV) collagen chain (Muragaki et al., 1994), are likely to 
be of lower functional importance than the conserved regions. At present, there is no 
biochemical evidence as to which of the COL domains form triple-helixes, although 
theoretically they all are able to, as they fullfill the minimum length requirement (9 
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residues) for these regions (Burgeson & Nimni, 1992). However, it can be speculated that 
the two COL domains missing from the mouse polypeptide may not be in the triple-
helical conformation in human, or at least if they are, they may be functionally 
dispensable. 

Otherwise, the overall exon-intron organization is highly conserved between the 
human and mouse type XV collagen genes, with 33 exons being identical in size. Further, 
if the nonhomologous exons are excluded, the overall homology percentage at the 
nucleotide level is 80 %. The lowest homology is in the exons encoding the N-terminal 
NC domain (74 %), while those encoding collagenous sequences have an 82 % 
homology, and those encoding the C-terminal NC domain have the highest homology (84 
%) (see Fig. 3 in II, and below). Because of the highly interrupted collagenous sequence, 
many of the exons in the collagenous region encode both noncollagenous and collagenous 
sequences, and thus there are only eight exons encoding solely collagenous sequences in 
both genes. In both genes, only one exon is 54 bp in length, as is characteristic for the 
fibrillar collagen genes, whereas four are 36 bp, and two 63 bp in size, sizes similar to the 
triple helix coding exons of the non-fibril-forming collagen genes (Vuorio & de 
Crombrugghe, 1990; Chu & Prockop, 1993). Another parallel with other genes encoding 
non-fibrillar collagens is the occurence of exons with split codons, which are all in 
corresponding exons in man and mouse, with one of them being in the codon of glycine 
in the Gly-X-Y repeat. It has been postulated that the evolutionary pressure on 
nonfibrillar collagen genes resulted in exons with split codons and interruptions in the 
triple helix, the latter conferring flexibility to the supramolecular structures and hence 
new functions, neither of these modifications being obviously tolerated in fibrillar genes 
(Vuorio & de Crombrugghe, 1990). The split codons may not be a mere evolutionary 
curiosity, since they prevent exon skipping, which would distrupt the reading frame.  

The C-terminal NC domain of mouse type XV collagen is encoded by exons 35-40. 
The human gene has the same number of corresponding exons, all of identical length, and 
this portion of the two genes shows the highest homology of coding sequences, over 84%. 
This domain has been of particular interest after the finding that endostatin, a potent 
antiangiogenic fragment, is derived from the C-terminal NC domain of type XVIII 
collagen (O'Reilly et al., 1997), which is the region showing the highest homology 
between collagens XV and XVIII (Hägg et al., 1997a). Later, the corresponding fragment 
of type XV collagen was demonstrated to have similar activity (Ramchandran et al., 
1999). The endostatin region in the mouse Col18a1 gene is encoded by exons 41 – 43, 
while exons 38 and 39 encode sequences involved in the association of α1(XVIII) chains. 
Exon 40 encodes a flexible hinge region. (Rehn et al., 1996; Sasaki et al., 1998). This 
genomic region is also highly conserved in the Col15a1 gene, since exons 38-40, which 
encode the endostatin –homologue, show homology percentages ranging from 80-87 % at 
the nucleotide level with the human COL15A1 gene. This suggests functional importance 
of this domain. The sequences encoded by exons 35 and 36, corresponding to the 
trimerization region, also show high sequence conservation, 85-87 %, while exon 37, 
encoding the hinge region, shows somewhat lower homology, 78 %.  

Both type XV collagen genes utilize multiple transcription initiation sites. The 
initiation sites in the human COL15A1 gene are widely dispersed within 256 nucleotides, 
whereas those in the mouse Col15a1 gene are located within a narrow 9 nucleotide region 
(see Fig. 2 in I and II). In addition, other rare initiation sites must be used for the mouse 
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gene, as one of the previously identified cDNA clones, MK-9.2, begins upstream from all 
initiation sites identified (Hägg et al., 1997a, and see Fig. 2 in II). Overall, the 5´ flanking 
regions of both genes show features characteristic of housekeeping genes, such as the 
absence of TATA and CAAT boxes, the presence of several transcription start sites, and 
numerous GC motifs. Several other collagen genes also contain multiple GC boxes as 
their main promoter elements, including the COL4A3-A4, COL5A1, COL7A1, COL9A2-
A3, COL11A1, COL11A2 genes, and Col13a1 (Christiano et al., 1994; Lee & Greenspan, 
1995; Vuoristo et al., 1995; Yoshioka et al., 1995; Momota et al., 1998; Pihlajamaa et al., 
1998; Paassilta et al., 1999; Kvist et al., 1999), as well as the downstream promoter of 
COL6A2 (Saitta et al., 1992) and the promoter 1 of Col18a1 (Rehn et al., 1996). 
Furthermore, both type XV collagen promoters contain the consensus sequence MED-1, 
which has been detected in many TATA-less-promoters (Ince & Scotto, 1995).  

Transient cell transfections of luciferase reporter gene constructs with varying lengths 
of human and mouse promoter fragments were used to study the functional properties of 
these promoters. All the human COL15A1 promoter constructs exhibited similar 
luciferase activity in transfected HeLa cells and NIH/3T3 fibroblasts, suggesting that the 
shortest promoter fragment, up to –474 bp, contains the necessary elements for efficient 
gene expression. Furthermore, cotransfection with the Sp1 expression vector significantly 
induced the promoter activity of all constructs, indicating that Sp1 is involved in the 
regulation of the human COL15A1 gene through binding to one or more of the four Sp1 
sites within the promoter fragment. Previously, Sp1 has been implicated in the regulation 
of the bi-directional promoter of COL4A1-A2 (Pöschl et al., 1988) and promoter 2 of 
Col18a1 (Liétard et al., 2000). Similarly to the human promoter, the shortest mouse 
Col15a1 promoter fragment, up to –135 bp, contained the necessary elements for gene 
expression. In addition, evidence of the existence of one negative element, located 
between positions -2926 bp and -2064, and two positive elements, between –2064 and –
657 bp and ~-7900 bp and –3654, respectively, was gained, but further studies are needed 
to identify the cis-acting elements behind these effects. 

In light of the hypothesis that conserved regions are important for gene regulation, the 
5’-flanking sequences of the human and mouse genes were compared. This resulted in the 
identification of four conserved domains, named H1 to H4. The comparison of the 
functional properties of the two promoters was performed by transfecting deletion 
constructs from both species into NIH/3T3 fibroblasts, assuming that the mouse 
transcription factors were able to bind as well to human as to mouse sequences. The 
constructs containing H2, H3, and H4 displayed the highest expression levels. However, a 
striking decrease in transcription activity was observed, when using the mouse construct, 
which contained 5' sequences up to -2962, including the entire H1 domain, whereas the 
longest human construct (-3598), which contained only the 3' half of this domain, did not 
have any such effect. This suggests the presence of negatively acting elements either in 
the 5’-half of the H1 domain or further upstream (up to – 2962 bp). A number of 
consensus sequences for known transcription factors were identified in these conserved 
domains. Further studies are needed to determine which of these participate in the 
regulation of type XV collagen expression. 

The genomic data provided in this thesis has a number of applications. First of all, the 
elucidation of the exon-intron organization of the human COL15A1 gene provides the 
necessary database for the screening of mutations in patient samples for candidate 
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diseases caused by mutations in this collagen. Furthermore, all the genomic clones 
obtained are valuable tools in a number of studies. Both mouse and human 5’-flanking 
sequences can be used in further studies of gene regulation, e.g. in in vitro studies 
utilizing various deletion or mutation constructs in the elucidation of the cis-acting 
elements responsible for the transcriptional regulation of type XV collagen, or in 
transgenic studies aimed at resolving the elements conferring tissue specific expression of 
this collagen. The genomic clones encoding the mouse Col15a1 gene have been used to 
prepare the targeting construct for the generation of type XV collagen knock-out mice 
(Eklund et al., 2001) and the mini-gene construct for the generation of transgenic mice 
expressing mutant type XV collagen (see IV).  

6.2 Comparison of the type XV and XVIII collagen genes (I, II) 

The structure of the mouse Col18a1 gene has been reported previously by Rehn et al. 
(1996), and the human and mouse collagen XV genes have been characterized during the 
course of this thesis work (see I and II, and above). The genomic organization of the 
human COL18A1 gene is available on the Internet (Genbank NT 011515, locusID 80781). 
Because of the order of identification, the genomic organization of the human COL15A1 
gene presented in paper I was compared to the previously identified mouse Col18a1 gene. 
To avoid species-specific differences, the comparison of the genomic structures in this 
work will be done between the mouse Col15a1 and Col18a1 genes. These genes are 
about the same size, Col15a1 being ~110 kb in size and Col18a1, ~102 kb, and they have 
40 and 43 exons, respectively. Although the mouse type XV collagen has three COL 
domains and three NC domains less than type XVIII collagen, both have a tsp-1 motif in 
the N-terminal NC domain, six homologous COL domains, and a highly homologous C-
terminal NC domain (Rehn et al., 1994; Hägg et al., 1997a), the latter encompassing the 
endostatin motif (O'Reilly et al., 1997; Ramchandran et al., 1999). The genomic 
organization of these homologous regions in the corresponding genes is highly similar, 
with many exon-intron junctions located in identical positions. 

The first intron is small, less than 100 bp in both genes, whereas the second intron is 
very large, ∼ 38 and ∼ 50 kb in Col15a1 and Col18a1, respectively. It is typical of collagen 
genes to possess regulatory elements in intron 1, e.g. in the COL1A1 and COL2A1 genes 
(Sandell & Boyd, 1990). Because the first intron in both genes is very small, it is highly 
possible that the large second intron contains such elements. Exon 3 in the Col15a1 gene 
and exon 4 in the Col18a1 gene are both homologous to thrombospondin-1 and begin 
with a split codon. Whereas the human COL15A1 (see I) and mouse Col18a1 genes have 
glutamic acid at this position, a feature conserved in the human and mouse 
thrombospondin genes (Wolf et al., 1990; Lawler et al., 1991), the mouse Col15a1 gene 
has a glycine. Five additional split codons are conserved in the type XV and type XVIII 
collagen genes.  

One notable difference between collagen XV and XVIII is that both type XV collagen 
genes lack sequences corresponding to exon 3 of the Col18a1 gene (Rehn et al., 1996), 
which encodes a cysteine-rich region of the mouse α1(XVIII) collagen chain N-terminal 
NC domain homologous to rat and Drosophila frizzled proteins (Chan et al., 1992). This 
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cysteine-rich sequence has not been found in any of the human type XV collagen cDNA 
clones characterized so far (Kivirikko et al., 1994; Muragaki et al., 1994), or in any of the 
mouse type XV collagen cDNAs (Hägg et al., 1997a), suggesting that this exon is indeed 
absent from genes encoding type XV collagen. This has been supported by a Northern 
blot experiment, from which no mRNA signal was detected when blots were probed with 
33-kb intronic sequences of intron 2 of COL15A1 (I). 

The last three exons encoding the most conserved portion of the polypeptides, the 
endostatin motif in collagen XVIII and its homologue in collagen XV, share a 55-61% 
homology at the nucleotide level. In contrast, exons 38 and 39 in Col18a1 and 35 and 36 
in Col15a1, which encode the trimerization region of the endostatin precursor NC1 
domain, are only mildly homologous, and exon 40 in Col18a1 and 37 in Col15a1, which 
encode the hinge region, display no homology at all, indicating clear divergence in these 
regions. These regions diverge also in the otherwise very similar crystal structures of the 
endostatins XV and XVIII (Sasaki et al., 2000). Recently, it has been shown that the 
trimeric NC1 domain of collagen XVIII has a different function than that of the 
monomeric endostatin. The trimerized NC1 domain of the collagen XV/XVIII 
homologue in nematode C. elegans, cle-1, was shown to affect the migration of multiple 
cell types and axon guidance, since its deletion resulted in defects in these processes, 
which could be rescued by ectopic expression of the NC1 domain (Ackley et al., 2001). 
Similar results have been reported in vitro for the vertebrate NC1 domain of collagen 
XVIII, showing that the trimerized NC1 induced cell motility (Kuo et al., 2001). In both 
experiments, monomeric endostatin was shown to have an antagonist effect to its parent 
NC1 domain. Further, at least in the conditions used, the trimerized NC1 of collagen XV 
did not have motogenic activity, rendering that property highly specific for collagen 
XVIII (Kuo et al., 2001). Thus, the C-terminal NC domains of collagens XV and XVIII 
may have different functions, and the structural differences may be of functional 
significance e.g. to prevent false trimerization of the homologous NC domains of 
collagen XV and XVIII. Further, the considerably shorter hinge region in type XV 
collagen has been suggested to render the parent NC domain less vulnerable to 
proteolytic degradation (Sasaki et al., 2000). 

The four introns in the C. elegans collagen XV/XVIII gene, cle-1, are located in 
identical positions to mammalian collagen XV and XVIII genes, indicating that it is a 
true homologue (Ackley et al., 2001). At the amino acid level, cle-1 is equally similar to 
both collagens. It has a thrombospondin-1 homology region that is 35 % similar to both 
collagens XV and XVIII in vertebrates. The C-terminal NC domain has a 55 % similarity 
to mouse collagen XVIII endostatin. Some features render cle-1 more homologous to 
collagen XVIII, however. It is expressed as three isoforms with distinct tissue 
specificities, like collagen XVIII (Muragaki et al., 1995; Rehn & Pihlajaniemi, 1995). 
Furthermore, its endostatin domain has a 4-amino acid loop that is not present in collagen 
XV, and which has been shown to contribute to the heparin binding property of 
endostatin. In addition, although there is no region related to the Wingless-receptor 
frizzled in cle-1, it contains in an equivalent position a region related to the netrin receptor 
unc-40. Collectively, these features render cle-1 more closely homologous to collagen 
XVIII (Ackley et al., 2001).  

The above data strongly supports the conclusion that collagens XV and XVIII are 
derived from a common ancestor. Based on the evolutionary conservation of some 
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domains (see above) and recent immunohistochemical and biochemical evidence (for 
e.g., see Sasaki et al., 2000), they may have similar and partially overlapping biological 
functions, but also differences. Thus, at some point during evolution, the two genes 
diverged to give rise to two proteins with a larger repertoire of functions. Some of the 
associated functions are purely structural, such as providing integrity to tissues, as has 
been demonstrated for collagen XV in skeletal muscle and capillaries (Eklund et al., 
2001), while others involve migration, signaling, and proteolytic cleavage to generate 
active fragments, as has been demonstrated for the collagen XVIII NC1 domain and 
endostatin (Ackley et al., 2001; Kuo et al., 2001). The recent developments in the 
research of collagens XV and XVIII also imply that there may be still new functions to be 
associated with these collagens. For example, it must be determined whether the 
trimerized C-terminal NC domain and endostatin-XV have similar roles in the motogenic 
activity of the corresponding regions in collagen XVIII, and whether collagen XVIII has 
a structural role outside the eye (Fukai, N., Eklund, L., Marneros, A.G., Oh, S.P., Keene, 
D.R., Tamarkin, L., Li, E., Pihlajaniemi, T., & Olsen B.R., submitted; Sertie et al., 2000). 

6.3 Tissue distribution and developmentally regulated expression of 

type XV collagen protein in mouse (III) 

Previous immunohistological studies have revealed that type XV collagen localizes to 
many, but not all, BM zones, and have suggested some developmental shifts occur in its 
expression (Myers et al., 1996; Hägg et al., 1997b). These studies were performed using 
antibodies specific for human collagen XV, and hence human tissues. Because human 
tissues, especially fetal ones, are hard to obtain, thorough studies on developmental 
expression are difficult to conduct. Further, an antibody against mouse type XV collagen 
was needed, as projects utilizing transgenic mice were initiated in our laboratory. To this 
end, an antibody recognizing mouse type XV collagen was generated and used to study 
the distribution of type XV collagen in mature and developing mouse tissues. The 
Col15a1 null mice generated in our laboratory (Eklund et al., 2001) provided an excellent 
means of testing the specificity of the antibody.  

Previous studies had reported a conspicuous location of type XV collagen in the BM 
zones of capillaries and skeletal muscle fibers (Myers et al., 1996; Hägg et al., 1997b). 
Further, fibroblasts, endothelial cells, myoblasts, and certain epithelial cells have been 
shown to synthesize type XV collagen mRNA (Kivirikko et al., 1995). In this study, 
distinct differences in the occurrence of type XV collagen were observed in various 
capillaries and other vessels. Endothelial cells (and hence capillaries) can be divided into 
two morphological subgroups, continuous and discontinuous. The latter group can be 
further divided into sinusoidal and fenestrated diaphragmed endothelia (Risau, 1995). All 
endothelial cells, except those of the sinusoidal endothelium, have a BM. The functions 
of the different types of endothelia range from secretion and filtration in the fenestrated 
endothelia of the endocrine glands and the glomeruli of the kidney to formation of a 
blood-brain barrier, as is the case of the continuous endothelia in the CNS (Risau, 1995). 
Type XV collagen was absent from sinusoidal endothelia, with no staining being detected 
in the liver sinusoids or those of the splenic red pulp (not shown), thus differing from the 
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homologous type XVIII collagen, which is a prominent component of liver sinusoids 
(Musso et al., 1998; Saarela et al., 1998b). Instead, type XV collagen was a prominent 
component of most capillary BMs of the continuous type, like those of skeletal and 
cardiac muscle, and of the fenestrated type, like those of the choroid plexus, the thyroid 
(not shown), and the renal glomerulus. 

Interestingly, type XV collagen was absent from the capillary endothelium forming the 
blood-brain barrier in the adult brain, although it was expressed transiently in a restricted 
manner in the forebrain/superficial regions of the brain during early development of the 
brain vasculature, from 10.5 to 14.5 dpc. In the CNS anlage of the mouse fetus, 
capillarization of the neuroepithelium begins at 9 dpc in the lateral wall of the 
prosencephalon (forebrain) (Herken et al., 1989). The BM components laminin, heparan 
sulfate proteoglycan, and collagen IV have been shown to be involved in the initial 
vascularization of the CNS anlage in 10 to 12 dpc mouse fetuses (Herken et al., 1990). It 
is well documented that BM components synthesized by endothelial cells are important 
for the reconstitution of the endothelial cell layer following injury, and that e.g. laminin 
and collagen IV can stimulate the formation of capillary-like structures in cultured 
endothelial cells, collectively indicating a regulatory role for BM components in the 
formation of capillary endothelia (Macarak & Howard, 1983; Madri & Williams, 1983; 
Madri & Pratt, 1986; Kubota et al., 1988). The finding that collagen XV is also present in 
the early stages of brain vascularization suggests a role in the initial stages of these 
processes. Interestingly, the appearance of collagen XVIII in the vasculature of the spinal 
cord is delayed in chick embryos in comparison to type IV collagen, but contrary to 
collagen XV, it is expressed in the blood vessels of the CNS in adult (Halfter et al., 1998). 

Ultrastructurally, type XV collagen has been reported to reside in the outermost aspect 
of the lamina densa of trophoblastic BM, at the interface with the adjacent interstitium, 
and throughout the thickness of the capillary BM (Myers et al., 1996). In addition, trace 
amounts of collagen XV could be found in the interstitium of those collagen fibers in 
close proximity to the BMs. We have confirmed these findings in the skeletal muscle 
fibers and Schwann cell BMs, as well as in the capillary endothelia. Contrary to the 
previous reports, though, we found collagen XV similarly located at the interface of BMs 
with the fibrillar matrix also in the capillary endothelia (unpublished results). Recently, 
type XVIII collagen immunogold labeling has been shown to reside at sites of vitreal 
collagen fibril insertions into the inner limiting membrane of the eye (Fukai, N., Eklund, 
L., Marneros, A.G., Oh, S.P., Keene, D.R., Tamarkin, L., Li, E., Pihlajaniemi, T., & Olsen 
B.R., submitted), a finding that closely resembles what we have observed in skeletal 
muscle and peripheral nerves (unpublished results). This localization of type XVIII 
collagen is of functional significance, since in the Col18a1 null mice, the inner limiting 
membrane is separated from the vitreal matrix (Fukai, N., Eklund, L., Marneros, A.G., 
Oh, S.P., Keene, D.R., Tamarkin, L., Li, E., Pihlajaniemi, T., & Olsen B.R., submitted) 
and could at least partially explain the eye manifestations seen in Knobloch syndrome 
patients (Sertie et al., 2000). 

Previously, the Col15a1-/- mice have been shown to have capillary degradation in the 
tissues where type XV collagen normally resides in the endothelia, this effect being 
particularly prominent in the heart (Eklund et al., 2001). In contrast, there was no 
degradation in the capillaries of e.g. lung or brain, which express collagen XV only 
during development (see above and below), indicating that in these locations its role 
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during development can be compensated by some other BM component(s). This 
phenomenon is often associated with the inactivation of a gene from the early 
developmental stages onwards. Taken together, the deterioration of certain capillaries in 
Col15a1-/- mice and the location of type XV collagen at the interface of capillary BMs 
with the fibrillar matrix indicate an important role for this protein in creating and 
maintaining the structural integrity of the capillary endothelia. Based on the early 
expression of type XV collagen in many of the developing capillaries, as well as 
developmental shifts, such as those observed in brain, it could also have a role in 
modulating processes such as endothelial cell migration. This is supported by an in vitro 
finding that the endostatin homology region of type XV collagen can inhibit endothelial 
cell migration (Ramchandran et al., 1999).  

Compared to type XVIII collagen, type XV collagen predominates in the mature 
skeletal muscle (Saarela et al., 1998b). It is also needed in developing muscle, as first 
signs of collagen XV are seen at 13.5 dpc, which coincides with the initiation of the 
fusion of primary myotubes and the deposition of BM. In addition to cardiovascular 
defects, the Col15a1 null mice develop late onset mild myopathy and their skeletal 
muscles are prone to load-induced damage, showing indications of degenerative and 
regenerative processes (Eklund et al., 2001). The consequence of the loss of the Col15a1 
gene, the prominent expression of this collagen during skeletal muscle development, and 
its specific localization at the interface of the muscle cell BM and the fibrillar matrix 
collectively demonstrate a role for this collagen in skeletal muscle integrity. There are 
several naturally occurring or genetically engineered mouse lines with muscle phenotypes 
resulting from mutations in a number of molecules that link the cytoplasmal components 
to the ECM. The classic example is mdx-mice, which serve as an animal model for 
Duchenne and Becker muscular dystrophies (Campbell, 1995). These mice completely 
lack dystrophin, an important link protein between the actin cytoskeleton and the laminin 
network of the surrounding BM (Ibraghimov-Beskrovnaya et al., 1992). Also, deficiency 
in γ-sarcoglycan, another protein belonging to the same dystropin-glycoprotein-laminin 
complex (Hack et al., 1999), or in the integrin α7 subunit, a specific cellular receptor of 
laminin-1, -2, and –4 isoforms, results in muscular dystrophies (Mayer et al., 1997). Of 
the BM components, mutations in the laminin α2 chain have been associated with 
muscular dystrophies in man and dy/dy mouse (Helbling-Leclerc et al., 1995; Sunada et 
al., 1994; Xu et al., 1994a and b), and mutations in collagen VI, which bridges the 
collagen IV network with the underlying stroma, have been associated with Bethlem 
myopathy in man and cause a similar phenotype in null mice (Jöbsis et al, 1996; Bonaldo 
et al., 1998). 

The expression of type XV collagen in the cardiac muscle and in the capillaries of the 
heart was initially restricted to the periphery of the developing heart, whereafter it began 
to accumulate from the periphery inwards. This was in clear contrast to the classical BM 
components, type IV collagen and laminin, which were detected uniformly at these 
locations. Interestingly, type XVIII collagen has been demonstrated to behave in an 
opposite manner during development, as during the early stages of development its 
location is comparable to type IV and laminin in the cardiac muscle. However, later, it 
gradually disappears, starting from outwards, until at 18.5 dpc only the innermost muscle 
cells are stained (Saarela, J., 1998). Hence, the homologous collagen types XV and XVIII 
seem to be mutually exclusive in developing cardiac muscle BM. 
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Type XV collagen was restricted to extrasynaptic sites at the neuromuscular junction, 
namely the muscle and Schwann cell BM zones, whereas in addition to these, its 
homologue, type XVIII collagen, has been shown to be located in the synaptic BM 
(Saarela, J. 1998). Type XV collagen was also found to be a prominent component of the 
perineurial and endoneurial BM zones of peripheral nerves, appearing early in the 
development of these structures. This feature is conserved with type XVIII collagen 
across distant phyla, as it can be seen in the developing peripheral nerves in mouse 
(Saarela, J., 1998) and in the developing nervous system of C. elegans (Ackley et al., 
2001). Ultrastructurally, type XV collagen is located in the Schwann cell and perineurial 
BM zones and in association with collagen fibers located near the nerve BM (unpublished 
data).  

The finding of type XV collagen in the cartilage provides further evidence that this 
collagen type is not exclusively localized to BM zones, but can also be found in the 
fibrillar collagenous matrix. Its location in cartilage is not unique to BM components, 
however, since perlecan has also been identified in cartilage during development (French 
et al., 1999). Faint staining for type XV collagen can be detected at the beginning of 
chondrogenesis (at 12.5 dpc in mouse), after which the signal accumulated and 
concentrated in the perichondrial and outermost layers of the cartilaginous matrix. This 
finding is well in line with the in situ data, which demonstrated that perichondrial 
fibroblasts are capable of synthesizing type XV collagen mRNA (Kivirikko et al., 1995). 
The perichondrium is composed of specialized fibroblasts in a collagen matrix consisting 
of a number of collagen types, e.g. collagens I, III, V, VI, VIII, XII, XVI, and 
proteoglycans, whereas the cartilage proper is rich in type II collagen (see Table 6. for 
references). It is conceivable that, by analogy with the association between type XV 
collagen and fibrillar collagens in the skeletal muscle and peripheral nerve (unpublished 
data), it could likewise associate with collagen fibers in cartilage.  

Other tissues with marked changes in the expression of type XV collagen during 
development were the lung and kidney, the developmental patterns of which are classic 
examples of branching morphogenesis, where epithelial-mesenchymal interactions play 
an important role. Type XV collagen was shown to be expressed early in the vasculature 
of both of these organs, and appeared only later in other BM zones. Moreover, not all BM 
zones in the lung contained collagen XV, as those of the larger airways lacked it. Further, 
it’s down-regulation at birth from all of these locations, suggests a specific role for this 
collagen in lung development. 

Nephrogenesis can be divided into various stages. Briefly, the ureteric bud induces 
mesenchymal condensation to form in sequence, a vesicle, comma- and S-shaped 
structures. As the blood vessel invades, the immature and mature glomeruli are formed 
via the capillary loop stage (Miner et al., 1997). At the S-shaped stage, the nephron can 
be divided into two portions, one that gives rise to the glomerular filtration apparatus, the 
GBM and capillary loops, as well as the Bowman’s capsule, and another, which gives rise 
to the tubule. Each of these structures has a different molecular composition in its BMs 
(Pihlajaniemi, 1996; Miner et al., 1997). The expression of type IV collagen and laminin 
has been extensively studied during kidney development, and complex developmental 
transitions in the expression of various isoforms have been demonstrated to occur (Miner 
et al., 1997). Type XV collagen was not seen in BM zones other than vasculature until the 
S-shaped stage. Here, it was localized specifically to the future GBM, the capillary tuft, 
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invading blood vessels, and the Bowman’s capsule, thus colocalizing with laminin α4, 
α5, and β1, as well as collagen α1(IV) and 2(IV) chains in the tuft, laminin α4 in the 
invading blood vessels, and laminin α1, α4, and α5 in the Bowman’s capsule (Miner & 
Sanes, 1994; Miner et al., 1997). The BM zones of the collecting ducts in the lower part 
of the nephron contained type XV collagen and laminin α5 (Miner et al., 1997). Type XV 
collagen deposition in the kidney increased with maturation, being found in essentially all 
capillary and epithelial BM zones in the adult organ. The subsequent developmental shifts 
in other BM components result in mature Bowman’s capsule containing laminin α5, the 
mesangial matrix containing laminin α4, and the GBM containing laminins α5 and β2, 
and collagen α3(IV), α4(IV), and α5(IV) (Miner & Sanes, 1994; Miner et al., 1997). 

Type XVIII collagen has been recently implicated in lung and kidney organogenesis 
(Lin et al., 2001). Whereas at the initiation of these processes, collagen XVIII localizes 
throughout the epithelial buds of both organs, it later becomes localized to epithelial tips 
in the lung and the epithelial stalk of kidney. This indicates a reverse pattern of 
expression in the two branching organs and suggests a role for epithelial-mesenchymal 
interactions in collagen XVIII repatterning. Indeed, the tissue recombination approach 
demonstrated that inductive signals from lung mesenchyme to ureter bud could induce 
collagen XVIII expression from kidney to lung type, and consequent change in the 
morphogenesis, indicating that differential organ morphogenesis is regulated by an 
intraorgan patterning involving inductive signals and matrix molecules, such as collagen 
XVIII.  

Although a structural role in skeletal muscle and capillaries has been suggested for 
collagen XV on the basis of the consequences of its lack in mice (Eklund et al., 2001), 
the early prominent expression of type XV collagen in newly forming blood vessels could 
also indicate a possible role in angiogenic processes involving the endostatin homology 
domain. The finding that type XV collagen is present in the initial capillarization of the 
brain and the lung, but is then down-regulated, is intriguing in this context. The lack of 
major defects in angiogenesis in mice lacking endostatins XV and XVIII singly, or 
together (Eklund et al., 2001; Fukai, N., Eklund, L., Marneros, A.G., Oh, S.P., Keene, 
D.R., Tamarkin, L., Li, E., Pihlajaniemi, T. & Olsen B.R., manuscript, Ylikärppä, R., 
Eklund, L., Sormunen, R., Määttä, M., Muona, A. & Pihlajaniemi, T., manuscript), does 
not necessarily tell the whole truth, as there are a vast number of players in the regulation 
of these processes that can compensate for their functions. The knowledge of the 
developmental dynamics of type XV collagen is of great value as it helps us understand 
the physiological consequences that the yet unidentified mutations in type XV collagen 
may cause in human diseases. 

6.4 Transgenic mice expressing truncated type XV collagen (IV) 

To gain insight into the biological function of type XV collagen, transgenic mice 
expressing mutant type XV collagen were generated by the microinjection technique 
(Hogan et al., 1994). This approach was designed to complement the study of 
consequences of the lack of type XV collagen in mice (Eklund et al., 2001). It is known 
for many collagens that mutations in their genes that cause the synthesis of abnormal 
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collagen chains, which are still able to associate with other chains, cause more severe 
phenotypes than null alleles or mutations that prevent chain association, due to the 
dominant negative effect or “procollagen suicide” (see 2.3. and 2.4.2, reviewed by Aszodi 
et al., 1998; Myllyharju & Kivirikko, 2001). According to that, truncated type XV 
collagen molecules were anticipated to form heterotypic molecules with the endogenous 
type XV collagen chains, and thus result in the reduction of the endogenous type XV 
collagen level via procollagen suicide and/or interference in the normal function of this 
collagen via mutant α1(XV) chain -induced conformational change in its structure. In 
addition, the consequences of the internally truncated α1(XV) chain as the sole source of 
type XV collagen were studied by crossing the Col15a1-/- mice with the mutant transgenic 
lines. 

Microinjections of two different minigene constructs, both having an in-frame 123-
amino acid deletion in the collagenous region driven by 3 or 8-kb endogenous 5´-flanking 
sequences, resulted in the establishment of six transgenic lines, 3XV-1, -8, and –29 for 
the shorter, and 8XV-01, -02, and -166 for the longer promoter fragment, respectively, 
with relatively low transgene copy numbers ranging from 2 to >5. In lines with the 
shorter promoter fragment, the offspring from heterozygote matings displayed essentially 
a Mendelian distribution of genotypes, thus the mutation did not interfere with normal 
development. Furthermore, the transgenic mice were viable, fertile, and phenotypically 
indistinguishable from their nontransgenic littermates. Neither did the histological 
analysis at the light microscopic level reveal any abnormalities. RT-PCR analysis revealed 
expression of the transgene in all lines, but the pattern and level were different compared 
with those of the endogene. However, the 3 kb-promoter fragment used to drive the 
expression of the minigene resulted in a marked decrease in the basic transcription 
activity compared to shorter or longer fragments in a luciferase-reporter gene assay, 
suggesting the presence of a silencer element between positions –2926 bp and –2064 (see 
above and III). In the same assay, the 8-kb promoter fragment conferred 3 times higher 
basic activity compared with the 3-kb fragment. The deviation from the endogenous gene 
expression pattern in the tissues of 3XV-mice of the transgenic lines 3XV-1, -8, and –29 
is thus likely the result of the lack of regulatory elements in the shorter promoter 
fragment. Use of the longer promoter fragment resulted in a more endogenous-like 
transgene expression pattern in two of the three transgenic lines. 

The Western blot analysis suggested that the expression of the transgene protein was 
copy-number dependent and correlated with the mRNA levels observed in the RT-PCR. 
Thus, with equal loading of dilute tissue homogenates in line 3XV-29, a discrete 180-
kDa-protein band was detected with both antibodies in transgene positive mice, but not in 
wild-type or Col15a1-/- control tissues. The same band appeared also in the concentrated 
tissue homogenates of wild-type and 8XV-166 mice, indicating that it represents wild-
type and transgene products, and the latter is associated with or has the same mobility as 
the former, although it has a 10 kDa lower molecular weight. The observed protein size is 
reasonably well in line with those previously reported (Myers et al., 1996; Hägg et al., 
1997b; Li et al., 2000).  

Interestingly, when the mice expressing the truncated type XV collagen were crossed 
with mice lacking this collagen, there was a clear deviation from the expected Mendelian 
ratios, especially in the 3XV-29-derived COLXV29 line with the higher copy number of 
the transgene. The transgene was preferably detected in combination with the endogenous 
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alleles, and there were less than expected offspring with the transgene and heterozygous 
for the endogenous allele, or lacking the endogenous allele. Thus, at least to some extent, 
the truncated transgene product is not tolerated when the level of the endogene gene 
product decreases, suggesting a ratio dependence of transgene vs. endogene. 
Unfortunately, the mice were lost before more offspring could be generated to confirm 
the numbers, and before the initiation of a histological analysis. Also, pregnancy 
terminations would have been needed to see whether spontaneous abortions of a portion 
of the transgene positive offspring took place.  

In order to study whether the truncated α1(XV)-chains could associate to form mutant 
type XV collagen molecules, tissues from COLXV1, a line containing only transgenic 
type XV collagen, were stained with a type XV collagen antibody. Although the 
transcripts for the transgene were expressed in a number of tissues, the protein product 
was detected only in the capillaries of the brain matrix. Previous studies have shown that 
type XV collagen is a prominent component of most, but not all, capillaries (Hägg et al., 
1997b), and that there are developmental shifts in its expression. The brain is one of the 
organs affected by these shifts, as the capillaries in the forebrain and most superficial 
layers contain this collagen only during a very short period of development (from 12 to 
14 dpc), while the expression in the mature brain is restricted to a subset of blood vessels, 
preferably those of larger caliber (III). Also, line 3XV-29 showed abnormal expression in 
the brain capillaries. The fact that two independent transgenic lines sharing the same 3-kb 
promoter fragment show “misexpression” of the transgene in brain capillaries, and that 
the line with the 8-kb promoter does not, indicates that this expression pattern is due to 
the regulatory properties of the shorter promoter. Interestingly, the type XV collagen 5´-
flanking sequence contains several putative binding sites for the POU domain 
transcription factors expressed in mammalian forebrain (reviewed Rosenfeld, 1991). 
Based on the early and distinct spatio-temporal expression pattern of POU-domain genes 
in the forebrain, they are believed to have a role e.g. in the specification of neuronal 
phenotypes. The 3-kb promoter contains three out of four (within –5080) POU-domain 
motifs Brn-2 at –901 to –886 bp, Tst-1/Oct-6 at -1385 to –1371 bp, and Brn-2 at –1421 to 
–1406 bp. (In addition, one Brn-2 motif is located just outside the 3-kb promoter at –3248 
to –3233 bp, whereas one Tst-1/Oct-6 motif is in the 5´-end of the large second intron.) 
Thus, truncation of the promoter at 3-kb could remove factors important in silencing type 
XV collagen expression in brain capillaries, which in conjunction with the presence of 
strong potent activators may be the reason for the observed “misexpression”.  

Type XV collagen is known to provide structural integrity to microvessels, since the 
lack of it leads to collapse in the capillary walls in heart and skeletal muscle (Eklund et 
al., 2001). Function beyond a mere structural role is supported by the facts that the C-
terminal fragment of type XV collagen restin can inhibit endothelial cell migration in 
vitro (Ramchandran et al., 1999) and that the surrounding matrix is implicated in 
endothelial cell migration and proliferation, both processes occurring in angiogenesis. In 
the transgenic mice, the immunostaining patterns for type IV collagen and the laminin γ1-
chain were unchanged, and thus the misexpression did not dramatically change the BM 
composition (not shown). In addition, the number of capillaries was apparently equal in 
both control and transgenic mice (not shown). Thus, the misexpression of type XV 
collagen in brain capillaries of the lines with the shorter promoter fragment did not 
appear to have major functional consequences.  
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The lines generated using an 8-kb promoter were expected to confer better tissue 
specificity. This was partly observed in two of the lines, although some elements needed 
for correct tissue-specificity were still missing (see above). As with the previous lines, the 
transgene positive mice appear phenotypically normal, viable, and fertile. However, a 
slight decline in the litter size (average 5 pups per litter compared with 7-9 for 3XV-
lines), and a less than expected number of transgene positive mice from heterozygote 
matings (observed 35/62, expected 46,5/62), suggest that a portion of transgene positive 
mice were lost prenatally. Pregnancy terminations indicated a high number of abortions at 
12 and 14 dpc (11/25), as well as distorted genotype distribution in the remaining 
offspring (observed 8/25, expected 18,75/25), indicating that most of the aborted fetuses 
were most likely transgene positive, probably homozygous for the transgene. The 
abortions begin between 10 to 11 dpc, as termination at 10 dpc revealed only 1 aborted 
fetus out of 9, with the genotype distribution in line with the Mendelian ratios. Further 
work includes studying the genotype ratio in other lines and obtaining histological data 
from aborted transgene positive fetuses to reveal the cause of death. It must be 
determined whether the death is primarily caused by mutated collagen XV, or its 
secondary consequence, for example, due to its false expression in tissues. For that, the 
knowledge of the expression pattern in developing and mature mice is necessary. 

The lack of phenotypic consequences in lines with the 3 kb-promoter is likely due to 
aberrant gene regulation, which did not confer endogeneous like expression. In addition, 
there are a number of other reasons why the truncated type XV collagen would not cause 
any obvious phenotypic changes in transgenic mice, despite being expressed at both at 
mRNA and protein levels. The deleted portion may not be functionally important. The 
fact that the two deleted COL-domains are conserved between man and mouse argues 
against that hypothesis (Hägg et al., 1997a). A continuous, non-interrupted triple-helical 
structure appears to be most critical in the fibril-forming collagens (reviewed by 
Myllyharju & Kivirikko, 2001), while the nonfibrillar collagens that are characterized by 
a number of interruptions in their triple-helical structures may tolerate e.g. glycine 
mutations, as seen in the COL4A4 gene (Boye et al., 1998), or even 9-bp deletions in the 
collagenous domain, as in the COL9A3 gene, with no evident consequences (Paassilta et 
al., 1999). Nevertheless, the 123-residue truncation should result in the looping-out of the 
corresponding portion of the normal-length α1(XV)-chains, and thus interfere with the 
formation of higher order structures, which contain type XV collagen, and/or result in the 
degradation of the entire molecule.  

Secondly, the expression level of the transgene may be too low. There are examples 
from transgenic mice harboring mutations in the fibrillar collagen genes of a copy 
number dependency in the severity of the phenotypes. A glycine mutation in the COL2A1 
gene caused severe chondrodysplasia (Garofalo et al., 1991) in three lines having 10-50 
copies of the transgene, whereas one line with 2 copies appeared normal. A 15-amino 
acid deletion in the Col2a1 gene causing chondrodysplasia displayed also copy-number 
dependency, as the line with only one copy did not show any abnormalities, whereas the 
offspring in two lines with 12 (homozygous) and 15 copies (heterozygous) had a severe 
phenotype (Metsäranta et al., 1992). In this case, it was concluded that the expression of 
transgene mRNA at levels equivalent or higher than the endogenous mRNA is necessary 
to cause the phenotype. 
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Thirdly, the mutation in transgenic lines described here may also cause a subtle 
phenotype too discrete to be detected at the light microscopic level without any 
challenging. This is supported by the fact that lack of this collagen in Col15a1-/- mice 
causes a relatively mild phenotype affecting skeletal muscle and the cardiovascular 
system (Eklund et al., 2001). The muscle phenotype was first detected at the light 
microscopic level, as focal histopathological signs for regeneration followed by 
degeneration. A large number of samples was needed to confirm the phenotype, since 
there was variation within a sample in the frequency of the damaged areas, and between 
the muscle groups in their susceptibility to damage. However, the muscle damage was 
greatly induced when the mice were subjected to running in the motor-driven treadmill. 
The detection of cardiovascular phenotypes required the use of sophisticated equipment 
and experimental set-ups. Electron microscopy was also needed to pinpoint collapsed 
capillaries and endothelial cell degeneration in the heart and skeletal muscle of null mice, 
findings, which were likewise undetectable under the conventional microscope. To study 
the cardiovascular phenotype further, the mice were subjected to exercise-induced 
cardiovascular stress and studied for signs of cardiac injury. Furthermore, isolated 
perfused hearts were used to monitor cardiac function. Taken together, the sedentary 
lifestyles the mice live in their cages is far from the natural situation, thus further stimuli 
were needed to detect and confirm the mild phenotype in Col15a1-/- mice. The effect of 
generated mutations may be also transient, as described for laminin α4 null mice, which 
exhibit anemia and hemorrhages when newborn. Within two weeks, however, both 
symptoms completely disappear, thus restoring the normal phenotype (Kortesmaa, 2000). 

A general tendency for collagens is that the dominant-negative mutations, which 
produce structurally altered α-chains, lead to more severe phenotypes than null mutations 
(reviewed by Aszodi et al., 1998). This has been the case for type X collagen, where mice 
expressing mutant collagen develop a more severe skeletal phenotype (Jacenko et al., 
1993) than the mice lacking type X collagen (Kwan et al., 1997; Gress and Jacenko, 
2000), which were actually first reported as nonphenotypic (Rosati et al., 1994). Here, 
prenatal lethality was observed in one of the mouse lines expressing the transgene in 
tissues, known to express the gene normally, whereas the lack of type XV collagen in 
Col15a1 null mice is known to cause a relatively mild phenotype affecting skeletal 
muscle and the cardiovascular system (Eklund et al., 2001). Thus, expression of mutant 
α1(XV) chains appears to result in more severe phenotypic consequences than a null 
allele, and conditions previously not known to be caused by mutations in this collagen 
may be identified in the future. 



7 Future perspectives 

We now have knowledge of the complete genomic organizations of type XV collagen 
genes in man and mouse, the functional properties of their promoter regions, the 
developmental dynamics during murine development, and the consequences of the use of 
two different promoter fragments in generating transgenic mice expressing truncated type 
XV collagen protein. The elucidation of the exon-intron organization of the human 
COL15A1 gene provides the necessary database for future studies for screening for 
mutations in patient samples for candidate diseases caused by mutations in this collagen. 
When choosing the candidate diseases, several features, such as the tissue distribution of 
type XV collagen and the phenotypic consequences in the genetically engineered mice, 
will be considered. Based on the consequences of the lack of this collagen, diseases 
affecting skeletal muscle and the cardiovascular system will be a top priority. The 
genomic clones obtained during both studies are valuable tools in e.g. studies of gene 
regulation and expression, as well as in preparing gene constructs for generating 
genetically engineered mice in lacking this collagen or expressing mutant α1(XV) chains. 
This study also initiated the analysis of the functional properties of the type XV collagen 
promoters in two species, providing putative conserved regions implicated in the gene 
regulation, and pinpointing to potential regions involved in the positive and negative 
regulation of the mouse Col15a1 gene. Future studies on the issues of gene regulation 
will be easier to tailor with this knowledge in hand. Further, an antibody against mouse 
type XV collagen was generated, providing an essential tool for the analysis of the tissue 
distribution of collagen XV in mature and developing mouse tissues, as well as in the 
analysis of transgenic mice. The knowledge of the developmental dynamics of type XV 
collagen is of great value, as it helps to understand the physiological consequences that 
the as yet unidentified mutations in type XV collagen may cause in humans. In the study 
of transgenic mice expressing truncated type XV collagen, two different promoter 
fragments used to drive the expression of the transgene resulted in clear differences in 
tissue specificities, indicating a better complement of regulatory elements in the longer 
fragment. The lack of an obvious phenotype in the lines driven by the shorter promoter, in 
contrast to apparent prenatal lethality in one line driven by the longer promoter fragment, 
needs to be further studied before detailed conclusions on the consequences of the 
generated mutation can be drawn. If the hypothesis of the prenatal lethality as a result of a 
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mutation in type XV collagen gains further evidence, these mice will provide new 
evidence concerning the critical function of this collagen during development. Although 
recent developments in the field of collagen XV research have provided a wealth of 
information regarding its biological significance and function, there are still quite a few 
unresolved issues to be addressed. The biosynthesis, protein structure, and 
macromolecular aggregates formed by this collagen are still obscure, as well as the 
interactions with other matrix molecules. In addition, the role of the proteolytic fragments 
of type XV collagen, such as the endostatin homology region and the parent NC domain, 
both of which have been implicated in morphogenetic processes in type XVIII collagen, 
requires further evaluation. Lastly, the production of conditional knockout mice targeted 
to endothelial cells may also clarify the role of type XV collagen in capillary endothelia. 
Nonetheless, the data presented here have opened the door for these future studies by 
providing a number of important tools and basic knowledge needed. 



8 References 

Abe, N., Muragaki, Y., Yoshioka, H., Inoue, H. & Ninomiya, Y. (1993). Identification of a novel 
collagen chain represented by extensive interruptions in the triple-helical region. Biochem. 
Biophys. Res. Commun. 196, 576-582. 

Ackley, B.D., Crew, J.R., Elamaa, H., Pihlajaniemi, T., Kuo, C.J. & Kramer, J.M. (2001). The 
NC1/endostatin domain of Caenorhabditis elegans type XVIII collagen affects cell migration 
and axon guidance. J. Cell Biol. 152, 1219-1232. 

Adamson, E.D. & Ayers, S.E. (1979). The localization and synthesis of some collagen types in 
developing mouse embryos. Cell 16, 953-965. 

Ala-Kokko, L. & Prockop, D.J. (1990). Completion of the intron-exon structure of the gene for 
human type II procollagen (COL2A1): variations in the nucleotide sequences of the alleles from 
three chromosomes. Genomics 8, 454-460. 

Amenta, P.S., Briggs, K., Xu, K., Gamboa, E., Jukkola, A.F., Li, D. & Myers, J.C. (2000). Type 
XV collagen in human colonic adenocarcinomas has a different distribution than other basement 
membrane zone proteins. Hum. Pathol. 31, 359-366. 

Andrikopoulos, K., Liu, X., Keene, D.R., Jaenisch, R. & Ramirez, F. (1995). Targeted mutations in 
the col5a2 gene reveal a regulatory role for type V collagen during matrix assembly. Nat. Genet. 
9, 31-36. 

Andrikopoulos, K., Suzuki, H.R., Solursh, M. & Ramirez, F. (1992). Localization of pro-alpha 
2(V) collagen transcripts in the tissues of the developing mouse embryo. Dev. Dyn. 195, 113-
120. 

Annunen, S., Körkkö, J., Czarny, M., Warman, M.L., Brunner, H.G., Kääriäinen, H., Mulliken, 
J.B., Tranebjarg, L., Brooks, D.G., Cox, G.F., Cruysberg, J.R., Curtis, M.A., Davenport, S.L., 
Friedrich, C.A., Kaitila, I., Krawczynski, M.R., Latos-Bielenska, A., Mukai, S., Olsen, B.R., 
Shinno, N., Somer, M., Vikkula, M., Zlotogora, J., Prockop, D.J. & Ala-Kokko, L. (1999). 
Splicing Mutations of 54-bp Exons in the COL11A1 Gene Cause Marshall Syndrome, but Other 
Mutations Cause Overlapping Marshall/Stickler Phenotypes. Am. J. Hum. Genet. 65, 974-983. 

Antoniv, T.T., De Val, S., Wells, D., Denton, C.P., Rabe, C., de Crombrugghe, B., Ramirez, F. & 
Bou-Gharios, G. (2001). Characterization of an evolutionarily conserved far-upstream enhancer 
in the human alpha 2(I) collagen (COL1A2) gene. J. Biol. Chem. 276, 21754-21764. 

Apte, S.S. & Olsen, B.R. (1993). Characterization of the mouse type X collagen gene. Matrix 13, 
165-179. 

Apte, S.S., Seldin, M.F., Hayashi, M. & Olsen, B.R. (1992). Cloning of the human and mouse type 
X collagen genes and mapping of the mouse type X collagen gene to chromosome 10. Eur. J. 
Biochem. 206, 217-224. 

Arikawa-Hirasawa, E., Watanabe, H., Takami, H., Hassell, J.R. & Yamada, Y. (1999). Perlecan is 
essential for cartilage and cephalic development. Nat. Genet. 23, 354-358. 



95 

Aszodi, A., Pfeifer, A., Wendel, M., Hiripi, L. & Fässler, R. (1998). Mouse models for extracellular 
matrix diseases. J. Mol. Med. 76, 238-252. 

Aumailley, M. & Gayraud, B. (1998). Structure and biological activity of the extracellular matrix. 
J. Mol Med. 76, 253-265. 

Aumailley, M. & Smyth, N. (1998). The role of laminins in basement membrane function. J. Anat. 
193 ( Pt 1), 1-21. 

Beck, L., Jr. & D'Amore, P.A. (1997). Vascular development: cellular and molecular regulation. 
FASEB J. 11, 365-373. 

Benson-Chanda, V., Su, M.W., Weil, D., Chu, M.L. & Ramirez, F. (1989). Cloning and analysis of 
the 5' portion of the human type-III procollagen gene (COL3A1). Gene 78, 255-265. 

Birk, D.E., Fitch, J.M., Babiarz, J.P., Doane, K.J. & Linsenmayer, T.F. (1990). Collagen 
fibrillogenesis in vitro: interaction of types I and V collagen regulates fibril diameter. J. Cell 
Sci. 95, 649-657. 

Biswas, S., Munier, F.L., Yardley, J., Hart-Holden, N., Perveen, R., Cousin, P., Sutphin, J.E., 
Noble, B., Batterbury, M., Kielty, C., Hackett, A., Bonshek, R., Ridgway, A., McLeod, D., 
Sheffield, V.C., Stone, E.D., Schorderet, D.F. & Black, G.C.M. (2001). Missense mutations in 
COL8A2, the gene encoding the alpha2 chain of type VIII collagen, cause two forms of corneal 
endothelial dystrophy. Hum. Mol. Genet. 10, 2415-2423. 

Blaschke, U.K., Eikenberry, E.F., Hulmes, D.J., Galla, H.J. & Bruckner, P. (2000). Collagen XI 
nucleates self-assembly and limits lateral growth of cartilage fibrils. J. Biol. Chem. 275, 10370-
10378. 

Boehm, T., Folkman, J., Browder, T. & O'Reilly, M.S. (1997). Antiangiogenic therapy of 
experimental cancer does not induce acquired drug resistance. Nature 390, 404-407. 

Boehm, T., O'Reilly, M.S., Keough, K., Shiloach, J., Shapiro, R. & Folkman, J. (1998). Zinc-
binding of endostatin is essential for its antiangiogenic activity. Biochem. Biophys. Res. 
Commun. 252, 190-194. 

Bohme, K., Li, Y., Oh, P.S. & Olsen, B.R. (1995). Primary structure of the long and short splice 
variants of mouse collagen XII and their tissue-specific expression during embryonic 
development. Dev. Dyn. 204, 432-445. 

Bonadio, J., Saunders, T.L., Tsai, E., Goldstein, S.A., Morris-Wiman, J., Brinkley, L., Dolan, D.F., 
Altschuler, R.A., Hawkins, J.E., Jr. & Bateman, J.F. (1990). Transgenic mouse model of the 
mild dominant form of osteogenesis imperfecta. Proc. Natl. Acad. Sci. USA 87, 7145-7149. 

Bonaldo, P., Braghetta, P., Zanetti, M., Piccolo, S., Volpin, D. & Bressan, G.M. (1998). Collagen 
VI deficiency induces early onset myopathy in the mouse: an animal model for bethlem 
myopathy. Hum. Mol. Genet. 7, 2135-2140. 

Bonaldo, P., Piccolo, S., Marvulli, D., Volpin, D., Marigo, V. & Bressan, G.M. (1993). Murine 
α1(VI) collagen chain. Complete amino acid sequence and identification of the gene promoter 
region. Matrix 13, 223-233. 

Bonaldo, P., Russo, V., Bucciotti, F., Doliana, R. & Colombatti, A. (1990). Structural and 
functional features of the α3 chain indicate a bridging role for chicken collagen VI in 
connective tissues. Biochemistry 29, 1245-1254. 

Bork, P. (1992). The modular architecture of vertebrate collagens. FEBS Lett. 307, 49-54. 
van den Born, J., van Kraats, A.A., Bakker, M.A.H., Assmann, K.J.M., van den Heuvel, L.P.W.J., 

Veerkamp, J.H. & Berden, J.H.M. (1995). Selective proteinuria in diabetic nephropathy in the 
rat is associated with a relative decrease in glomerular basement membrane heparan sulphate. 
Diabetologia 38, 161-172. 

Bornstein, P., McKay, J., Morishima, J.K., Devarayalu, S. & Gelinas, R.E. (1987). Regulatory 
elements in the first intron contribute to transcriptional control of the human alpha 1(I) collagen 
gene. Proc. Natl. Acad. Sci. USA 84, 8869-8873. 

Boye, E., Mollet, G., Forestier, L., Cohen-Solal, L., Heidet, L., Cochat, P., Grunfeld, J.P., Palcoux, 
J.B., Gubler, M.C. & Antignac, C. (1998). Determination of the genomic structure of the 
COL4A4 gene and of novel mutations causing autosomal recessive Alport syndrome. Am. J. 
Hum. Genet. 63, 1329-1340. 



96 

Bruckner, P., Vaughan, L. & Winterhalter, K.H. (1985). Type IX collagen from sternal cartilage of 
chicken embryo contains covalently bound glycosaminoglycans. Proc. Natl. Acad. Sci. USA 82, 
2608-2612. 

Burgeson, R.E. & Nimni, M.E. (1992). Collagen types. Molecular structure and tissue distribution. 
Clin. Orthop. 282, 250-272. 

Buttice, G., Kaytes, P., D'Armiento, J., Vogeli, G. & Kurkinen, M. (1990). Evolution of collagen 
IV genes from a 54-base pair exon: a role for introns in gene evolution. J. Mol. Evol. 30, 479-
488. 

Campbell, K.P. (1995). Three muscular dystrophies: loss of cytoskeleton-extracellular matrix 
linkage. Cell 80, 675-679. 

Chan, D. & Jacenko, O. (1998). Phenotypic and biochemical consequences of collagen X mutations 
in mice and humans. Matrix Biol. 17, 169-184. 

Chan, S.D.H., Karp, D.B., Fowlkes, M.E., Hooks, M., Bradley, M.S., Vuong, V., Bambino, T., Liu, 
M.Y.C., Arnaud, C.D., Strewler, G.J. & Nissenson, R.A. (1992). Two homologs of the 
Drosophila polarity gene frizzled (fz) are widely expressed in mammalian tissues. J. Biol. 
Chem. 267, 25202-25207. 

Cheah, K.S., Lau, E.T., Au, P.K. & Tam, P.P. (1991). Expression of the mouse alpha 1(II) collagen 
gene is not restricted to cartilage during development. Development 111, 945-953. 

Chen, H., Herndon, M.E., Lawler, J. (2000). The cell biology of thrombospondin-1. Matrix Biol. 
19, 597-614. 

Chernousov, M.A., Rothblum, K., Tyler, W.A., Stahl, R.C. & Carey, D.J. (2000). Schwann Cells 
Synthesize Type V Collagen That Contains a Novel Alpha 4 Chain: Molecular Cloning, 
Biochemical Characterization and High Affinity Heparin Binding of Alpha 4(V) Collagen. J. 
Biol. Chem. 

Chernousov, M.A., Scherer, S.S., Stahl, R.C. & Carey, D.J. (1999). p200, a collagen secreted by 
Schwann cells, is expressed in developing nerves and in adult nerves following axotomy. J. 
Neurosci. Res. 56, 284-294. 

Chernousov, M.A., Stahl, R.C. & Carey, D.J. (1996). Schwann cells secrete a novel collagen-like 
adhesive protein that binds N-syndecan. J. Biol. Chem. 271, 13844-13853. 

Chipman, S.D., Sweet, H.O., McBride, D.J., Jr., Davisson, M.T., Marks, S.C., Jr., Shuldiner, A.R., 
Wenstrup, R.J., Rowe, D.W. & Shapiro, J.R. (1993). Defective pro α2(I) collagen synthesis in a 
recessive mutation in mice: a model of human osteogenesis imperfecta. Proc. Natl. Acad. Sci. 
USA 90, 1701-1705. 

Chomczynski, P. & Sacchi, N. (1987). Single-step method of RNA isolation by acid guanidium 
thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162, 156-159. 

Christiano, A.M., Hoffman, G.G., Chung-Honet, L.C., Lee, S., Wen, C., Uitto, J. & Greenspan, 
D.S. (1994a). Structural organization of the human type VII collagen gene (COL7A1), 
composed of more exons than any previously characterized gene. Genomics 21, 169-179. 

Christiano, A.M., Ryynänen, M. & Uitto, J. (1994b). Dominant dystrophic epidermolysis bullosa: 
identification of a Gly  Ser substitution in the triple-helical domain of type VII collagen. Proc. 
Natl. Acad. Sci. USA 91, 3549-3553. 

Chu, M.L., de Wet, W., Bernard, M. & Ramirez, F. (1985). Fine structural analysis of the human 
proα1(I) collagen gene. Promoter structure, AluI repeats, and polymorphic transcripts. J. Biol. 
Chem. 260, 2315-2320. 

Chu, M.-L. & Prockop, D. (1993). Collagen: gene structures. In Connective Tissue and Its 
Heritable Disorders. Molecular, Genetics, and Medical Aspects, P.M. Royce and B. Steinmann, 
eds. (New York: Wiley-Liss, Inc.), pp. 149-165. 

Chung, K.S., Jacenko, O., Boyle, P., Olsen, B.R. & Nishimura, I. (1997). Craniofacial 
abnormalities in mice carrying a dominant interference mutation in type X collagen. Dev. Dyn. 
208, 544-552. 

Cosgrove, D., Meehan, D.T., Grunkemeyer, J.A., Kornak, J.M., Sayers, R., Hunter, W.J. & 
Samuelson, G.C. (1996). Collagen COL4A3 knockout: a mouse model for autosomal Alport 
syndrome. Genes Dev. 10, 2981-2992. 



97 

Costell, M., Gustafsson, E., Aszodi, A., Morgelin, M., Bloch, W., Hunziker, E., Addicks, K., 
Timpl, R. & Fässler, R. (1999). Perlecan maintains the integrity of cartilage and some basement 
membranes. J. Cell Biol. 147, 1109-1122. 

D'Alessio, M., Bernard, M., Pretorius, P.J., de Wet, W., Ramirez, F. & Pretorious, P.J. (1988). 
Complete nucleotide sequence of the region encompassing the first twenty-five exons of the 
human pro alpha 1(I) collagen gene (COL1A1). Gene 67, 105-115. 

Dhanabal, M., Ramchandran, R., Volk, R., Stillman, I.E., Lombardo, M., Iruela-Arispe, M.L., 
Simons, M. & Sukhatme, V.P. (1999b). Endostatin: yeast production, mutants, and antitumor 
effect in renal cell carcinoma. Cancer Res. 59, 189-197. 

Dhanabal, M., Ramchandran, R., Waterman, M.J., Lu, H., Knebelmann, B., Segal, M. & Sukhatme, 
V.P. (1999c). Endostatin induces endothelial cell apoptosis. J. Biol. Chem. 274, 11721-11726. 

Dhanabal, M., Volk, R., Ramchandran, R., Simons, M. & Sukhatme, V.P. (1999a). Cloning, 
expression, and in vitro activity of human endostatin. Biochem. Biophys. Res. Commun. 258, 
345-352. 

Ding, Y.H., Javaherian, K., Lo, K.M., Chopra, R., Boehm, T., Lanciotti, J., Harris, B.A., Li, Y., 
Shapiro, R., Hohenester, E., Timpl, R., Folkman, J. & Wiley, D.C. (1998). Zinc-dependent 
dimers observed in crystals of human endostatin. Proc. Natl. Acad. Sci. USA 95, 10443-10448. 

Dixelius, J., Larsson, H., Sasaki, T., Holmqvist, K., Lu, L., Engstrom, A., Timpl, R., Welsh, M. & 
Claesson-Welsh, L. (2000). Endostatin-induced tyrosine kinase signaling through the Shb 
adaptor protein regulates endothelial cell apoptosis. Blood 95, 3403-3411. 

Dziadek, M., Darling, P., Bakker, M., Overall, M., Zhang, R.Z., Pan, T.C., Tillet, E., Timpl, R. & 
Chu, M.L. (1996). Deposition of collagen VI in the extracellular matrix during mouse 
embryogenesis correlates with expression of the alpha 3(VI) subunit gene. Exp. Cell Res. 226, 
302-315. 

Ehrig, K., Leivo, I., Argraves, W.S., Ruoslahti, E. & Engvall, E. (1990). Merosin, a tissue-specific 
basement membrane protein, is a laminin-like protein. Proc. Natl. Acad. Sci. USA 87, 3264-
3268. 

Eklund, L., Piuhola, J., Komulainen, J., Sormunen, R., Ongvarrasopone, C., Fässler, R., Muona, A., 
Ilves, M., Ruskoaho, H., Takala, T.E. & Pihlajaniemi, T. (2001). Lack of type XV collagen 
causes a skeletal myopathy and cardiovascular defects in mice. Proc. Natl. Acad. Sci. USA 98, 
1194-1199. 

Erickson, A.C. & Couchman, J.R. (2000). Still more complexity in mammalian basement 
membranes. J. Histochem. Cytochem. 48, 1291-1306. 

Falk, R.J., Scheinman, J.I., Mauer, S.M. & Michael, A.F. (1983). Polyantigenic expansion of 
basement membrane constituents in diabetic nephropathy. Diabetes 32, 34-39. 

Felbor, U., Dreier, L., Bryant, R.A., Ploegh, H.L., Olsen, B.R. & Mothes, W. (2000). Secreted 
cathepsin L generates endostatin from collagen XVIII. EMBO J. 19, 1187-1194. 

Ferreras, M., Felbor, U., Lenhard, T., Olsen, B.R. & Delaisse, J. (2000). Generation and 
degradation of human endostatin proteins by various proteinases. FEBS Lett. 486, 247-251. 

Fichard, A., Kleman, J.-P. & Ruggiero, F. (1994). Another look at collagen V and XI molecules. 
Matrix Biol. 14, 515-531. 

Fitzgerald, J. & Bateman, J.F. (2001). A new FACIT of the collagen family: COL21A1(1). FEBS 
Lett. 505, 275-280. 

Folkman, J. (2001). A new family of mediators of tumor angiogenesis. Cancer Invest 19, 754-755. 
French, M.M., Smith, S.E., Akanbi, K., Sanford, T., Hecht, J., Farach-Carson, M.C. & Carson, 

D.D. (1999) Expression of the heparan sulfate proteoglycan, perlecan, during mouse 
embryogenesis and perlecan chondrogenic activity in vitro. J. Cell Biol. 145, 1103-1115. 

Friesel, R.E. & Maciag, T. (1995). Molecular mechanisms of angiogenesis: fibroblast growth factor 
signal transduction. FASEB J. 9, 919-925. 

Frieser, M., Nockel, H., Pausch, F., Roder, C., Hahn, A., Deutzmann, R. & Sorokin, L.M. (1997). 
Cloning of the mouse laminin alpha 4 cDNA. Expression in a subset of endothelium. Eur. J. 
Biochem. 246, 727-735. 

Fukai, N., Apte, S. & Olsen, B.R. (1994). Nonfibrillar collagens. Meth. Enzymol. 245, 3-28. 



98 

Furst, D.O., Osborn, M. & Weber, K. (1989). Myogenesis in the mouse embryo: differential onset 
of expression of myogenic proteins and the involvement of titin in myofibril assembly. J. Cell 
Biol. 109, 517-527. 

Fässler, R., Schnegelsberg, P.N., Dausman, J., Shinya, T., Muragaki, Y., McCarthy, M.T., Olsen, 
B.R. & Jaenisch, R. (1994). Mice lacking alpha 1 (IX) collagen develop noninflammatory 
degenerative joint disease. Proc. Natl. Acad. Sci. USA 91, 5070-5074. 

Gatalica, B., Pulkkinen, L., Li, K., Kuokkanen, K., Ryynänen, M., McGrath, J.A. & Uitto, J. 
(1997). Cloning of the human type XVII collagen gene (COL17A1), and detection of novel 
mutations in generalized atrophic benign epidermolysis bullosa. Am. J. Hum. Genet. 60, 352-
365. 

Garofalo, S., Metsäranta, M., Ellard, J., Smith, C., Horton, W., Vuorio, E. & de Crombrugghe, B. 
(1993). Assembly of cartilage collagen fibrils is disrupted by overexpression of normal type II 
collagen in transgenic mice. Proc. Natl. Acad. Sci. USA 90, 3825-3829. 

Garofalo, S., Vuorio, E., Metsäranta, M., Rosati, R., Toman, D., Vaughan, J., Lozano, G., Mayne, 
R., Ellard, J. & Horton, W. (1991). Reduced amounts of cartilage collagen fibrils and growth 
plate anomalies in transgenic mice harboring a glycine-to-cysteine mutation in the mouse type II 
procollagen α1-chain gene. Proc. Natl. Acad. Sci. USA 88, 9648-9652. 

Grassel, S., Timpl, R., Tan, E.M. & Chu, M.L. (1996). Biosynthesis and processing of type XVI 
collagen in human fibroblasts and smooth muscle cells. Eur. J. Biochem. 242, 576-584. 

Greenhill, N.S., Ruger, B.M., Hasan, Q. & Davis, P.F. (2000). The alpha1(VIII) and alpha2(VIII) 
collagen chains form two distinct homotrimeric proteins in vivo. Matrix Biol. 19, 19-28. 

Gress, C.J. & Jacenko, O. (2000). Growth plate compressions and altered hematopoiesis in collagen 
X null mice. J. Cell Biol. 149, 983-993. 

Gunwar, S., Ballester, F., Noelken, M.E., Sado, Y., Ninomiya, Y. & Hudson, B.G. (1998). 
Glomerular basement membrane. Identification of a novel disulfide-cross- linked network of 
alpha3, alpha4, and alpha5 chains of type IV collagen and its implications for the pathogenesis 
of Alport syndrome. J. Biol. Chem. 273, 8767-8775. 

Hack, A.A., Cordier, L., Shoturma, D.I., Lam, M.Y., Sweeney, H.L. & McNally, E.M. (1999). 
Muscle degeneration without mechanical injury in sarcoglycan deficiency. Proc. Natl. Acad. 
Sci. USA 96, 10723-10728. 

Hagg, R., Hedbom, E., Mollers, U., Aszodi, A., Fässler, R. & Bruckner, P. (1997b). Absence of the 
alpha1(IX) chain leads to a functional knock-out of the entire collagen IX protein in mice. J. 
Biol. Chem. 272, 20650-20654. 

Halfter, W., Dong, S., Schurer, B. & Cole, G.J. (1998). Collagen XVIII is a basement membrane 
heparan sulfate proteoglycan. J. Biol. Chem. 273, 25404-25412. 

Hanahan, D. & Folkman, J. (1996). Patterns and emerging mechanisms of the angiogenic switch 
during tumorigenesis. Cell 86, 353-364. 

Harlow, E. & Lane, D.P. (1988). Antibodies, a laboratory manual. Cold Spring Harpor, NY, Cold 
Spring Harbor Laboratory, 726 pp. 

Heidet, L., Arrondel, C., Forestier, L., Cohen-Solal, L., Mollet, G., Gutierrez, B., Stavrou, C., 
Gubler, M.C. & Antignac, C. (2001). Structure of the human type IV collagen gene COL4A3 
and mutations in autosomal Alport syndrome. J. Am. Soc. Nephrol. 12, 97-106. 

Heikkilä, P. & Soininen, R. (1996). The type IV collagen gene family. Contrib. Nephrol. 117, 105-
129. 

Heinonen, S., Männikko, M., Klement, J.F., Whitaker-Menezes, D., Murphy, G.F. & Uitto, J. 
(1999). Targeted inactivation of the type VII collagen gene (Col7a1) in mice results in severe 
blistering phenotype: a model for recessive dystrophic epidermolysis bullosa. J. Cell Sci. 112 ( 
Pt 21), 3641-3648. 

Heiskanen, M., Saitta, B., Palotie, A. & Chu, M.L. (1995). Head to tail organization of the human 
COL6A1 and COL6A2 genes by fiber-FISH. Genomics 29, 801-803. 

Helbling-Leclerc, A., Zhang, X., Topaloglu, H., Cruaud, C., Tesson, F., Weissenbach, J., Tome, 
F.M., Schwartz, K., Fardeau, M., Tryggvason, K. & Guicheney, P. (1995). Mutations in the 
laminin alpha 2-chain gene (LAMA2) cause merosin- deficient congenital muscular dystrophy. 
Nat. Genet. 11, 216-218. 



99 

Helminen, H.J., Kiraly, K., Pelttari, A., Tammi, M.I., Vandenberg, P., Pereira, R., Dhulipala, R., 
Khillan, J.S., Ala-Kokko, L. & Hume, E.L. (1993). An inbred line of transgenic mice expressing 
an internally deleted gene for type II procollagen (COL2A1). Young mice have a variable 
phenotype of a chondrodysplasia and older mice have osteoarthritic changes in joints. J. Clin. 
Invest. 92, 582-595. 

Herken, R., Gotz, W. & Thies, M. (1990). Appearance of laminin, heparan sulphate proteoglycan 
and collagen type IV during initial stages of vascularisation of the neuroepithelium of the mouse 
embryo. J. Anat. 169, 189-195. 

Herken, R., Gotz, W. & Wattjes, K.H. (1989). Initial development of capillaries in the 
neuroepithelium of the mouse. J. Anat. 164, 85-92. 

Hogan, B., Beddington, R., Constantini, F. & Lacy, E. (1994). Manipulating the Mouse Embryo, A 
Laboratory Manual. (Plainview, NY: Cold Spring Harbor Laboratories). 

Hohenester, E., Sasaki, T., Mann, K. & Timpl, R. (2000). Variable zinc coordination in endostatin. 
J. Mol. Biol. 297, 1-6. 

Hohenester, E., Sasaki, T., Olsen, B.R. & Timpl, R. (1998). Crystal structure of the angiogenesis 
inhibitor endostatin at 1.5 A resolution. EMBO J. 17, 1656-1664. 

Hopkinson, S.B., Riddelle, K.S. & Jones, J.C. (1992). Cytoplasmic domain of the 180-kDa 
pemphigoid antigen, a hemidesmosomal component: molecular and cell biologic 
characterization. J. Invest. Dermatol. 99, 264-270. 

Hood, J.C., Savige, J., Hendtlass, A., Kleppel, M.M., Huxtable, C.R. & Robinson, W.F. (1995). 
Bull terrier hereditary nephritis: a model for autosomal dominant Alport syndrome. Kidney Int. 
47, 758-765. 

Huber, S., van der Rest, M., Bruckner, P., Rodriguez, E., Winterhalter, K.H. & Vaughan, L. (1986). 
Identification of the type IX collagen polypeptide chains. The alpha 2(IX) polypeptide carries 
the chondroitin sulfate chain(s). J. Biol. Chem. 261, 5965-5968. 

Hudson, B.G., Reeders, S.T. & Tryggvason, K.T. (1993). Type IV collagen: Structure, gene 
organization, and role in human diseases. J. Biol. Chem. 268, 26033-26036. 

Hulmes, D.J.S. (1992). The collagen superfamily - diverse structures and assemblies. Essays 
Biochem. 27, 49-67. 

Hutter, H., Vogel, B.E., Plenefisch, J.D., Norris, C.R., Proenca, R.B., Spieth, J., Guo, C., Mastwal, 
S., Zhu, X., Scheel, J. & Hedgecock, E.M. (2000). Conservation and novelty in the evolution of 
cell adhesion and extracellular matrix genes. Science 287, 989-994. 

Hägg, P.M., Horelli-Kuitunen, N., Eklund, L., Palotie, A. & Pihlajaniemi, T. (1997a). Cloning of 
mouse type XV collagen sequences and mapping of the corresponding gene to 4B1-3. 
Comparison of mouse and human α1(XV) collagen sequences indicates divergence in the 
number of small collagenous domains. Genomics 45, 31-41. 

Hägg, P.M., Hägg, P.O., Peltonen, S., Autio-Harmainen, H. & Pihlajaniemi, T. (1997b). Location 
of type XV collagen in human tissues and its accumulation in the interstitial matrix of the 
fibrotic kidney. Am. J. Pathol. 150, 2075-2086. 

Hägg, P., Rehn, M., Huhtala, P., Väisänen, T., Tamminen, M. & Pihlajaniemi, T. (1998). Type XIII 
collagen is identified as a plasma membrane protein. J. Biol. Chem. 273, 15590-15597. 

Hägg, P., Väisänen, T., Tuomisto, A., Rehn, M., Tu, H., Huhtala, P., Eskelinen, S. & Pihlajaniemi, 
T. (2001). Type XIII collagen: a novel cell adhesion component present in a range of cell-matrix 
adhesions and in the intercalated discs between cardiac muscle cells. Matrix Biol. 19 , 727-742. 

Ibraghimov-Beskrovnaya, O., Ervasti, J.M., Leveille, C.J., Slaughter, C.A., Sernett, S.W. & 
Campbell, K.P. (1992). Primary structure of dystrophin-associated glycoproteins linking 
dystrophin to the extracellular matrix. Nature 355, 696-702. 

Iivanainen, A., Kortesmaa, J., Sahlberg, C., Morita, T., Bergmann, U., Thesleff, I. & Tryggvason, 
K. (1997). Primary structure, developmental expression, and immunolocalization of the murine 
laminin alpha4 chain. J. Biol. Chem. 272, 27862-27868. 

Iivanainen, A., Morita, T. & Tryggvason, K. (1999). Molecular cloning and tissue-specific 
expression of a novel murine laminin gamma3 chain. J. Biol. Chem. 274, 14107-14111. 

Iivanainen, A., Vuolteenaho, R., Sainio, K., Eddy, R., Shows, T.B., Sariola, H. & Tryggvason, K. 
(1995). The human laminin beta 2 chain (S-laminin): structure, expression in fetal tissues and 
chromosomal assignment of the LAMB2 gene. Matrix Biol. 14, 489-497. 



100 

Imamura, Y., Scott, I.C. & Greenspan, D.S. (2000). The Pro-alpha3(V) Collagen Chain. Complete 
primary structure, expression domains in adult and developing tissues, and comparison to the 
structures and expression domains of the other types v and xi procollagen chains. J. Biol. Chem. 
275, 8749-8759. 

Ince, T.A. & Scotto, K.W. (1995). A conserved downstream element defines a new class of RNA 
polymerase II promoters. J. Biol. Chem. 270, 30249-30252. 

Inoguchi, K., Yoshioka, H., Khaleduzzaman, M. & Ninomiya, Y. (1995). The mRNA for α1(XIX) 
collagen chain, a new member of FACITs, contains a long unusual 3' untranslated region and 
displays many unique splicing variants. J. Biochem. 117, 137-146. 

Iruela-Arispe, M.L. & Sage, E.H. (1991). Expression of type VIII collagen during morphogenesis 
of the chicken and mouse heart. Dev. Biol. 144, 107-118. 

Iyama, K., Sumiyoshi, H., Khaleduzzaman, M., Matsuo, N., Ninomiya, Y. & Yoshioka, H. (2001). 
Differential expression of two exons of the alpha1(XI) collagen gene (Col11a1) in the mouse 
embryo. Matrix Biol. 20 , 53-61. 

Jacenko, O., LuValle, P.A. & Olsen, B.R. (1993). Spondylometaphyseal dysplasia in mice carrying 
a dominant negative mutation in a matrix protein specific for cartilage-to- bone transition. 
Nature 365, 56-61. 

Jaenisch, R. (1988). Transgenic animals. Science 240, 1468-1474. 
John, H., Preissner, K.T., Forssmann, W.G. & Standker, L. (1999). Novel glycosylated forms of 

human plasma endostatin and circulating endostatin-related fragments of collagen XV. 
Biochemistry 38, 10217-10224. 

Jöbsis, G.J., Keizers, H., Vreijling, J.P., de Visser, M., Speer, M.C., Wolterman, R.A., Baas, F. & 
Bolhuis, P.A. (1996). Type VI collagen mutations in Bethlem myopathy, an autosomal 
dominant myopathy with contractures. Nat. Genet. 14, 113-115. 

Kallunki, P. & Tryggvason, K. (1992). Human basement membrane heparan sulfate proteoglycan 
core protein: a 467-kD protein containing multiple domains resembling elements of the low 
density lipoprotein receptor, laminin, neural cell adhesion molecules, and epidermal growth 
factor. J. Cell Biol. 116, 559-571. 

Kapoor, R., Sakai, L.Y., Funk, S., Roux, E., Bornstein, P. & Sage, E.H. (1988). Type VIII collagen 
has a restricted distribution in specialized extracellular matrices. J. Cell Biol. 107, 721-730. 

Kere, J., Nagaraja, R., Mumm, S., Ciccodicola, A., D'Urso, M. & Schlessinger, D. (1992). Mapping 
human chromosomes by walking with sequence-tagged sites from end fragments of yeast 
artificial chromosome inserts. Genomics 14, 241-248. 

Khaleduzzaman, M., Sumiyoshi, H., Ueki, Y., Inoguchi, K., Ninomiya, Y. & Yoshioka, H. (1997). 
Structure of the human type XIX collagen (COL19A1) gene, which suggests it has arisen from 
an ancestor gene of the FACIT family. Genomics 45, 304-312. 

Khetarpal, U., Robertson, N.G., Yoo, T.J. & Morton, C.C. (1994). Expression and localization of 
COL2A1 mRNA and type II collagen in human fetal cochlea. Hear. Res. 79, 59-73. 

Khillan, J.S., Olsen, A.S., Kontusaari, S., Sokolov, B. & Prockop, D.J. (1991). Transgenic mice 
that express a mini-gene version of the human gene for type I procollagen (COL1A1) develop a 
phenotype resembling a lethal form of osteogenesis imperfecta. J. Biol. Chem. 266, 23373-
23379. 

Kielty, C.M., Hopkinson, I. & Grant, M.E. (1993). Collagen: The collagen family: Structure, 
assembly and organization in the extracellular matrix. In Connective Tissue and Its Heritable 
Disorders. Molecular, Genetics, and Medical Aspects, P.M. Royce and B. Steinmann, eds. (New 
York: Wiley-Liss, Inc.), pp. 103-147. 

Kim, Y., Kleppel, M.M., Butkowski, R., Mauer, S.M., Wieslander, J. & Michael, A.J. (1991). 
Differential expression of basement membrane collagens in diabetic nephropathy. Am. J. 
Pathol. 138, 413-420. 

Kittelberger, R., Davis, P.F., Flynn, D.W. & Greenhill, N. (1990). Distribution of type VIII 
collagen in tissues: an immunohistochemistry study. Conn. Tiss. Res. 24, 303-318. 

Kivirikko, K.I. (1993). Collagens and their abnormalities in a wide spectrum of diseases. Ann. 
Med. 25, 113-126. 



101 

Kivirikko, S., Heinämäki, P., Rehn, M., Honkanen, N., Myers, J.C. & Pihlajaniemi, T. (1994). 
Primary structure of the α1 chain of human type XV collagen and exon-intron organization in 
the 3' region of the corresponding gene. J. Biol. Chem. 269, 4773-4779. 

Kivirikko, S., Li, K., Christiano, A.M. & Uitto, J. (1996). Cloning of mouse type VII collagen 
reveals evolutionary conservation of functional protein domains and genomic organization. J. 
Invest. Dermatol. 106, 1300-1306. 

Kivirikko, S., Mauviel, A., Pihlajaniemi, T. & Uitto, J. (1999). Cytokine modulation of type XV 
collagen gene expression in human dermal fibroblast cultures. Exp. Dermatol. 8, 407-412. 

Kivirikko, S., Saarela, J., Myers, J.C., Autio-Harmainen, H. & Pihlajaniemi, T. (1995). Distribution 
of type XV collagen transcripts in human tissue and their production by muscle cells and 
fibroblasts. Am. J. Pathol.  147, 1500-1509. 

Klewer, S.E., Krob, S.L., Kolker, S.J. & Kitten, G.T. (1998). Expression of type VI collagen in the 
developing mouse heart. Dev. Dyn. 211, 248-255. 

Kong, R.Y., Kwan, K.M., Lau, E.T., Thomas, J.T., Boot-Handford, R.P., Grant, M.E. & Cheah, 
K.S. (1993). Intron-exon structure, alternative use of promoter and expression of the mouse 
collagen X gene, Col10a-1. Eur. J. Biochem. 213, 99-111. 

Kortesmaa, J. Primary structure, expression and function of laminin alpha 4. (2000). Karolinska 
Institutet, Stockholm, ISBN 91-628-4426-1.  

Kortesmaa, J., Yurchenco, P. & Tryggvason, K. (2000). Recombinant laminin-8 
(alpha(4)beta(1)gamma(1)). Production, purification, and interactions with integrins. J. Biol. 
Chem. 275, 14853-14859. 

Kubota, Y., Kleinman, H.K., Martin, G.R. & Lawley, T.J. (1988). Role of laminin and basement 
membrane in the morphological differentiation of human endothelial cells into capillary-like 
structures. J. Cell Biol. 107, 1589-1598. 

Kuivaniemi, H., Tromp, G. & Prockop, D.J. (1991). Mutations in collagen genes: causes of rare and 
some common diseases in humans. FASEB J. 5, 2052-2060. 

Kuivaniemi, H., Tromp, G. & Prockop, D.J. (1997). Mutations in fibrillar collagens (types I, II, III, 
and XI), fibril- associated collagen (type IX), and network-forming collagen (type X) cause a 
spectrum of diseases of bone, cartilage, and blood vessels. Hum. Mutat. 9, 300-315. 

Kuo, C.J., LaMontagne, K.R., Jr., Garcia-Cardena, G., Ackley, B.D., Kalman, D., Park, S., 
Christofferson, R., Kamihara, J., Ding, Y.H., Lo, K.M., Gillies, S., Folkman, J., Mulligan, R.C. 
& Javaherian, K. (2001). Oligomerization-dependent regulation of motility and morphogenesis 
by the collagen XVIII NC1/endostatin domain. J. Cell Biol. 152, 1233-1246. 

Kuo, H.J., Maslen, C.L., Keene, D.R. & Glanville, R.W. (1997). Type VI collagen anchors 
endothelial basement membranes by interacting with type IV collagen. J. Biol. Chem. 272, 
26522-26529. 

Kvist, A.P., Latvanlehto, A., Sund, M., Horelli-Kuitunen, N., Rehn, M., Palotie, A., Beier, D.& 
Pihlajaniemi, T. (1999). Complete exon-intron organization and chromosomal location of the 
gene for mouse type XIII collagen (col13a1) and comparison with its human homologue. Matrix 
Biol. 18, 261-274. 

Kvist, A.P., Latvanlehto, A., Sund, M., Eklund, L., Väisänen, T., Hägg, P.O., Sormunen, R., 
Komulainen, J., Fässler, R. & Pihlajaniemi, T. (2001). Lack of Cytosolic and Transmembrane 
Domains of Type XIII Collagen Results in Progressive Myopathy. Am. J. Pathol. 159, 1581-
1592. 

Kwan, K.M., Pang, M.K., Zhou, S., Cowan, S.K., Kong, R.Y., Pfordte, T., Olsen, B.R., Sillence, 
D.O., Tam, P.P. & Cheah, K.S. (1997). Abnormal compartmentalization of cartilage matrix 
components in mice lacking collagen X: implications for function. J. Cell Biol. 136, 459-471. 

Körkkö, J., Ala-Kokko, L., De Paepe, A., Nuytinck, L., Earley, J. & Prockop, D.J. (1998). Analysis 
of the COL1A1 and COL1A2 genes by PCR amplification and scanning by conformation-
sensitive gel electrophoresis identifies only COL1A1 mutations in 15 patients with osteogenesis 
imperfecta type I: identification of common sequences of null-allele mutations. Am. J. Hum. 
Genet. 62, 98-110. 

Lai, C.H. & Chu, M.L. (1996). Tissue distribution and developmental expression of type XVI 
collagen in the mouse. Tissue Cell 28, 155-164. 



102 

Lamandé, S.R., Bateman, J.F., Hutchison, W., McKinlay, G.R., Bower, S.P., Byrne, E. & Dahl, 
H.H. (1998). Reduced collagen VI causes Bethlem myopathy: a heterozygous COL6A1 
nonsense mutation results in mRNA decay and functional haploinsufficiency. Hum. Mol. Genet. 
7, 981-989. 

Lawler, J., Duquette, M., Ferro, P., Copeland, N.G., Gilbert, D.J. & Jenkins, N.A. (1991). 
Characterization of the murine thrombospondin gene. Genomics 11, 587-600. 

Lee, S. & Greenspan, D.S. (1995). Transcriptional promoter of the human (1(V) collagen gene 
(COL5A1). Biochem. J. 310, 15-22. 

Lees, G.E., Helman, R.G., Kashtan, C.E., Michael, A.F., Homco, L.D., Millichamp, N.J., 
Ninomiya, Y., Sado, Y., Naito, I. & Kim, Y. (1998). A model of autosomal recessive Alport 
syndrome in English cocker spaniel dogs. Kidney Int. 54, 706-719. 

Leivo, I. & Engvall, E. (1988). Merosin, a protein specific for basement membranes of Schwann 
cells, striated muscle, and trophoblast, is expressed late in nerve and muscle development. Proc. 
Natl. Acad. Sci. USA 85, 1544-1548. 

Leivo, I., Vaheri, A., Timpl, R. & Wartiovaara, J. (1980). Appearance and distribution of collagens 
and laminin in the early mouse embryo. Dev. Biol. 76, 100-114. 

Lethias, C., Descollonges, Y., Garrone, R. & van der Rest, M. (1993). Expression of type XIV 
collagen during the differentiation of fetal bovine skin: immunolabeling with monoclonal 
antibody is prominent in morphogenetic areas. J. Invest. Dermatol. 101, 92-99. 

Li, D., Clark, C.C. & Myers, J.C. (2000). Basement membrane zone type XV collagen is a 
disulfide-bonded chondroitin sulfate proteoglycan in human tissues and cultured cells. J. Biol. 
Chem. 275, 22339-22347. 

Li, Y., Lacerda, A., Warman, M.L., Beier, D.R., Yoshioka, H., Ninomiya, Y., Oxford, J.T., Morris, 
N.P., Andrikopoulos, K., Ramirez, F., Wardell, B.B., Lifferth, G.D., Teuscher, C., Woodward, 
S.R., Taylor, B.A., Seegmiller, R.E. & Olsen, B.R. (1995a). A fibrillar collagen gene, Col11a1, 
is essential for skeletal morphogenesis. Cell 80, 423-430. 

Li, S.W., Prockop, D.J., Helminen, H., Fässler, R., Lapvetelainen, T., Kiraly, K., Peltarri, A., 
Arokoski, J., Lui, H. & Arita, M. (1995b). Transgenic mice with targeted inactivation of the 
Col2 α1 gene for collagen II develop a skeleton with membranous and periosteal bone but no 
endochondral bone. Genes Dev. 9, 2821-2830. 

Liétard, J., Theret, N., Rehn, M., Musso, O., Dargere, D., Pihlajaniemi, T. & Clement, B. (2000). 
The promoter of the long variant of collagen XVIII, the precursor of endostatin, contains liver-
specific regulatory elements. Hepatology 32, 1377-1385. 

Lin, Y., Zhang, S., Rehn, M., Itäranta, P., Tuukkanen, J., Heljasvaara, R., Peltoketo, H., 
Pihlajaniemi, T. & Vainio, S. (2001). Induced repatterning of type XVIII collagen expression in 
ureter bud from kidney to lung type: association with sonic hedgehog and ectopic surfactant 
protein C. Development 128, 1573-1585. 

Liu, Z., Diaz, L.A., Giudice, G.J. (1994). Autoimmune response against the bullous pemphigoid 
180 autoantigen. Dermatology 189, 34-37. 

Liu, C.Y., Olsen, B.R. & Kao, W.W. (1993). Developmental patterns of two α1(IX) collagen 
mRNA isoforms in mouse. Dev. Dyn. 198, 150-157. 

Liu, X., Wu, H., Byrne, M., Krane, S. & Jaenisch, R. (1997). Type III collagen is crucial for 
collagen I fibrillogenesis and for normal cardiovascular development. Proc. Natl. Acad. Sci. 
USA 94, 1852-1856. 

Lohi, J., Korhonen, M., Leivo, I., Kangas, L., Tani, T., Kalluri, R., Miner, J.H., Lehto, V.P. & 
Virtanen, I. (1997). Expression of type IV collagen alpha1(IV)-alpha6(IV) polypeptides in 
normal and developing human kidney and in renal cell carcinomas and oncocytomas. Int. J. 
Cancer 72, 43-49. 

Löhler, J., Timpl, R. & Jaenisch, R. (1984). Embryonic lethal mutation in mouse collagen I gene 
causes rupture of blood vessels and is associated with erythropoietic and mesenchymal cell 
death. Cell 38, 597-607. 

Lui, V.C., Kong, R.Y., Nicholls, J., Cheung, A.N. & Cheah, K.S. (1995a). The mRNAs for the 
three chains of human collagen type XI are widely distributed but not necessarily co-expressed: 
implications for homotrimeric, heterotrimeric and heterotypic collagen molecules. Biochem. J. 
311 ( Pt 2), 511-516. 



103 

Lui, V.C., Ng, L.J., Nicholls, J., Tam, P.P. & Cheah, K.S. (1995b). Tissue-specific and differential 
expression of alternatively spliced alpha 1(II) collagen mRNAs in early human embryos. Dev. 
Dyn. 203, 198-211. 

Lui, V.C.H., Ng, L.J., Sat, E.W.Y. & Cheah, K.S.E. (1996). The human α2(XI) collagen gene 
(COL11A2): completion of coding information, identification of the promoter sequence, and 
precise localization within the major histocompatibility complex reveal overlap with the KE5 
gene. Genomics 32, 401-412. 

LuValle, P., Daniels, K., Hay, E.D. & Olsen, B.R. (1992). Type X collagen is transcriptionally 
activated and specifically localized during sternal cartilage maturation. Matrix 12, 404-413. 

Macarak, E.J. & Howard, P.S. (1983). Adhesion of endothelial cells to extracellular matrix 
proteins. J. Cell. Physiol. 116, 76-86. 

Maddox, B.K., Garofalo, S., Smith, C., Keene, D.R. & Horton, W.A. (1997). Skeletal development 
in transgenic mice expressing a mutation at Gly574Ser of type II collagen. Dev. Dyn. 208, 170-
177. 

Madri, J.A. & Pratt, B.M. (1986). Endothelial cell-matrix interactions: in vitro models of 
angiogenesis. J. Histochem. Cytochem. 34, 85-91. 

Madri, J.A. & Williams, S.K. (1983). Capillary endothelial cell cultures: phenotypic modulation by 
matrix components. J. Cell. Biol. 97, 153-165. 

Maeshima, Y., Colorado, P.C., Torre, A., Holthaus, K.A., Grunkemeyer, J.A., Ericksen, M.B., 
Hopfer, H., Xiao, Y., Stillman, I.E. & Kalluri, R. (2000). Distinct antitumor properties of a type 
IV collagen domain derived from basement membrane. J. Biol. Chem. 275, 21340-21348. 

Maeshima, Y., Manfredi, M., Reimer, C., Holthaus, K.A., Hopfer, H., Chandamuri, B.R., 
Kharbanda, S. & Kalluri, R. (2001). Identification of the anti-angiogenic site within vascular 
basement membrane-derived tumstatin. J. Biol. Chem. 276, 15240-15248. 

Marchant, J.K., Hahn, R.A., Linsenmayer, T.F. & Birk, D.E. (1996). Reduction of type V collagen 
using a dominant-negative strategy alters the regulation of fibrillogenesis and results in the loss 
of corneal- specific fibril morphology. J. Cell. Biol. 135, 1415-1426. 

Martinez-Hernandez, A. & Amenta, P.S. (1983). The basement membrane in pathology. Lab. 
Invest. 48, 656-677. 

Marvulli, D., Volpin, D. & Bressan, G.M. (1996). Spatial and temporal changes of type VI collagen 
expression during mouse development. Dev. Dyn. 206, 447-454. 

Mayer, U., Saher, G., Fässler, R., Bornemann, A., Echtermeyer, F., von der, M., Miosge, N. & 
Poschl, E. (1997). Absence of integrin α7 causes a novel form of muscular dystrophy. Nat. 
Genet. 17, 318-323. 

Mayne, R. & Brewton, R.G. (1993). New members of collagen superfamily. Curr. Opin. Cell Biol. 
5, 883-890. 

McCormick, D., van der Rest, M., Goodship, J., Lozano, G., Ninomiya, Y. & Olsen, B.R. (1987). 
Structure of the glycosaminoglycan domain in the type IX collagen-proteoglycan. Proc. Natl. 
Acad. Sci. USA 84, 4044-4048. 

McGuirt, W.T., Prasad, S.D., Griffith, A.J., Kunst, H.P., Green, G.E., Shpargel, K.B., Runge, C., 
Huybrechts, C., Mueller, R.F., Lynch, E., King, M.C., Brunner, H.G., Cremers, C.W., 
Takanosu, M., Li, S.W., Arita, M., Mayne, R., Prockop, D.J., Van Camp, G. & Smith, R.J. 
(1999). Mutations in COL11A2 cause non-syndromic hearing loss (DFNA13). Nat. Genet. 23, 
413-419. 

Metsäranta, M., Garofalo, S., Decker, G., Rintala, M., de Crombrugghe, B. & Vuorio, E. (1992). 
Chondrodysplasia in transgenic mice harboring a 15-amino acid deletion in the triple helical 
domain of pro α1(II) collagen chain. J. Cell Biol. 118, 203-212. 

Metsäranta, M., Toman, D., de Crombrugghe, B. & Vuorio, E. (1991). Mouse type II collagen 
gene. Complete nucleotide sequence, exon structure, and alternative splicing. J. Biol. Chem. 
266, 16862-16869. 

Miner, J.H., Cunningham, J. & Sanes, J.R. (1998). Roles for laminin in embryogenesis: 
exencephaly, syndactyly, and placentopathy in mice lacking the laminin alpha5 chain. J. Cell 
Biol. 143, 1713-1723. 

Miner, J.H., Patton, B.L., Lentz, S.I., Gilbert, D.J., Snider, W.D., Jenkins, N.A., Copeland, N.G. & 
Sanes, J.R. (1997). The laminin alpha chains: expression, developmental transitions, and 



104 

chromosomal locations of alpha1-5, identification of heterotrimeric laminins 8-11, and cloning 
of a novel alpha3 isoform. J. Cell Biol. 137, 685-701. 

Miner, J.H. & Sanes, J.R. (1994). Collagen IV alpha 3, alpha 4, and alpha 5 chains in rodent basal 
laminae: sequence, distribution, association with laminins, and developmental switches. J. Cell 
Biol. 127 , 879-891. 

Miosge, N., Sasaki, T. & Timpl, R. (1999). Angiogenesis inhibitor endostatin is a distinct 
component of elastic fibers in vessel walls. FASEB J. 13, 1743-1750. 

Momota, R., Sugimoto, M., Oohashi, T., Kigasawa, K., Yoshioka, H. & Ninomiya, Y. (1998). Two 
genes, COL4A3 and COL4A4 coding for the human alpha3(IV) and alpha4(IV) collagen chains 
are arranged head-to-head on chromosome 2q36. FEBS Lett. 424, 11-16. 

Muragaki, Y., Abe, N., Ninomiya, Y., Olsen, B.R. & Ooshima, A. (1994). The human α1(XV) 
collagen chain contains a large amino-terminal non-triple helical domain with tandem repeat 
structure and homology to the α1(XVIII) collagen. J. Biol. Chem. 269, 4042-4046. 

Muragaki, Y., Timmons, S., Griffith, C.M., Oh, S.P., Fadel, B., Quetermous, T. & Olsen, B.R. 
(1995). Mouse Col18a1 is expressed in a tissue-specific manner as three alternative variants and 
is localized in the basement membrane zone. Proc. Natl. Acad. Sci. USA 92, 8763-8767. 

Musso, O., Rehn, M., Saarela, J., Theret, N., Lietard, J., Hintikka, E., Lotrian, D., Campion, J.P., 
Pihlajaniemi, T. & Clement, B. (1998). Collagen XVIII is localized in sinusoids and basement 
membrane zones and expressed by hepatocytes and activated stellate cells in fibrotic human 
liver. Hepatology 28, 98-107. 

Musso, O., Rehn, M., Theret, N., Turlin, B., Bioulac-Sage, P., Lotrian, D., Campion, J.P., 
Pihlajaniemi, T. & Clement, B. (2001b). Tumor progression is associated with a significant 
decrease in the expression of the endostatin precursor collagen XVIII in human hepatocellular 
carcinomas. Cancer Res. 61, 45-49. 

Musso, O., Theret, N., Heljasvaara, R., Rehn, M., Turlin, B., Campion, J.P., Pihlajaniemi, T. & 
Clement, B. (2001a). Tumor hepatocytes and basement membrane-Producing cells specifically 
express two different forms of the endostatin precursor, collagen XVIII, in human liver cancers. 
Hepatology 33, 868-876. 

Myers, J.C., Dion, A.S., Abraham, V. & Amenta, P.S. (1996). Type XV collagen exhibits a 
widespread distribution in human tissues but a distinct localization in basement membrane 
zones. Cell Tissue Res. 286 , 493-505. 

Myers, J.C., Kivirikko, S., Gordon, M.K., Dion, A.S. & Pihlajaniemi, T. (1992). Identification of a 
previously unknown human collagen chain,  α1(XV), characterized by extensive interruptions 
in the triple-helical region. Proc. Natl. Acad. Sci. USA 89, 10144-10148. 

Myers, J.C., Li, D., Bageris, A., Abraham, V., Dion, A.S. & Amenta, P.S. (1997). Biochemical and 
immunohistochemical characterization of human type XIX defines a novel class of basement 
membrane zone collagens. Am. J. Pathol. 151, 1729-1740. 

Myers, J.C., Li, D., Rubinstein, N.A. & Clark, C.C. (1999). Up-regulation of type XIX collagen in 
rhabdomyosarcoma cells accompanies myogenic differentiation. Exp. Cell Res. 253, 587-598. 

Myllyharju, J. & Kivirikko, K.I. (2001). Collagens and collagen-related diseases. Ann. Med. 33, 7-
21. 

Määttä, A., Bornstein, P. & Penttinen, R.P. (1991). Highly conserved sequences in the 3'-
untranslated region of the COL1A1 gene bind cell-specific nuclear proteins. FEBS Lett. 279, 9-
13. 

Nakata, K., Ono, K., Miyazaki, J., Olsen, B.R., Muragaki, Y., Adachi, E., Yamamura, K. & 
Kimura, T. (1993). Osteoarthritis associated with mild chondrodysplasia in transgenic mice 
expressing alpha 1(IX) collagen chains with a central deletion. Proc. Natl. Acad. Sci. USA 90, 
2870-2874. 

Nerlich, A.G., Kirsch, T., Wiest, I., Betz, P. & von der, M.K. (1992). Localization of collagen X in 
human fetal and juvenile articular cartilage and bone. Histochemistry 98, 275-281. 

Niederreither, K., D'Souza, R., Metsäranta, M., Eberspaecher, H., Toman, P.D., Vuorio, E. & de 
Crombrugghe, B. (1995). Coordinate patterns of expression of type I and III collagens during 
mouse development. Matrix Biol. 14, 705-713. 



105 

Nielsen, V.H., Bendixen, C., Arnbjerg, J., Sorensen, C.M., Jensen, H.E., Shukri, N.M. & Thomsen, 
B. (2000). Abnormal growth plate function in pigs carrying a dominant mutation in type X 
collagen. Mamm. Genome 11, 1087-1092. 

Ninomiya, Y., Kagawa, M., Iyama, K., Naito, I., Kishiro, Y., Seyer, J.M., Sugimoto, M., Oohashi, 
T. & Sado, Y. (1995). Differential expression of two basement membrane collagen genes, 
COL4A6 and COL4A5, demonstrated by immunofluorescence staining using peptide- specific 
monoclonal antibodies. J. Cell Biol. 130, 1219-1229. 

O'Reilly, M.S., Boehm, T., Shing, Y., Fukai, N., Vasios, G., Lane, W.S., Flynn, E., Birkhead, J.R., 
Olsen, B.R. & Folkman, J. (1997). Endostatin: an endogenous inhibitor of angiogenesis and 
tumor growth. Cell 88 , 277-285. 

Oh, S.P., Griffith, C.M., Hay, E.D. & Olsen, B.R. (1993). Tissue-specific expression of type XII 
collagen during mouse embryonic development. Dev. Dyn. 196, 37-46. 

Oh, S.P., Kamagata, Y., Muragaki, Y., Timmons, S., Ooshima, A. & Olsen, B.R. (1994a). Isolation 
and sequencing of cDNAs for proteins with multiple domains of Gly-Xaa-Yaa repeats identify a 
distinct family of collagenous proteins. Proc. Natl. Acad. Sci. USA 91, 4229-4233. 

Oh, S.P., Warman, M.L., Seldin, M.F., Cheng, S.D., Knoll, J.H., Timmons, S. & Olsen, B.R. 
(1994b). Cloning of cDNA and genomic DNA encoding human type XVIII collagen and 
localization of the α1(XVIII) collagen gene to mouse chromosome 10 and human chromosome 
21. Genomics 19, 494-499. 

Oohashi, T., Ueki, Y., Sugimoto, M. & Ninomiya, Y. (1995). Isolation and structure of the 
COL4A6 gene encoding the human α6(IV) collagen chain and comparison with other type IV 
collagen genes. J. Biol. Chem. 270, 26863-26867. 

Paassilta, P., Pihlajamaa, T., Annunen, S., Brewton, R.G., Wood, B.M., Johnson, C.C., Liu, J., 
Gong, Y., Warman, M.L., Prockop, D.J., Mayne, R. & Ala-Kokko, L. (1999). Complete 
sequence of the 23-kilobase human COL9A3 gene. Detection of Gly-X-Y triplet deletions that 
represent neutral variants. J. Biol. Chem. 274, 22469-22475. 

Pace, J.M., Li, Y., Seegmiller, R.E., Teuscher, C., Taylor, B.A. & Olsen, B.R. (1997). 
Disproportionate micromelia (Dmm) in mice caused by a mutation in the C-propeptide coding 
region of Col2a1. Dev. Dyn. 208, 25-33. 

Palmiter, R.D. & Brinster, R.L. (1986). Germ-line transformation of mice. Annu. Rev. Genet. 
20:465-99, 465-499. 

Pan, T.C., Zhang, R.Z., Mattei, M.G., Timpl, R. & Chu, M.L. (1992). Cloning and chromosomal 
location of human α1(XVI) collagen. Proc. Natl. Acad. Sci. USA 89, 6565-6569. 

Patton, B.L., Miner, J.H., Chiu, A.Y. & Sanes, J.R. (1997). Distribution and function of laminins in 
the neuromuscular system of developing, adult, and mutant mice. J. Cell Biol. 139, 1507-1521. 

Paulsson, M. (1992). Basement membrane proteins: structure, assembly, and cellular interactions. 
Crit Rev. Biochem. Mol. Biol. 27, 93-127. 

Pereira, R., Halford, K., Sokolov, B.P., Khillan, J.S. & Prockop, D.J. (1994). Phenotypic variability 
and incomplete penetrance of spontaneous fractures in an inbred strain of transgenic mice 
expressing a mutated collagen gene (COL1A1). J. Clin. Invest. 93, 1765-1769. 

Pereira, R., Khillan, J.S., Helminen, H.J., Hume, E.L. & Prockop, D.J. (1993). Transgenic mice 
expressing a partially deleted gene for type I procollagen (COL1A1). A breeding line with a 
phenotype of spontaneous fractures and decreased bone collagen and mineral. J. Clin. Invest. 
91, 709-716. 

Perälä, M., Elima, K., Metsäranta, M., Rosati, R., de Crombrugghe, B. & Vuorio, E. (1994). The 
exon structure of the mouse alpha 2(IX) collagen gene shows unexpected divergence from the 
chick gene. J. Biol. Chem. 269, 5064-5071. 

Perälä, M., Savontaus, M., Metsäranta, M. & Vuorio, E. (1997). Developmental regulation of 
mRNA species for types II, IX and XI collagens during mouse embryogenesis. Biochem. J. 324 
( Pt 1), 209-216. 

Petitclerc, E., Boutaud, A., Prestayko, A., Xu, J., Sado, Y., Ninomiya, Y., Sarras, M.P., Jr., Hudson, 
B.G. & Brooks, P.C. (2000). New functions for non-collagenous domains of human collagen 
type IV. Novel integrin ligands inhibiting angiogenesis and tumor growth in vivo. J. Biol. 
Chem. 275, 8051-8061. 



106 

Piccolo, S., Bonaldo, P., Vitale, P., Volpin, D. & Bressan, G.M. (1995). Transcriptional activation 
of the alpha 1(VI) collagen gene during myoblast differentiation is mediated by multiple GA 
boxes. J. Biol. Chem. 270, 19583-19590. 

Pihlajamaa, T., Vuoristo, M.M., Annunen, S., Perälä, M., Prockop, D.J. & Ala-Kokko, L. (1998). 
Human COL9A1 and COL9A2 genes. Two genes of 90 and 15 kb code for similar polypeptides 
of the same collagen molecule. Matrix Biol. 17, 237-241. 

Pihlajaniemi, T. (1996). Molecular properties of the glomerular basement membrane. Contributions 
to Nephrology 117, 46-79. 

Pihlajaniemi, T. & Myers, J.C. (1987). Characterization of a pro-α2(I) collagen gene mutation by 
nuclease S1 mapping. Meth. Enzymol. 145, 213-222. 

Pihlajaniemi, T., Myllylä, R., Seyer, J., Kurkinen, M. & Prockop, D.J. (1987). Partial 
characterization of a low molecular weight human collagen that undergoes alternative splicing. 
Proc. Natl. Acad. Sci. USA 84, 940-944. 

Pihlajaniemi, T. & Rehn, M. (1995). Two new collagen subgroups: Membrane associated collagens 
and types XV and XVIII. Prog. Nucleic Acid Res. Mol. Biol. 50, 225-262. 

Prockop, D.J. (1990). Mutations that alter the primary structure of type I collagen. The perils of a 
system for generating large structures by the principle of nucleated growth. J. Biol. Chem. 265, 
15349-15352. 

Prockop, D.J. & Kivirikko, K.I. (1995). Collagens: molecular biology, diseases, and potentials for 
therapy. Annu. Rev. Biochem. 64, 403-434. 

Pulkkinen, L. & Uitto, J. (1998). Hemidesmosomal variants of epidermolysis bullosa. Mutations in 
the α6β4 integrin and the 180-kDa bullous pemphigoid antigen/type XVII collagen genes. Exp. 
Dermatol. 7, 46-64. 

Pulkkinen, L. & Uitto, J. (1999). Mutation analysis and molecular genetics of epidermolysis 
bullosa. Matrix Biol. 18, 29-42. 

Pöschl, E., Pollner, R. & Kuhn, K. (1988). The genes for the α1(IV) and α2(IV) chains of human 
basement membrane collagen type IV are arranged head-to-head and separated by a 
bidirectional promoter of unique structure. EMBO J. 7, 2687-2695. 

Ramchandran, R., Dhanabal, M., Volk, R., Waterman, M. J. F., Segal, M., Lu, H., Knebelmann, B. 
& Sukhatme, V. P. (1999). Antiangiogenic activity of restin, NC10 domain of human collagen 
XV: Comparison to endostatin. Biochem. Biophys. Res. Comm. 255, 735-739.  

Rani, P.U., Stringa, E., Dharmavaram, R., Chatterjee, D., Tuan, R.S. & Khillan, J.S. (1999). 
Restoration of normal bone development by human homologue of collagen type II (COL2A1) 
gene in Col2a1 null mice. Dev. Dyn. 214, 26-33. 

Rehn, M., Hintikka, E. & Pihlajaniemi, T. (1994). Primary structure of the α1 chain of mouse type 
XVIII collagen, partial structure of the corresponding gene, and comparison of the α1( XVIII) 
chain with its homologue, the α1(XV) collagen chain. J. Biol. Chem. 269, 13929-13935. 

Rehn, M., Hintikka, E. & Pihlajaniemi, T. (1996). Characterization of the mouse gene for the α1 
chain of type XVIII collagen (Col18a1) reveals that the three variant N- terminal polypeptide 
forms are transcribed from two widely separated promoters. Genomics 32, 436-446. 

Rehn, M. & Pihlajaniemi, T. (1994). α1(XVIII), a collagen chain with frequent interruptions in the 
collagenous sequence, a distinct tissue distribution, and homology with type XV collagen. Proc. 
Natl. Acad. Sci. USA 91, 4234-4238. 

Rehn, M. & Pihlajaniemi, T. (1995). Identification of three N-terminal ends of type XVIII collagen 
chains and tissue-specific differences in the expression of the corresponding transcripts. The 
longest form contains a novel motif homologous to rat and Drosophila frizzled proteins. J. Biol. 
Chem. 270, 4705-4711. 

Rehn, M. & Pihlajaniemi, T. (1996). Type XV and type XVIII collagens, a new subgroup within 
the family of collagens. Cell Dev. Biol. 7, 673-679. 

Rehn, M., Pihlajaniemi, T., Hofmann, K. & Bucher, P. (1998). The frizzled motif: in how many 
different protein families does it occur? Trends Biochem. Sci. 23, 415-417. 

Rehn, M., Veikkola, T., Kukk-Valdre, E., Nakamura, H., Ilmonen, M., Lombardo, C., Pihlajaniemi, 
T., Alitalo, K. & Vuori, K. (2001). Interaction of endostatin with integrins implicated in 
angiogenesis. Proc. Natl. Acad. Sci. USA 98, 1024-1029. 



107 

Reichenberger, E., Baur, S., Sukotjo, C., Olsen, B.R., Karimbux, N.Y. & Nishimura, I. (2000). 
Collagen XII mutation disrupts matrix structure of periodontal ligament and skin. J. Dent. Res. 
79, 1962-1968. 

Relan, N.K. & Schuger, L. (1999). Basement membranes in development. Pediatr. Dev. Pathol. 2, 
103-118. 

van der Rest, M. & Bruckner, P. (1993). Collagens: diversity at the molecular and supramolecular 
levels. Curr. Opin. Struct. Biol. 3, 430-436. 

van der Rest, M. & Garrone, R. (1991). Collagen family of proteins. FASEB J. 5, 2814-2823. 
Richards, A.J., Baguley, D.M., Yates, J.R., Lane, C., Nicol, M., Harper, P.S., Scott, J.D. & Snead, 

M.P. (2000). Variation in the vitreous phenotype of Stickler syndrome can be caused by 
different amino acid substitutions in the X position of the type II collagen Gly-X-Y triple helix. 
Am. J. Hum. Genet. 67, 1083-1094. 

Risau, W. (1995). Differentiation of endothelium. FASEB J. 9, 926-933. 
Risau, W. (1997). Mechanisms of angiogenesis. Nature 386, 671-674. 
Rosati, R., Horan, G.S., Pinero, G.J., Garofalo, S., Keene, D.R., Horton, W.A., Vuorio, E., de 

Crombrugghe, B. & Behringer, R.R. (1994). Normal long bone growth and development in type 
X collagen-null mice. Nat. Genet. 8, 129-135. 

Rosen, G.D., Sanes, J.R., LaChance, R., Cunningham, J.M., Roman, J. & Dean, D.C. (1992). Roles 
for the integrin VLA-4 and its counter receptor VCAM-1 in myogenesis. Cell 69, 1107-1119. 

Rosenfeld, M.G. (1991). POU-domain transcription factors: pou-er-ful developmental regulators. 
Genes Dev. 5, 897-907. 

Rossert, J.A., Chen, S.S., Eberspaecher, H., Smith, C.N. & de Crombrugghe, B. (1996). 
Identification of a minimal sequence of the mouse pro-α1(I) collagen promoter that confers 
high-level osteoblast expression in transgenic mice and that binds a protein selectively present 
in osteoblasts. Proc. Natl. Acad. Sci. USA 93, 1027-1031. 

Ryan, M.C., Christiano, A.M., Engvall, E., Wewer, U.M., Miner, J.H., Sanes, J.R. & Burgeson, 
R.E. (1996). The functions of laminins: lessons from in vivo studies. Matrix Biol. 15, 369-381. 

Saarela, J. (1998). Type XV and XVIII collagens. The primary structure of variant human 
α1(XVIII) chains, comparison of the expression of type XV and XVIII collagen mRNA 
transcripts, and location of type XVIII collagen protein in mature and developing human and 
mouse tissues. Acta Univ. Oul. D 449. 

Saarela, J., Rehn, M., Oikarinen, A., Autio-Harmainen, H. & Pihlajaniemi, T. (1998b). The short 
and long forms of type XVIII collagen show clear tissue specificities in their expression and 
location in basement membrane zones in humans. Am. J. Pathol. 153, 611-626. 

Saarela, J., Ylikärppä, R., Rehn, M., Purmonen, S. & Pihlajaniemi, T. (1998a). Complete primary 
structure of two variant forms of human type XVIII collagen and tissue-specific differences in 
the expression of the corresponding transcripts. Matrix Biol. 16, 319-328. 

Sage, H. & Iruela-Arispe, M.L. (1990). Type VIII collagen in murine development. Association 
with capillary formation in vitro. Ann. N. Y. Acad. Sci. 580, 17-31. 

Saitta, B., Timpl, R. & Chu, M.L. (1992). Human α2(VI) collagen gene. Heterogeneity at the 5'-
untranslated region generated by an alternate exon. J. Biol. Chem. 267, 6188-6196. 

Saitta, B., Wang, Y.-M., Renkart, L., Zhang, R.-Z., Pan, T.-C., Timpl, R. & Chu, M.L. (1991). The 
exon organization of the triple-helical coding regions of the human α1(VI) and α2(VI) collagen 
genes is highly similar. Genomics 11, 145-153. 

Sambrook, J., Fritch, E.F. & Maniatis, T. (1989). Molecular Cloning: A Laboratory Manual., 
J.Sambrook, E.F. Fritsch, and T. Maniatis, eds. (Cold Spring Harbor, NY: Cold Spring Harbor 
Laboratory Press). 

Sandberg, M.M., Hirvonen, H.E., Elima, K.J. & Vuorio, E.I. (1993). Co-expression of collagens II 
and XI and alternative splicing of exon 2 of collagen II in several developing human tissues. 
Biochem. J. 294, 595-602. 

Sandell, L.J. & Boyd, C.D. (1990). Conserved and Divergent Sequence and Functional Elements 
within Collagen Genes. In Extracellular Matrix Genes, L.J. Sandell and C.D. Boyd, eds. (San 
Diego: Academic Press, Inc), pp. 1-56. 



108 

Sandell, L.J., Morris, N., Robbins, J.R. & Goldring, M.B. (1991). Alternatively spliced type II 
procollagen mRNAs define distinct populations of cells during vertebral development: 
differential expression of the amino-propeptide. J. Cell Biol. 114, 1307-1319. 

Sandell, L.J., Nalin, A.M. & Reife, R.A. (1994). Alternative splice form of type II procollagen 
mRNA (IIA) is predominant in skeletal precursors and non-cartilaginous tissues during early 
mouse development. Dev. Dyn. 199, 129-140. 

Sanes, J.R. (1994). The Extracellular Matrix. In Myology, McGraw-Hill, Inc., pp. 242-260. 
Sanes, J.R., Engvall, E., Butkowski, R. & Hunter, D.D. (1990). Molecular heterogeneity of basal 

laminae: isoforms of laminin and collagen IV at the neuromuscular junction and elsewhere. J. 
Cell Biol. 111, 1685-1699. 

Sanger, F., Nicklen, S. & Coulson, A.R. (1977). DNA sequencing with chain-terminating 
inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463-5467. 

Sasaki, T., Fukai, N., Mann, K., Gohring, W., Olsen, B.R. & Timpl, R. (1998). Structure, function 
and tissue forms of the C-terminal globular domain of collagen XVIII containing the 
angiogenesis inhibitor endostatin. EMBO J. 17, 4249-4256. 

Sasaki, T., Larsson, H., Kreuger, J., Salmivirta, M., Claesson-Welsh, L., Lindahl, U., Hohenester, 
E. & Timpl, R. (1999). Structural basis and potential role of heparin/heparan sulfate binding to 
the angiogenesis inhibitor endostatin. EMBO J. 18, 6240-6248. 

Sasaki, T., Larsson, H., Tisi, D., Claesson-Welsh, L., Hohenester, E. & Timpl, R. (2000). 
Endostatins derived from collagens XV and XVIII differ in structural and binding properties, 
tissue distribution and anti-angiogenic activity. J. Mol. Biol. 301, 1179-1190. 

Savontaus, M., Ihanamäki, T., Perälä, M., Metsäranta, M., Sandberg-Lall, M. & Vuorio, E. (1998). 
Expression of type II and IX collagen isoforms during normal and pathological cartilage and eye 
development. Histochem. Cell Biol. 110, 149-159. 

Schnieke, A., Harbers, K. & Jaenisch, R. (1983). Embryonic lethal mutation in mice induced by 
retrovirus insertion into the α1( I) collagen gene. Nature 304, 315-320. 

Sertie, A.L., Sossi, V., Camargo, A.A., Zatz, M., Brahe, C. & Passos-Bueno ,M.R. (2000). 
Collagen XVIII, containing an endogenous inhibitor of angiogenesis and tumor growth, plays a 
critical role in the maintenance of retinal structure and in neural tube closure (Knobloch 
syndrome). Hum. Mol. Genet. 9, 2051-2058. 

Shapiro, M.B. & Senapathy, P. (1987). RNA splice junctions of different classes of eukaryotes: 
Sequence statistics and functional implications in gene expression. Nucleic Acids Res. 15, 
7155-7174. 

Shuttleworth, CA. (1997). Type VIII collagen. Int. J. Biochem. Cell. Biol. 29:1145-1148. 
Smyth, N., Vatansever, H.S., Murray, P., Meyer, M., Frie, C., Paulsson, M. & Edgar, D. (1999). 

Absence of basement membranes after targeting the LAMC1 gene results in embryonic lethality 
due to failure of endoderm differentiation. J. Cell Biol. 144, 151-160. 

Snellman, A., Tu, H., Väisänen, T., Kvist, A.P., Huhtala, P.& Pihlajaniemi, T. (2000). A short 
sequence in the N-terminal region is required for the trimerization of type XIII collagen and is 
conserved in other collagenous transmembrane proteins. EMBO J. 19, 5051-5059. 

Soininen, R., Huotari, M., Ganguly, A., Prockop, D.J. & Tryggvason, K. (1989). Structural 
organization of the gene for the α1 chain of human type IV collagen. J. Biol. Chem. 264, 13565-
13571. 

Sorokin, L.M., Pausch, F., Frieser, M., Kroger, S., Ohage, E. & Deutzmann, R. (1997). 
Developmental regulation of the laminin alpha5 chain suggests a role in epithelial and 
endothelial cell maturation. Dev. Biol. 189, 285-300. 

Specks, U., Mayer, U., Nischt, R., Spissinger, T., Mann, K., Timpl, R., Engel, J. & Chu, M.L. 
(1992). Structure of recombinant N-terminal globule of type VI collagen alpha 3 chain and its 
binding to heparin and hyaluronan. EMBO J. 11, 4281-4290. 

Stacey, A., Bateman, J., Choi, T., Mascara, T., Cole, W. & Jaenisch, R. (1988). Perinatal lethal 
osteogenesis imperfecta in transgenic mice bearing an engineered mutant pro-α1(I) collagen 
gene. Nature 332, 131-136. 

Ständker, L., Schrader, M., Kanse, S.M., Jurgens, M., Forssmann, W.G. & Preissner, K.T. (1997). 
Isolation and characterization of the circulating form of human endostatin. FEBS Lett. 420, 129-
133. 



109 

Sugimoto, M., Kimura, T., Tsumaki, N., Matsui, Y., Nakata, K., Kawahata, H., Yasui, N., 
Kitamura, Y., Nomura, S. & Ochi, T. (1998). Differential in situ expression of alpha2(XI) 
collagen mRNA isoforms in the developing mouse. Cell Tissue Res. 292, 325-332. 

Sugimoto, M., Oohashi, T. & Ninomiya, Y. (1994). The genes COL4A5 and COL4A6, coding for 
basement membrane collagen chains alpha 5(IV) and alpha 6(IV), are located head-to- head in 
close proximity on human chromosome Xq22 and COL4A6 is transcribed from two alternative 
promoters. Proc. Natl. Acad. Sci. USA 91, 11679-11683. 

Sumiyoshi, H., Inoguchi, K., Khaleduzzaman, M., Ninomiya, Y. & Yoshioka, H. (1997). 
Ubiquitous expression of the α1(XIX) collagen gene (Col19a1) during mouse embryogenesis 
becomes restricted to a few tissues in the adult organism. J. Biol. Chem. 272, 17104-17111. 

Sumiyoshi, H., Laub, F., Yoshioka, H. & Ramirez, F. (2001). Embryonic expression of type XIX 
collagen is transient and confined to muscle cells. Dev. Dyn. 220, 155-162. 

Sunada, Y., Bernier, S.M., Kozak, C.A., Yamada, Y. & Campbell, K.P. (1994). Deficiency of 
merosin in dystrophic dy mice and genetic linkage of laminin M chain gene to dy locus. J. Biol. 
Chem. 269, 13729-13732. 

Sund, M., Väisänen, T., Kaukinen, S., Ilves, M., Tu, H., Autio-Harmainen, H., Rauvala, H., and 
Pihlajaniemi, T. (2001b) Distinct expression of type XIII collagen in neuronal structures and 
other tissues during mouse development. Matrix Biol. 20, 215-231. 

Sund, M., Ylonen, R., Tuomisto, A., Sormunen, R., Tahkola, J., Kvist, A.P., Kontusaari, S., Autio-
Harmainen, H. & Pihlajaniemi, T. (2001a). Abnormal adherence junctions in the heart and 
reduced angiogenesis in transgenic mice overexpressing mutant type XIII collagen. EMBO J. 
20, 5153-5164. 

Sutmuller, M., Bruijn, J.A. & de Heer, E. (1997) Collagen types VIII and X, two non-fibrillar, 
short-chain collagens. Structure homologies, functions and involvement in pathology. Histol. 
Histopathol. 12: 557-566. 

Takahara, K., Hoffman, G.G. & Greenspan, D.S. (1995). Complete structural organization of the 
human α1(V) collagen gene (COL5A1): divergence from the conserved organization of other 
characterized fibrillar collagen genes. Genomics 29, 588-597. 

Thomas, J.T., Cresswell, C.J., Rash, B., Nicolai, H., Jones, T., Solomon, E., Grant, M.E. & Boot-
Handford, R.P. (1991). The human collagen X gene. Complete primary translated sequence and 
chromosomal localization. Biochem. J. 280, 617-623. 

Thomas, T. & Dziadek, M. (1993). Genes coding for basement membrane glycoproteins laminin, 
nidogen, and collagen IV are differentially expressed in the nervous system and by epithelial, 
endothelial, and mesenchymal cells of the mouse embryo. Exp. Cell Res. 208, 54-67. 

Thomas, J.T., Sweetman, W.A., Cresswell, C.J., Wallis, G.A., Grant, M.E. & Boot-Handford, R.P. 
(1995). Sequence comparison of three mammalian type-X collagen promoters and preliminary 
functional analysis of the human promoter. Gene 160, 291-296. 

Tikka, L., Elomaa, O., Pihlajaniemi, T. & Tryggvason, K. (1991). Human α1(XIII) collagen gene. 
Multiple forms of the gene transcripts are generated through complex alternative splicing of 
several short exons. J. Biol. Chem. 266, 17713-17719. 

Timpl, R. & Brown, J. (1996). Supramolecular assembly of basement membranes. BioEssays 18, 
123-132. 

Tinsley, J.M., Potter, A.C., Phelps, S.R., Fisher, R., Trickett, J.I. & Davies, K.E. (1996). 
Amelioration of the dystrophic phenotype of mdx mice using a truncated utrophin transgene. 
Nature 384, 349-353. 

Toman, P.D. & de Crombrugghe, B. (1994). The mouse type-III procollagen-encoding gene: 
genomic cloning and complete DNA sequence. Gene 147, 161-168. 

Trikka, D., Davis, T., Lapenta, V., Brahe, C. & Kessling, A.M. (1997). Human COL6A1: genomic 
characterization of the globular domains, structural and evolutionary comparison with COL6A2. 
Mamm. Genome 8, 342-345. 

Truter, S., Andrikopoulos, K., DiLiberto, M., Womack, L. & Ramirez, F. (1993). Pro-α2(V) 
collagen gene: Pairwise analysis of the amino- propeptide coding domain, and cross-species 
comparison of the promoter sequence. Conn. Tiss. Res. 29, 51-59. 



110 

Tono-Oka, S., Tanase, S., Miike, T. & Tanaka, H. (1996). Transient expression of collagen type 
XIV during muscle development and its reappearance after denervation and degeneration. J. 
Histochem. Cytochem. 44, 907-918. 

Uitto, J., Chung-Honet, L.C. & Christiano, A.M. (1992). Molecular biology and pathology of type 
VII collagen. Exp. Dermatol. 1, 2-11. 

Uitto, J., Pulkkinen, L. & Christiano, A.M. (1994). Molecular basis of the dystrophic and junctional 
forms of epidermolysis bullosa: mutations in the type VII collagen and kalinin (laminin 5) 
genes. J. Invest. Dermatol. 103, 39S-46S. 

Vandenberg, P., Khillan, J.S., Prockop, D.J., Helminen, H., Kontusaari, S. & Ala-Kokko, L. (1991). 
Expression of a partially deleted gene of human type II procollagen (COL2A1) in transgenic 
mice produces a chondrodysplasia. Proc. Natl. Acad. Sci. USA 88, 7640-7644. 

Vikkula, M., Metsäranta, M., Syvänen, A.C., Ala-Kokko, L., Vuorio, E. & Peltonen, L. (1992). 
Structural analysis of the regulatory elements of the type-II procollagen gene. Conservation of 
promoter and first intron sequences between human and mouse. Biochem. J. 285, 287-294. 

Vuorio, E. & de Crombrugghe, B. (1990). The family of collagen genes. Annu. Rev. Biochem. 59, 
837-872. 

Vuoristo, M.M., Pihlajamaa, T., Vandenberg, P., Prockop, D.J. & Ala-Kokko, L. (1995). The 
human COL11A2 gene structure indicates that the gene has not evolved with the genes for the 
major fibrillar collagens. J. Biol. Chem. 270, 22873-22881. 

Wassenhove-McCarthy, D.J. & McCarthy, K.J. (1999). Molecular characterization of a novel 
basement membrane-associated proteoglycan, leprecan. J. Biol. Chem. 274, 25004-25017. 

Watt, S.L., Lunstrum, G.P., McDonough, A.M., Keene, D.R., Burgeson, R.E. & Morris, N.P. 
(1992). Characterization of collagen types XII and XIV from fetal bovine cartilage. J. Biol. 
Chem. 267, 20093-20099. 

Wen, W., Moses, M.A., Wiederschain, D., Arbiser, J.L. & Folkman, J. (1999). The generation of 
endostatin is mediated by elastase. Cancer Res. 59, 6052-6056. 

Westerhausen, A., Constantinou, C.D., Pack, M., Peng, M.Z., Hanning, C., Olsen, A.S. & Prockop, 
D.J. (1991). Completion of the last half of the structure of the human gene for the Pro alpha 1 (I) 
chain of type I procollagen (COL1A1). Matrix 11, 375-379. 

de Wet, W., Bernard, M., Benson-Chanda, V., Chu, M.L., Dickson, L., Weil, D., & Ramirez, F. 
(1987). Organization of the human pro-α2(I) collagen gene. J. Biol. Chem. 262, 16032-16036. 

Wolf, F.W., Eddy, R.L., Shows, T.B. & Dixit, V.M. (1990). Structure and chromosomal 
localization of the human thrombospondin gene. Genomics 6, 685-691. 

Wu, R.R. & Couchman, J.R. (1997). cDNA cloning of the basement membrane chondroitin sulfate 
proteoglycan core protein, bamacan: a five domain structure including coiled-coil motifs. J. Cell 
Biol. 136, 433-444. 

Wu, J.J., Woods, P.E. & Eyre, D.R. (1992). Identification of cross-linking sites in bovine cartilage 
type IX collagen reveals an antiparallel type II-type IX molecular relationship and type IX to 
type IX bonding. J. Biol. Chem. 267, 23007-23014. 

Wälchli, C., Trueb, J., Kessler, B., Winterhalter, K.H. & Trueb, B. (1993). Complete primary 
structure of chicken collagen XIV. Eur. J. Biochem. 212, 483-490. 

Xu, H., Christmas, P., Wu, X.R., Wewer, U.M. & Engvall, E. (1994a). Defective muscle basement 
membrane and lack of M-laminin in the dystrophic dy/dy mouse. Proc. Natl. Acad. Sci. USA 
91, 5572-5576. 

Xu, H., Wu, X.R., Wewer, U.M. & Engvall, E. (1994b). Murine muscular dystrophy caused by a 
mutation in the laminin alpha 2 (Lama2) gene. Nat. Genet. 8, 297-302. 

Yamaguchi, N., Anand-Apte, B., Lee, M., Sasaki, T., Fukai, N., Shapiro, R., Que, I., Lowik, C., 
Timpl, R. & Olsen, B.R. (1999). Endostatin inhibits VEGF-induced endothelial cell migration 
and tumor growth independently of zinc binding. EMBO J. 18, 4414-4423. 

Yancopoulos, G.D., Davis, S., Gale, N.W., Rudge, J.S., Wiegand, S.J. & Holash, J. (2000). 
Vascular-specific growth factors and blood vessel formation. Nature 407, 242-248. 

Yoshioka, H., Greenwel, P., Inoguchi, K., Truter, S., Inagaki, Y., Ninomiya, Y. & Ramirez, F. 
(1995a). Structural and functional analysis of the promoter of the human α1(XI) collagen gene. 
J. Biol. Chem. 270, 418-424. 



111 

Yoshioka, H., Inoguchi, K., Khaleduzzaman, M., Ninomiya, Y., Andrikopoulos, K. & Ramirez, F. 
(1995b). Coding sequence and alternative splicing of the mouse α1(XI) collagen gene 
(Col11a1). Genomics 28, 337-340. 

Yoshioka, H., Iyama, K., Inoguchi, K., Khaleduzzaman, M., Ninomiya, Y. & Ramirez, F. (1995c). 
Developmental pattern of expression of the mouse α1(XI) collagen gene (Col11a1). Dev. Dyn. 
204, 41-47. 

Yurchenco, P.D. & O’Rear, J.J. (1994). Basal lamina assembly. Curr. Opin. Cell Biol. 6, 674-681. 
Zhang, M. & McLennan, I.S. (1995). During secondary myotube formation, primary myotubes 

preferentially absorb new nuclei at their ends. Dev. Dyn. 204, 168-177. 
Zhang, X., Zhou, J., Reeders, S.T. & Tryggvason, K. (1996). Structure of the human type IV 

collagen COL4A6 gene, which is mutated in Alport syndrome-associated leiomyomatosis. 
Genomics 33, 473-479. 

Zheng, K., Thorner, P.S., Marrano, P., Baumal, R. & McInnes, R.R. (1994). Canine X 
chromosome-linked hereditary nephritis: a genetic model for human X-linked hereditary 
nephritis resulting from a single base mutation in the gene encoding the alpha 5 chain of 
collagen type IV. Proc. Natl. Acad. Sci. USA 91, 3989-3993. 

Zhou, G., Garofalo, S., Mukhopadhyay, K., Lefebvre, V., Smith, C.N., Eberspaecher, H. & de 
Crombrugghe, B. (1995). A 182 bp fragment of the mouse pro alpha 1(II) collagen gene is 
sufficient to direct chondrocyte expression in transgenic mice. J. Cell Sci. 108 ( Pt 12), 3677-
3684. 

Zhou, G., Lefebvre, V., Zhang, Z., Eberspaecher, H. & de Crombrugghe, B. (1998). Three high 
mobility group-like sequences within a 48-base pair enhancer of the Col2a1 gene are required 
for cartilage-specific expression in vivo. J. Biol. Chem. 273, 14989-14997. 

Zhou, J., Leinonen, A. & Tryggvason, K. (1994). Structure of the human type IV collagen 
COL4A5 gene. J. Biol. Chem. 269, 6608-6614. 

Zhou, J. & Reeders, S.T. (1996). The alpha chains of type IV collagen. Contrib. Nephrol. 117, 80-
104. 

 


	Acknowledgements
	Abbreviations
	List of original articles
	ContentsAbstractAcknowledgementsAbbreviationsList of original articlesContents1 Introduction132 Review of the literature132.1 Fibril-forming collagens132.2 Non-fibril forming collagens132.3 Family of type XV and XVIII collagens132.3.1 Common structural a
	1 Introduction
	2 Review of the literature
	2.1 Fibril-forming collagens
	2.2 Non-fibril forming collagens
	2.3 Family of type XV and XVIII collagens
	2.3.1 Common structural and biochemical properties of type XV and XVIII collagens
	2.3.1.1 Type XV collagen -specific features
	2.3.1.2 Type XVIII collagen -specific features

	2.3.2 Common and distinct features in the expression and tissue distribution of type XV and XVIII collagens
	2.3.2.1 Type XV collagen -specific features
	2.3.2.2 Type XVIII collagen specific features

	2.3.3 Current knowledge about the functions of type XV and XVIII collagens
	2.3.3.1 Roles of type XV and XVIII collagens in fibrosis and cancer
	2.3.3.2 Skeletal myopathy and cardiovascular defects in type XV collagen deficient mice
	2.3.3.3 Roles of type XV and XVIII collagens in angiogenesis
	2.3.3.4 Mutations in type XVIII collagen cause Knobloch syndrome
	2.3.3.5 Type XV/XVIII collagen in C. elegans


	2.4 Collagen genes
	2.5 Mutations in human collagen genes
	2.6 Collagen mutations in animals
	2.6.1 Spontaneous mutations
	2.6.2 Genetically engineered mutations in mouse

	2.7 Collagens in development
	2.8 Basement membranes – structure and function
	2.8.1 Basement membrane components
	2.8.2 Developmental regulation of basement membrane components


	3 Outlines of the present research
	4 Materials and methods
	4.1 Isolation and characterization of genomic clones of human and mouse genes (I, II)
	4.2 Nucleotide sequencing and sequence analysis (I, II, IV)
	4.3 Nuclease S1 analysis (I, II)
	4.4 Northern blot analysis (I)
	4.5 Deletion constructs for promoter analysis of human and mouse genes (I, II)
	4.6 Cell culture, transfections, and luciferase assays (I, II)
	4.7 Expression of polypeptide fragments in E. coli for antigen production (III)
	4.8 Preparation and affinity purification of antibodies (III, IV)
	4.9 SDS-PAGE and Western blot analysis of cell and tissue samples (III, IV)
	4.10 Tissue preparation for routine histology and immunofluorescence studies (III, IV)
	4.11 Immunofluorescence staining of tissues (III, IV)
	4.12 Construction of a minigene (IV)
	4.13 Generation of transgenic mice (IV)
	4.14 RT-PCR analysis of transgene expression (IV)
	4.15 Fetal fibroblast cultures (IV)

	5 Results
	5.1 Exon-intron organization of the human COL15A1 gene (I)
	5.2 Exon-intron organization of the mouse Col15a1 gene (II)
	5.3 Identification of the transcription initiatio
	5.4 Deletion analysis of the human COL15A1 and mouse Col15a1 promoters (I, II)
	5.5 Comparison of the human COL15A1 and mouse Col15a1 genes (I, II)
	5.6 Preparation and characterization of a polyclonal antibody to mouse type XV collagen (III)
	5.7 Localization of type XV collagen in developing and mature mouse tissues (III)
	5.8 Generation of transgenic mice with a truncated type XV collagen minigene in normal background and in Col15a1-/- background (IV)
	5.9 mRNA expression of the transgene in tissues and cultured fibroblasts (IV)
	5.10 Morphological analysis of transgenic mice (IV)
	5.11 Western blot analysis of transgene protein in tissue homogenates (IV)

	6 Discussion
	6.1 Comparison of the genomic organizations of the human and mouse type XV collagen genes (I, II)
	6.2 Comparison of the type XV and XVIII collagen genes (I, II)
	6.3 Tissue distribution and developmentally regulated expression of type XV collagen protein in mouse (III)
	6.4 Transgenic mice expressing truncated type XV collagen (IV)

	7 Future perspectives
	8 References



