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Abstract
Collagen XIII is a type II transmembrane protein, which has a short intracellular domain and a
large, mainly collagenous ectodomain. It is located at many cell-matrix junctions and in focal
adhesions in cultured cells and it has a function in cell adhesive processes. 

Overexpression of collagen XIII molecules with an 83 amino acid deletion in part of the
ectodomain leads to fetal lethality in Col13a1del  transgenic mice. Doppler ultrasonography was
performed at 12.5 days of gestation on fetuses resulting from heterozygous matings and matings
between heterozygous and wild-type mice. Some fetuses had atrioventricular valve regurgitation
(AVVR) and all of them were transgene positive. In addition, fetuses had pathological changes in
functional parameters. Histological analysis showed the trabeculation of the ventricles to be
reduced and the myocardium to be thinner in the fetuses with AVVR. Based on in situ
hybridization (ISH), collagen XIII mRNA are normal constituents of these structures.
Overexpression of mutant collagen XIII results in mid-gestation cardiac dysfunction in fetuses,
and these disturbances in cardiac function may lead to death in utero. The heterozygous mice that
were initially of normal appearance had an increased susceptibility to develop B cell lymphomas,
which originated in the mesenteric lymph node. Collagen XIII protein was not detected in normal
lymph nodes or in the lymphomas. The incidence of lymphomas was higher in conventional
conditions than in a specific pathogen-free facility. In addition, the expression of collagen XIII
was localized in the intestine and the basement membrane was highly abnormal. These findings
suggest that collagen XIII is a critical determinant of lymphanogenesis. 

Using ISH, antibody staining and RT-PCR techniques collagen XIII expression was analyzed
during carcinogenesis in mice and in man. Collagen XIII expression increased during
carcinogenesis in mice and in man. In the malignant process collagen XIII mRNA localized in the
basal epithelium and in the invasive cells. According to antibody staining malignant invasive cells
were positive. Results may reflect the disturbed adhesion of epithelial cells and ECM and that may
affect the behaviour of the malignant cells, suggesting that collagen XIII has a significant role in
the initiation of the invasion. 

Keywords: basement membrane, carcinogenesis, cell adhesion molecules, collagen,
doppler ultrasonography, heart ventricles, immunity, lymphoma, trabeculation
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Abbreviations 

αx(a) collagen polypeptide 
aa amino acid 
AVVR atrioventricular valve regurgitation 
BSA bovine serum albumin 
BM basement membrane 
bp base pairs 
C- carboxy- 
cDNA complementary DNA 
COL collagenous 
DMBA 7,12-dimethylbenz[α]anthracene 
DV ductus venosus 
ECM extracellular matrix 
ET ejection time 
FHR fetal heart rate 
FT filling time 
ISH in situ hybridisation 
ICT isovolumetric contraction time 
IMP index of myocardial performance 
IRT isovolumetric relaxation time 
kDa kilodalton 
mRNA messenger RNA 
N- amino- 
NC noncollagenous 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PIV the pulsatility index for veins 
RT room temperature 
RT-PCR reverse transcriptase-polymerase chain reaction 
SCC squamous cell carcinoma 
TM transmembrane 
TPA 12-O-tetradecanoylphorbol-13-acetate 
TVI the time-velocity integral 
UA umbilical artery 
X any amino acid in Gly-X-Y 
Y any amino acid in Gly-X-Y 
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1 Introduction 

The extracellular matrix (ECM) includes collagens, proteoglycans, and a variety 
of multiadhesive glycoproteins. It provides stability to tissues, controls a number 
of cellular functions such as cell growth, cell adhesion and cell migration. This 
active role requires that the ECM and cells interact. The ECM has also been 
implicated in human diseases such as arthritis, diabetes, fibrosis, skeletal 
deformity and cancer.  

Collagen XIII is a type II transmembrane protein. It consists of a short 
N-terminal cytosolic domain, transmembrane domain and a large, mainly 
collagenous ectodomain. This molecule can exist in two different forms, the 
transmembrane and soluble shed forms. The shed ectodomain has been shown to 
interact with some matrix molecules such as fibronectin as well as with some 
integrins. Collagen XIII is expressed at low amounts in many adult tissues and at 
a higher level during development. It is concentrated at adhesion structures in 
tissues and cultured cells suggesting roles in cell-matrix and cell-cell adhesions. 
Although the structure and tissue localization of collagen XIII is well 
characterized, its physiological function and molecular roles in pathological 
situations are still largely unknown. 

The goal of this study was to clarify the function of collagen XIII using 
animal models. Earlier we have generated a transgenic mouse line with an 83 
amino acid in-frame deletion in the central collagenous domain. Homozygote 
overexpression of this mutation lead to fetal lethality, and the aim of my study 
was to clarify the specific molecular basis for this phenomenon. In addition, in 
heterozygous mice the immune response was disturbed and they developed 
malignancies. To investigate the role of collagen XIII in cancer development, we 
generated chemically-induced tumors in wild-type mice as well as studied human 
malignancies. Our results show that collagen XIII has a significant role in heart 
development, the initiation of malignant invasion and modulation of the immune 
response. The findings suggest that of collagen XIII is a molecule involved in the 
interaction between ECM and cells. 
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2 Review of the literature 

2.1 The extracellular matrix 

Connective tissue includes cells and extracellular matrix (ECM). The ECM is 
proteinaceous, its main structural proteins being collagens, proteoglycans such as 
perlecan, and glycoproteins such as fibronectin, laminins and elastin. The precise 
protein composition varies from tissue to tissue. Maintaining the structural 
integrity of tissue is an important function of the ECM, but it has many other 
essential functions. It regulates cell behavior including cell growth, survival, 
migration, proliferation, apoptosis and differentiation. (Daley et al. 2008, Kolacna 
et al. 2007)  

Basement membranes (BMs) are thin sheets of specialized ECM protein 
complexes found basolateral to all cell monolayers in the body. All epithelia and 
endothelia are in direct association with BMs, whose most abundant components 
are collagen IV, laminins, nidogens and perlecan. BMs fulfill many biological 
functions ranging from tissue organization to their function as growth factor 
reservoirs. In addition, numerous tissue-specific roles for the four major BM 
components have been demonstrated. The BM separates cell layers from 
underlying connective tissue, provides structural support to cells, and influences 
and modifies cellular behaviour via outside-in signalling. (LeBleu et al. 2007) 
This thesis focuses on collagens, which are known to play a major role in 
maintaining the biological and structural integrity of various tissues and organs. 
Further details on this component of the ECM will be discussed. 

2.2 The collagen superfamily 

The collagens are a heterogenous family of ECM proteins that have a central role 
in maintaining the structural integrity of many tissues (Brown & Timpl 1995) 
such as cartilage, bone, tendon, cornea, skin, kidney, and others (Gelse et al. 
2003). The collagens have various and important biological functions in many 
tissues. For example, they are involved in early development and organogenesis, 
cell attachment, chemotaxis, and filtration through BMs (Myllyharju & Kivirikko 
2004, Pihlajaniemi & Rehn 1995). The proteins in this large and structurally 
diverse family constitute approximately one third of the protein mass, making it 
the most abundant protein in the human body. In some tissues the amount of 
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collagens can be up to 90% of the total protein mass. The collagen superfamily 
now contains 29 proteins named as collagens. In addition, over 20 proteins have 
been described that have collagen-like domains. (Gelse et al. 2003, Koch et al. 
2004, Myllyharju & Kivirikko 2001, Myllyharju & Kivirikko 2004, Soderhall et 
al. 2007, Veit et al. 2006) 

All collagens consist of three polypeptide chains, called α-chains, and all of 
them include at least one domain with repeating Gly-X-Y sequences. Three 
identical α polypeptide chains form a homotrimer, and three different α 
polypeptide chains form a heterotrimer of collagen. In the α polypeptide chain, 
the glycine amino acid must be in every third position to allow the packing of the 
typical triple-helical structure. Frequently, proline is found in the X position and 
4-hydroxyproline is found in the Y position. The presence of 4-hydroxyproline is 
important for the stability of the triple helix. (Brodsky & Shah 1995, Brown & 
Timpl 1995, Myllyharju & Kivirikko 2004) All collagens possess two different 
types of domains: globular noncollagenous domains (NC) adjacent to triple 
helical collagenous domains (COL). (Myllyharju & Kivirikko 2001, Myllyharju 
& Kivirikko 2004, Prockop & Kivirikko 1995, Ricard-Blum & Ruggiero 2005) 

The collagen superfamily can be divided into several subfamilies according 
to their supramolecular assemblies, primary structures and other features. Fibril-
forming collagens include collagens I, II, III, XI, XXIV and XXVII. Collagens 
that are present on the surface of the fibrils, called fibril-associated collagens with 
interrupted triple helices (FACIT), and structurally related collagens include 
Collagens IX, XII, XIV, XVI, XIX, XX, XXI, XXII and XXVI. Collagens VIII 
and X are comprise a group of collagens forming hexagonal networks. The 
collagens IV family is located in the BM. One group includes collagen VI, which 
forms beaded filaments, and another includes collagen VII, which forms 
anchoring fibrils for basement membranes. Collagens XIII, XVIII, XXIII and 
XXV are transmembrane proteins and form yet another subgroup of collagens 
with a transmembrane domain. Collagens XV and XVIII form their own 
subgroups. Additionally, a highly heterogenous group of proteins, called protein-
containing triple-helical collagenous domains, is comprised of proteins that 
possess collagenous domains but have not been defined as collagens. (Myllyharju 
& Kivirikko 2004, Prockop & Kivirikko 1995, van der Rest & Garrone 1991) 
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Table 1. Collagen superfamily. 

Subfamily Collagen type 

Fibril forming collagend I,II,III,V,XI,XXIV and XXVII 

FACIT and related collagens IX,XII,XIV,XVI,XIX,XX,XXI,XXII and XXVI 

Collagens forming hexagonal networks VIII and X 

The family of type IV collagens IV 

Collagen VI forming beaded filaments VI 

Collagen VII forming anchoring fibrils VII 

Collagens with transmembrane domains XIII, XVII, XXIII and XXV 

Collagens XV and XVIII XV and XVIII 

Proteins containing triple-helical collagenous domains adiponectin, collectin, ectodysplasin etc 

2.3 Collagens with a transmembrane domain 

This subgroup of the collagen superfamily is comprised of four collagens and five 
other proteins with collagenous domains. The collagenous transmembrane 
proteins include homotrimeric collagens XIII, XVII, XXIII and XXV, and 
collagen-like membrane proteins ectodysplasin A, macrophage receptor with 
collagenous structure (MARCO), the class A macrophage scavenger receptor-like 
proteins, scavenger receptor with C-type lectin (SRCL) and the colmedins. 
(Ricard-Blum & Ruggiero 2005, Snellman et al. 2007, Tenner 1999) The 
collagens in this subgroup are type II transmembrane proteins spanning the 
plasma membrane of the cell expressing them. They can bind to both extracellular 
and intracellular ligands. Structurally, these proteins consist of an intracellular 
N-terminus, a single pass hydrophobic transmembrane domain, and one or more 
extracellular collagenous domains (Ricard-Blum & Ruggiero 2005, Snellman & 
Pihlajaniemi 2003). On the other hand, all members of this group are also known 
to be shed from the plasma membrane into a soluble form containing the 
extracellular domain of the membrane-bound form. (Snellman & Pihlajaniemi 
2003, Banyard et al. 2003, Franzke et al. 2005, Schacke et al. 1998, Snellman et 
al. 2000b, Väisanen et al. 2004) 
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Fig. 1. Schematic structures of collagenous transmembrane proteins modified from 
(Snellman et al. 2007) and (Franzke et al. 2005). Numbering of collagenous (Col) 
domains is indicated.  

2.3.1 Collagen XIII 

Structure 

Collagen XIII consists of a short N-terminal cytosolic domain, a single 
transmembrane domain and a large, mainly collagenous ectodomain. The NC1 
domain contains a 38-residue cytosolic domain, a 23-residue transmembrane 
domain and the first 60 residues of the non collagenous extracellular sequences in 
man. In addition, the extracellular domain contains the following sequential 
sequences: a 104-residue COL1, a 34-residue NC2, a 172-residue COL2, a 
22-residue NC3, a 236-residue COL3 and an 18-residue NC4 domain. (Hägg et al. 
1998, Pihlajaniemi et al. 1987, Pihlajaniemi & Tamminen 1990, Tikka et al. 1991) 
The collagen XIII gene is located in chromosome 10 both in the mouse and 
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human genome. The complete exon-intron structure of the gene coding for the 
mouse α1(XIII) collagen chain has been characterized from genomic clones and 
shown to be approximately 135kb in size and contain 42 exons. The human 
collagen XIII gene consists of 41 exons and was determined to be 140 kb in size. 
The corresponding mouse and human polypeptides display 94% sequence identity 
(Kvist et al. 1999, Tikka et al. 1991) The primary transcript of collagen XIII 
undergoes complex alternative splicing through several exons of the human and 
mouse genes. Alternative splicing involves both the collagenous and non 
collagenous domains. Only some of the mouse and human alternatively spliced 
exons are the same, but in both species the same domains are subject to sequence 
variation. Because of alternative splicing, different size variants may exist. The 
longest possible variant of the human collagen XIII protein consists of 726 amino 
acid residues. The functional and biological significance of this process is not 
completely understood. (Juvonen & Pihlajaniemi 1992, Juvonen et al. 1992, 
Juvonen et al. 1993, Kvist et al. 1999, Peltonen et al. 1997, Pihlajaniemi & 
Tamminen 1990, Tikka et al. 1991)  

Biosynthesis 

The triple helix formation of collagen XIII proceeds from the N-terminus to the 
C-terminus, occurring in opposite orientation to that of the fibrillar collagens. 
(Snellman et al. 2000b) Collagen XIII can be shed from the plasma membrane in 
a soluble form containing the entire extracellular domain of the membrane bound 
form. (Peltonen et al. 1999, Snellman et al. 2000b, Vaisanen et al. 2004) The shed 
form of collagen XIII is seen in rotary shadowing images as a 150-nm rod-like 
molecule (Tu et al. 2002) Collagen XIII protein contains altogether eight cysteine 
residues. (Snellman et al. 2000a) It was shown that the two cysteines 117 and 119 
at the end of the N-terminal NC1 domain are responsible for linking the three α1 
chains together by means of interchain disulfide bonds. (Snellman et al. 2007) In 
addition, the thermal stabilities (Tm) of the COL1, COL2, and COL3 domains 
were found to be 38, 49 and 40 ºC, respectively. In light of this, the central COL2 
domain of the molecule may have an important role in the stability of the 
molecule. (Snellman et al. 2000a) Collagen XIII contains two widely separated 
coiled-coil domains in the NC1 and NC3 functioning as independent 
oligomerization domains. (Latvanlehto et al. 2003) 

The furin family of proprotein convertases was found to be responsible for 
the shedding of the ectodomain. (Snellman et al. 2000b, Väisanen et al. 2004) 
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Furthermore, regulation of collagen XIII ectodomain processing is linked to its 
incorporation in cholesterol-rich membrane microdomains. (Väisanen et al. 2006)  

Localization 

The human collagen XIII mRNAs have been found to have a wide tissue 
distribution including at least fetal bone, skin, colon, cartilage, striated muscle, 
intestines, lungs, kidneys, nervous system, placenta and the ocular system. 
(Juvonen et al. 1992, Juvonen et al. 1993, Sandberg et al. 1989, Sandberg-Lall et 
al. 2000) In the fetal and adult eye, collagen XIII is strongly expressed in the 
ciliary muscle, optic nerve and neural retina (Sandberg-Lall et al. 2000). Collagen 
XIII mRNA is expressed at a constant level during mouse development and the 
expression levels are increased towards birth. Strong expression has been detected 
in the central and peripheral nervous system of the developing mouse fetuses in 
mid-gestation. Cultured primary neurons also express this collagen. Strong 
expression during early development has also been detected in the heart, with 
localization to cell-cell contacts accentuated in the intercalated discs perinatally. 
During late fetal development, collagen XIII is observed in many tissues: 
cartilage, bone, skeletal muscle, lung, intestine and skin. (Sund et al. 2001a) 

In tissues collagen XIII is located in a range of integrin-mediated adherens 
junctions including the myotendinous junctions of skeletal muscle as well as 
many cell-basement membrane interfaces. Cell-cell adhesion has been found in 
the intercalated discs in the heart and in the retina of the eye. (Hägg et al. 2001, 
Sandberg-Lall et al. 2000) Collagen XIII is also localized to the cell-cell and cell-
basement membrane contacts in the normal human epidermis (Peltonen et al. 
1999).  

Function 

Collagen XIII is found in tissues at many sites of cell adhesion, suggesting a role 
in cell adhesion-associated functions. (Hägg et al. 2001) To understand more 
about the physiological function of collagen XIII, genetically modified mouse 
models have been generated. A mouse line, Col13a1N/N,was generated by 
homologous gene targeting, the mice express N-terminally altered collagen XIII 
molecules that lack the cytosolic and transmembrane domains, but retain the 
conserved ectodomain. These mice are viable and fertile, but they display 
progressive muscular myopathy with increasing age. The affected skeletal 
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muscles showed abnormal myofibers with a fuzzy plasma membrane-basement 
membrane interphase along the muscle fiber and at the myotendinous junction, 
disorganized myofilaments and streaming of z-disks. Collagen XIII seems to 
participate in the linkage between muscle fiber and basement membrane. (Kvist et 
al. 2001) In a transgenic mouse line, there is overexpression of collagen XIII with 
an 83 amino acid in-frame deletion of the COL2 sequence and a lack of the NC4 
domain. The transgene expression led to lethality in offspring from heterozygous 
matings with two different phenotypes. The early phenotype fetuses are aborted 
by day 10.5 of development due to a lack of placental formation, and the late 
phenotype fetuses are aborted by day 13.5 of development on account of 
cardiovascular defects. In the late phenotype the fetuses displayed a weak 
heartbeat, defects in the adherence junctions in the heart with detachment of 
myofilaments and abnormal staining for the adherence junction component 
cadherin. Decreased microvessel formation was observed in certain regions of the 
fetuses and the placenta. All in all, the results indicate that collagen XIII has an 
important role in certain adhesive interactions that are necessary for normal 
development. (Sund et al. 2001b) Knock-out (Col13a1−/−) and marker-expressing 
knock-in (Col13a1LacZ/LacZ) mouse lines have also been generated. The latter line 
was generated so that the β-galactosidase enzyme replaced the ectodomain. 
Collagen XIII was widely expressed with particularly intense staining at the 
neuromuscular junction and the periosteum in structures that bind muscle to bone. 
In the neuromuscular junction, collagen XIII was found to be a muscle-derived 
component concentrated at the synaptic cleft. In addition, electron microscopic 
examination of the neuromuscular junctions in Col13a1LacZ/LacZ muscle revealed 
structural disturbances. Thus, collagen XIII is needed for the maintenance of 
neuromuscular junctions. In addition, the weight of the Col13a1LacZ/LacZ mice at 
puberty was reduced and the mice had thin bones. It was shown that mice had 
reduced values for the mechanical properties of long bones. (Latvanlehto 2004) 
To understand more about the function of collagen XIII, transgenic mouse lines 
overexpressing collagen XIII were generated. In these lines high transgene 
expression was detected in cartilage and bone. The overexpression mice 
developed an unexpected skeletal phenotype marked by a massive increase in 
bone mass caused by increased bone formation rather than impaired resorption. 
(Ylönen et al. 2005) Thus, collagen XIII also has an important role in bone 
modeling and, in particular, it may have a function in coupling the regulation of 
bone mass to mechanical use. (Ylönen et al. 2005, Latvanlehto 2004) 
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Table 2.  Transgenic mouse models for collagen XIII mutations. 

Mouseline Mutation Phenotype Reference 

Col13a1del TG (83 aminoacid deletion) Homozygous fetal lethality. 

Heterozygous viable, developed 

lymphomas 

Sund et al. 2001b, 

Tuomisto et al. (II), 

Tahkola et al. (I) 

Col13a1N/N T (N-terminus altered) viable, progressive myopathy Kvist et al. 2001 

Col13a1ow TG (overexpression) viable, increased bone formation Ylönen et al. 2005 

Col13a1LacZ/LacZ T (lackin ectodomain) viable, altered neuromuscular 

junctions, bone defects  

Latvanlehto 2004 

Transgenic (TG), Other targeted (T) 

More information about the functional features of collagen XIII has been obtained 
from cell culture studies. Collagen XIII appears to be cleaved both at the plasma 
membrane and in the trans -Golgi network. The soluble form of collagen XIII is a 
biologically active molecule, which eventually modulates cell behavior in a 
reciprocal and substratum manner. (Väisanen et al. 2004) In vitro studies have 
shown that the ectodomain of collagen XIII interacts with other extracellular 
components including fibronectin, vitronectin, nidogen-2, heparin, perlecan, 
fibulin-2, collagen IV and the I-domain of α1 integrin. (Nykvist et al. 2000, Tu et 
al. 2002) The released soluble ectodomain can bind to the fibrillar fibronectin 
matrix under cell culture conditions and influence its assembly. (Väisanen et al. 
2006) 

Some data is also available about the involvement of collagen XIII in human 
disease. The expression of this collagen was investigated in cancer and during 
malignant transformation. Collagen XIII mRNA expression was found in the 
stromal compartment of epithelial tumors and throughout mesenchymal tumors. 
Strong exspression was detected in dysplastic samples and in malignant epithelial 
cells in adenocarcinoma, ovarial carcinoma and cervix carcinoma. It was 
suggested that malignant transformation stimulates the expression of collagen 
XIII. High expression of this molecule in the stroma may contribute to tumor 
progression and behavior by modulating cell-matrix interactions. (Väisanen et al. 
2005) Collagen XIII expression was also investigated in keratoconus and scarred 
corneas. In the normal cornea, collagen XIII expression was confined to the basal 
corneal cells, suggesting a role in the adhesion of corneal epithelial cells to each 
other and to the underlying BM. On the other hand, highly increased expression 
was found in scarred corneas, suggesting that it participates in the corneal wound 
healing process. (Määttä et al. 2006) Morever, serum antibodies against collagen 
XIII have been detected in the autoimmune-mediated inflammation of Grave’s 
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ophthalmopathy. It has been suggested that the evaluation of antibodies could be 
added to other known markers for the monitoring of Grave’s patients and in 
modulating the treatment of Grave`s ophthalmopathy (De Bellis et al. 2005, 
Mizokami et al. 2004) On the other hand, the mix of antibodies against 
calsequestrin and collagen XIII may shed light on the diverse presentations found 
in thyroid-associated ophthalmopathy. (Gopinath et al. 2007) 

Table 3. Collagen XIII in human disease. 

Tissue/Disease Reference 

Epithelial and mesenchymal tumors Väisänen et al. 2005 

Corneal wound healing Määttä et al. 2006 

Grave’s ophtalmopathy Mizokami et al. 2004, De Bellis et al. 2005 

Thyreoid-associated ophtalmopathy Gobinath et al. 2007 

Oral Squamous Cell Carcimona  Tahkola et al. (III) 

2.3.2 Collagen XVII  

Collagen XVII is a type II transmembrane collagen with a large intracellular 
N-terminus (466 residues), hydrophobic transmembrane stretch (23 residues) and 
a long extracellular domain (1008 residues). The flexible and rod-like cytosolic 
domain consists of 15 collagenous (COL1-COL15) and 16 non collagenous 
(NC1-NC16) subdomains (Fig 1). It forms three α1(XVII) chains and its 
molecular mass is 180kDa. In the case of collagen XVII, it has also been shown 
that triple helix formation occurs with an N- to C-terminal directionality. In 
addition to being a transmembrane protein, collagen XVII also exists in a soluble 
form. Proteolytic cleavage of the transmembrane domain results in a 120 kDa 
soluble ectodomain. (Areida et al. 2001, Diaz et al. 1990, Franzke et al. 2005, 
Giudice et al. 1991, Hopkinson et al. 1992, Schacke et al. 1998) Collagen XVII is 
a structural component of hemidesmosomes in squamous epithelial cells, with 
important functions in epithelial-BM interactions. (Giudice et al. 1992) Collagen 
XVII has been hypothesized to participate in keratinocyte adhesion, motility, 
spreading and migration. (Franzke et al. 2005, Parikka et al. 2003) This adhesion 
protein interacts, for example, with the α6 subunit of the α6β4 integrin. 
(Hopkinson et al. 1995) Collagen XVII was initially characterzed as an auto-
antigen in the blistering skin disease bullous pemphigoid (BP). An immune 
response to the BP antigen is associated with several skin diseases, such as 
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bullous pemphigoid and lichen planus pemphigoides (LPP). (Diaz et al. 1990, 
Zillikens 2002) 

2.3.3 Collagen XXIII 

Collagen XXIII is one of the most recently identified type II transmembrane 
collagens. The mouse collagen XXIII polypeptide is 532 residues long and 
contains an N-terminal cytoplasmic domain, a transmembrane region and three 
collagenous domains (COL1-COL3) flanked by short non collagenous domains 
(NC1-NC4) (Fig 1). Structurally, it is highly similar to collagens XIII and XXV. 
Collagen XXIII was initially identified in rat prostate carcinoma cells. In addition, 
its expression has been identified in lung cornea, brain, skin, tendon and kidney. It 
is also expressed during development of the chick cornea. Collagen XXIII is a 
transmembrane protein but, like collagen XIII, it can be cleaved by furin protease, 
resulting in a soluble protein. The biological function of this protein is still 
unclear, but it may play a role in cell-matrix interactions. (Snellman & 
Pihlajaniemi 2003, Banyard et al. 2003, Koch et al. 2006) 

2.3.4 Collagen XXV 

Collagen XXV is a type II transmembrane collagen also known as Collagen-Like 
Alzheimer amyloid plaque Component Precursor (CLAC-P). It is composed of an 
N-terminal non collagenous domain (NC1), which contains the intracellular part, 
the transmembrane domain and part of the non collagenous extracellular domain, 
and an extracellular domain, which contains three collagenous subdomains 
(COL1-COL3) and three other non collagenous subdomains (NC2-NC4) (Fig 1). 
The primary transcript of collagen XXV has four alternative splicing isoforms, 
leading to variability in the length of its extracellular domain. Collagen XXV 
exists as soluble and transmembrane forms, and the ectodomain can be cleaved at 
a furin-like site in the NC1 domain. (Snellman & Pihlajaniemi 2003, Hashimoto 
et al. 2002, Ricard-Blum & Ruggiero 2005) 

Collagen XXV is highly concentrated in the central nervous system and it 
may play a role in the adherens junction between neurons. Collagen XXV is 
specifically expressed by neurons and not by astrocytes, microglia or meningeal 
fibroblasts. The extracellular CLAC domain of membrane collagen XXV is 
deposited within extracellular β amyloid plaques. Both the soluble and 
transmembrane forms bind to and stabilize aggregates of amyloid β-peptides, but 
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not the intact amyloid precursor protein. Therefore, collagen XXV has been 
suggested to be involved in β-amyloidogenesis and neuronal degeneration in 
Alzheimer’s disease. The biological function and the contribution of CLAC-P to 
the pathogenesis of Alzheimer’s disease and its plaque formation are still 
unknown. Recently studies have shown that CLAC assembles amyloid β-peptide 
fibrils into fibril bundles that have increased resistance to proteases. (Snellman & 
Pihlajaniemi 2003, Franzke et al. 2005, Hashimoto et al. 2002, Ricard-Blum & 
Ruggiero 2005, Soderberg et al. 2005, Verdier & Penke 2004) 

2.3.5 Collagen-like membrane proteins 

All the proteins in this group are type II transmembrane proteins, which contain 
single and sometimes very short collagenous triple-helical stretches (Franzke et al. 
2005). One of the members of this group is Ectodysplasin A (EDA), which is a 
short transmembrane protein with two small collagenous segments within the 
ectodomain and a tumor necrosis factor ligand motif in the C terminus (Fig 1). 
EDA, like some other transmembrane proteins, undergoes complex alternative 
splicing of the primary transcript, resulting in variations in the length of the 
extracellular domain. (Ezer et al. 1999, Kere et al. 1996) The ectodomain is shed 
from the cell surface by furin and produces a signalling molecule which binds to 
EDA receptors. Two main isoforms, EDA A1 and EDA A2, bind two distinct 
receptors, EDAR and XEDAR. (Elomaa et al. 2001, Yan et al. 2000) Studies with 
mice indicate that EDA plays important and multiple roles in ectodermal organ 
development, regulating their initation, morphogenesis and differentiation. For 
example, mutations in the EDA gene cause X-linked anhydrotic ectodermal 
dysplasia, a disease with abnormal development of the sweat glands, hair and 
teeth. (Ferguson et al. 1997, Franzke et al. 2005, Kere et al. 1996, Monreal et al. 
1999, Schneider et al. 2001)  

Macrophage scavenger receptor (MSR) types I, II and III are multifunctional 
and multiligand receptors. All of these are splice products of a single gene and 
contain six predicted structural domains: a cytosolic domain, a transmembrane 
domain, a spacer domain, an α-helical coiled-coil domain, a collagenous domain 
and a cystein-rich domain (SRCR) (Fig 1). (Franzke et al. 2005, Platt et al. 2002, 
Snellman & Pihlajaniemi 2003) MSR has high-affinity ligand-binding properties, 
assisting in the scavenging of a variety of negatively charged macromolecules 
including modified forms of low density lipoprotein (LDL), β-amyloid fibrils, 
damaged or apoptotic cells and pathogenic micro organisms. (Yamada et al. 1998) 
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Furthermore, MRS proteins are expressed in atherosclerotic lesions (Matsumoto 
et al. 1990, Takahashi et al. 2002) and are involved in macrophage adhesion to 
collagens (Gowen et al. 2001). They may also play a role in prostate 
carcinogenesis (Xu et al. 2002). 

The Macrophage Receptor MARCO is a type II transmembrane protein of the 
class A scavenger receptor family. It has a short N-terminal cytoplasmic domain, a 
transmembrane domain and a large extracellular domain, which contains a spacer 
domain, a collagenous domain and a scavenger receptor cysteine-rich (SRCR) 
domain (Fig 1). The SRCR domain is involved in the binding of gram-positive 
and -negative bacteria. (Brannstrom et al. 2002, Elomaa et al. 1998, Franzke et al. 
2005, Sankala et al. 2002) MARCO is expressed in macrophages of the lung, 
lymph nodes and the marginal zone of the spleen (Elomaa et al. 1998, Ito et al. 
1999). MARCO is not only expressed in specific macrophage subpopulations, but 
it is also induced by various bacterial antigens (Ito et al. 1999). MARCO has an 
important role in regulating the innate immune response against inhaled particles 
and airborne pathogens (Arredouani et al. 2004). 

The colmedins (Collagen Repeat Plus Olfactomedin-containing Proteins) 
include collagen-like transmembrane proteins such as collomin. All proteins in 
this subgroup have an intracellular N-terminus, a transmembrane domain and an 
extracellular domain, which contains collagen repeats and a cysteine-rich 
olfactomedin domain (OLF). (Franzke et al. 2005, Snellman et al. 2007) It has 
been proposed that UNC-122 is involved in maintaining a structural 
microenvironment that allows efficient neuromuscular signalling (Loria et al. 
2004). All in all, the functions of colmedins remain to be investigated.  

The SRCL includes an α-helical coiled-coil domain, a collagen-like domain, 
an extracellular serine/threonine-rich domain and a carboxy-terminal C-type 
lectin domain. It is also a type II transmembrane protein and it is thought to be a 
homotrimer. The SRCL is implicated in host defence as it can bind and 
phagocytose yeast and bacteria. (Murphy et al. 2005)  

2.4 Development of the cardiovascular system 

In mice, heart development starts at embryonic day 7.5. (Bruneau 2003, Sedmera 
et al. 2000) The circulatory system is one of the great achievements of the lateral 
plate mesoderm and, the heart is the first functional organ in the developing 
embryo. The cardiogenic cells migrate from two regions of the splanchnic 
mesoderm to a ventral midline position and fuse to become a simple tube of 
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contracting muscle cells. Then the single tubular heart forms an S-shaped 
structure with a single atrium and a single ventricle. The presumptive heart cells 
form a double-walled tube consisting of an inner endocardium and an outer 
epicardium. The next step is the fusion of the endocardial tubes to form a single 
pumping chamber. The posterior portion of the endocardium forms the openings 
of the vitelline veins into the heart, the blood passes through a valve-like flap into 
the atrial region and the truncus arteriosus speeds the blood into the aorta. Cells 
from the myocardium in the primitive cardiac tube produce a factor that causes 
the cells between the outer myocardium and the inner endocardium to form the 
cardiac jelly, an ECM. (Eisenberg & Markwald 1995, Srivastava 2006, Gilbert 
1997) The endocardial cushions initially appear as regionally restricted 
thickenings of the cardiac jelly (Eisenberg & Markwald 1995). The cushions form 
within the embryonic heart tube during embryonic days 10–13, by the recruitment, 
attachment and spreading of endocardial cells into the overlying ECM in response 
to secreted growth factors of the transforming growth factor β (TGFβ) and bone 
morphogenetic protein (BMP) families. (Kruzynska-Frejtag et al. 2001, Gilbert 
1997) TGFβ and BMP molecules induce the epithelial to mesenchymal 
transformation of endocardial cells (Bruneau 2003, Carvalho et al. 2004, 
Eisenberg & Markwald 1995, Kruzynska-Frejtag et al. 2001). 

Each chamber has intrinsic growth and identity properties that can be 
considered as modular elements of the developing heart. Transcription factors 
especially of the NK-family and the functionally related serum response factor 
(SRF) were sufficient for induction of cardiac differentiation. (Bruneau 2003, Li 
et al. 2005) The BMP, fibroblast growth factor (FGF) and the WNT family of 
secreted proteins are extracellular signals that promote cardiac differentiation 
(Bruneau 2003,) 

The leaflets of the tricuspid valve develop both from the endocardial cushion 
tissues and the myocardium. The myocardium contributing to the valve comes 
from two sources, the tricuspid gully complex and the developing 
supraventricular crest. (Bruneau 2003, Lamers et al. 1995, Srivastava 2006) 
Atrioventricular (AV) -valve development during the late embryonic and 
postnatal stages includes condensation, elongation, the formation of nodular 
thickenings and remodelling of tension-resistant ECM proteins. Normal valve 
development is characterized by spatiotemporal coordination of ECM 
organization and valvular interstitial cell (VIC) compartmentalization. (Hinton et 
al. 2006, Kruithof et al. 2007) 
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During the morphogenetic process of myocardial trabeculation, most of the 
cardiac jelly of the initially smooth-walled heart is replaced by sponge-like 
muscle. Cytoskeletal contraction plays a role in the intial stages of this process. 
The development of the myocardial architecture of the heart wall passes through 
several distinct steps. First, the myocardium has an epithelial nature with two 
layers of cells. The second step is the cavity-specific formation of the sheet-like 
myocardial protrusion into the lumen, trabeculation. The following step is the 
solidification of the basal portions of these trabeculae, which correlates with the 
invasion of the coronary system from the epicardium. And the final step is the 
development of a multilayer spiral system in the ventricle. (Fig2a–d) (Icardo & 
Fernandez-Teran 1987, Sedmera et al. 2000, Taber & Zahalak 2001) 
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Fig. 2. Development of the compact myocardial layer in chick, modified from (Sedmera 
et al. 2000). (a) Extracellular cardiac jelly separates the tubular myocardium from the 
endocardium. (b) Most of the myocardial mass is formed and covered by epicardium. 
(c) In the left ventricle, the compact layer is thickened and developing coronaries start 
to invade. (d) The architecture of the left ventricular compact layer is apparent. 
Reprinted with permission of Wiley-Liss, Inc. Wiley a susidiary of John Wiley & Sons, 
Inc. 
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2.5 Cardiac physiology 

The global function of the heart consists of systole and diastole, forming an 
integrated pump system. (Brutsaert & Sys 1989) The Ca2+ concentration within 
the myocyte is an important determinant of myocardial contraction and 
relaxation. The cellular processes responsible for the regulation of intracellular 
Ca2+ concentration undergo important changes during maturation of the heart. 
(Mahony 1996b) The Ca2+ waves occur when the sarcoplasmic reticulum (SR) 
content reaches a critical SR threshold. (Venetucci et al. 2008) Contraction of the 
heart begins when an action potential depolarizes the sarcolemma. Ca2+ enters the 
myocyte during the action potential through voltage-dependent Ca2+ channels in 
the sarcolemma, which are gated both by membrane potential and by the 
intracellular Ca2+ concentration. The Ca2+ channel density increases during 
embryonic and postnatal development of chick and rat hearts. (Mahony 1996b) 
Relaxation is an active process by which the ventricular myocardium returns to 
steady state after contraction, depends on the rapid removal of Ca2+ from troponin 
C. This is mediated primarily by active transport of Ca2+ back into the SR. The 
rate of SR Ca2+ uptake correlates well with the observed rate of myocardial 
relaxation. (Mahony 1996a, Mahony 1996b) 

Cardiac endothelium and related cytokines play obligatory roles in regulating 
cardiac function. (Brutsaert et al. 1998) Trabeculation is essential for normal 
functioning of the heart and for the survival of the animal. In vertebrates, the 
luminal surface of the mature heart has a complex structure consisting of furrows, 
cylinder- and sheet-like trabeculae and papillary muscles. This surprisingly large 
contact surface area of the endocardial endothelium (EE) offers a high ratio of 
cavitary surface area to ventricular volume, suggesting an important sensory 
function for the EE. The paracrine neuregulin–ErbB signalling from endocardial 
endothelium to myocardium in the embryonic heart is essential for formation of 
trabeculae in the normal development of the embryonic heart. (Brutsaert et al. 
1998) On the other hand, adequate loading is important for normal cardiac 
morphogenesis and the development of typical myocardial patterns. (Sedmera et 
al. 1999)  

Cardiac function is determined by the coordinated and dynamic interaction of 
several cell types together with components of the ECM. This interaction is 
regulated by mechanical, chemical, and electrical signals between the cellular and 
noncellular components of the heart. The ECM is a dynamic entity and alterations 
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in this structure result in the development of heart dysfunction. (Banerjee et al. 
2006, Pelough et al. 1994) 

Non-invasive ultrasonography is a useful technique to investigate 
cardiovascular development. It is one of the most common tools in clinical 
cardiology, providing the clinician with much information about the structural and 
functional characteristics of the heart under study. (James & Robbins 1997) 
Qualitative markers of embryonic congestive heart failure such as valvular 
regurgitation may be present and detectable with structural valvular abnormalities 
or defective cardiac physiology. In addition, the mouse embryo is a relevant 
animal model to investigate mammalian heart function and development. (Gui et 
al. 1996, Mäkikallio et al. 2002, Rounioja et al. 2005, Srinivasan et al. 1998) For 
example, human fetuses with myocardial damage demonstrate increasing 
systemic venosus pressure, a change in the distribution of cardiac output toward 
the left ventricle and an increased right ventricular afterload. (Mäkikallio et al. 
2002) 

2.6 Transgenic mice with cardiac dysfunction 

Heart failure is one of the major health and economic burdens in developed 
countries and its prevalence is continuously increasing (Mendez & Cowie 2001). 
It is possible to use genetics to create animals with alterations in various proteins 
that will help to understand the structure-function relationship that underlie the 
function of the heart at the molecular, biochemical, physiological, whole organ 
and whole animal levels and even aid in the discovery of novel therapeutic targets. 
(Balakumar et al. 2007, James & Robbins 1997) 

The genetic alterations in sarcoplasmic and cytoskeletal proteins and various 
effectors pathways of energy generation mechanisms, Ca2+ cycling mechanisms 
and transcriptional control have provided useful information in understanding the 
pathophysiology of heart failure (Balakumar et al. 2007, Benjamin & Schneider 
2005, Zvaritch et al. 2007). Mutations in the cell adhesion or ECM protein genes 
may lead to fetal lethality. For example, defects in N-cadherin, fibronectin and 
collagen XIII leads to fetal lethality during early development, suggesting that 
these proteins have a critical role in early heart development. (Astrof et al. 2007, 
Luo et al. 2001, Sund et al. 2001b) Transgenic and gene-targeting technologies 
have revolutionized the field of cardiac research. A large number of genetically 
engineered mouse models with altered cardiac function have been generated, but 
analysis of their phenotypes may not always be valid for humans. Nevertheless, 
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generation and characterization of genetically altered mouse models have greatly 
advanced our knowledge of the molecular mechanisms underlying the 
pathogenesis of heart failure and provided valuable insights into the identification 
of the molecular targets development of therapeutic. (Chu et al. 2002) 

2.7 Immune response 

Leukocytes are the cells of the immune system defending the body against both 
infectious diseases and foreign materials. Leukocytes can be devided into the 
different groups and they all are produced and derived from a multipotent cell in 
the bone marrow known as a hematopoietic stem cell. Lymphocytes are a subtype 
of leukocytes in the vertebrate immune system. The three major types of 
lymphocytes are T cells, B cells and natural killer cells and they play an important 
and integral role in the body’s defenses. Lymphocytes are in the circulation but 
they also stay for a long time in the lymphoid organs, such as the lymph nodes 
and the spleen. In the lymph node, lymphocytes can move from blood circulation 
to the lymph and then back to the circulation. 

Lymphoma is a type of neoplasm that originates in lymphocytes. Some 
details are presented on B-cell malignancies and the intestinal immune system, as 
these are relevant to the thesis studies. B-cell lymphomas (BCLs) can be divided 
into two main groups according to the mechanisms through which physiological 
imbalance is achieved, namely low and high-growth fraction lymphomas. Low-
growth fraction BCLs are initiated by molecular events resulting in the inhibition 
of apoptosis, while high-growth fraction BCLs are characterized by an enhanced 
proliferative activity as a result of the deregulation of oncogenes with cell cycle 
regulatory functions. (Sanchez-Beato et al. 2003). 

Lymphomas are common tumors in aging mice of many strains. Often these 
are B-cell lymphomas, originating in the spleen, the mesenteric lymph node and 
Payer’s patches. (Ward 2006) Many of the extranodal lymphomas arise from B 
cells of the marginal zone (MZ) of mucosa-associated lymphoid tissue (MALT) or 
the spleen. Growing evidence indicates that MZ lymphomas are associated with 
chronic antigen stimulation by microbial pathogens and autoantigens, like H. 
pylori. A pathophysiological concept involving chronic and sustained stimulation 
of the immune system leading to lymphoid transformation has emerged. (Suarez 
et al. 2006) The immune system of any organism must maintain a balance 
between activation and inhibition, and the dysfunction of this regulation may lead 
to chronic inflammation, autoimmunity or the evolution of neoplasms. For 
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example, deficiencies of the granulocyte-macrophage colony-stimulating factor 
and interferon gamma had a high incidence of B-cell neoplasms. It demonstrates 
that the interplay of infectious agents with cytokine-mediated regulation of the 
immunesystem is a critical determinant of cancer susceptibility. (Enzler et al. 
2003) On the other hand, the generation of B-cell clones can be virus-independent, 
but an ecotropic virus may act to increase the rate of generation of clones and 
speed their evolution to lymphoma. (Hartley et al. 2000) It is known that B 
lymphomas can grow independent of T cells. Alternatively, it has been shown that 
Id-specific Th2 cells can induce B lymphomas. (Zangani et al. 2007) All in all, it 
is known that chemicals, retroviruses, irradiation and genetics play a major role in 
lymphomagenesis and leukemogenesis, the expression of malignant immune cells 
in the circulation. (Ward 2006) 

2.7.1 The immune system of the intestine 

The intestinal immune system is the largest and most complex part of the immune 
system containing 70-80% of the body’s immune cells. The gut has a huge surface 
area because of the millions of finger-like villi in the small bowel. This surface 
area is lined by a single layer of enterocytes. Every cell is interconnected to its 
neighbors by desmosomes and the proteins that make up the adherens and tight 
junctions. The gastrointestinal lymphatic system can be divided in to two 
functional components, the organized lymphoid tissue, for example Payer’s 
patches (PP), and the lymphocytes which are located diffusely in the mucosa. 
(Kiba 2006, Kohne et al. 1996, MacDonald 2003)  

Innate immunity is the first line of defense against microorganisms. On the 
other hand, the PP is the inductive site of the mucosal immune response. 
(MacDonald 2003) After the inititation of the immune response by antigen 
processing and presentation to T- and B-cells in the PPs, the primed lymphocytes 
leave the mucosa. (Kohne et al. 1996) An important part of the innate immunity is 
the release of endogenous antimicrobial peptides by mammalian epithelial cells 
(Huttner & Bevins 1999). Paneth cells residing at the base of the crypts synthesize 
and secrete antimicrobial peptides such as α-defensins, termed cryptidins in mice, 
and lysozyme and secretory phospholipase A2 as components of apical secretory 
granules (Ayabe et al. 2002, Ouellette et al. 2000, Porter et al. 1997, Garside et al. 
2004)  
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2.7.2 Leukocyte-associated Ig-like receptor-1 (LAIR-1) 

Inhibitory receptors control the activation threshold of many immune cells. Loss 
of the inhibitory immune reseptors or downregulation of its ligands can lead to 
autoimmunity. Inhibitory receptors might play an essential role in the 
pathogenesis of autoimmunity. (Bolland & Ravetch 2000, Pritchard & Smith 2003, 
Ravetch & Lanier 2000) LAIR is a transmembrane glycoprotein with a single 
extracellular Ig-like domain and cytoplasmic tail containing two immunoreceptor 
tyrosine-based inhibition motifs (ITIMs). It is expressed on the majority of human 
mononuclear leukocytes. The naïve T-cells express the highest levels of LAIR-1, 
and it may function at an early stage in the development of an immune response. 
(Maasho et al. 2005) On the other hand, LAIR-1 has been shown in vitro to 
deliver a potent inhibitory signal that is capable of inhibiting cellular functions of 
NK cells, effector T-cells, B-cells, and dendritic cell precursors. (Meyaard et al. 
1997, Poggi et al. 1998, van der Vuurst de Vries et al. 1999) Collagens are 
functional and high affinity ligands for LAIR-1. All other ligands are membrane 
molecules, implying a regulatory role in cell-cell interaction. (Lebbink et al. 2006) 

2.7.3 Diffuse large B-cell lymphoma (DLBCL) 

Diffuse large B-cell lymphoma (DLBCL) is the most common subtype of 
aggressive lymphoma worldwide and the majority of patients die of their disease. 
DLBCL is a heterogenous disease with recognized variability in clinical outcome, 
genetic features, morphological appearance and prognostic features. DLBCL is 
classified into two main subtypes: the germinal center B-cell and activated B-cell 
types. Clinically, the disease frequently presents as a rapidly enlarging lymph 
node, but in part of the patients the site is extranodal. Occasionally, these occurs 
hemorrhage, necrosis or fibrosis. DLBCL often completely effaces the normal 
lymph node architecture with sheets of large, atypical lymphoid cells, and fine or 
broad bands of sclerosis may be present in the background. Morphologically, 
many variants of DLBCL were identified. 

DLBCL is potentially curable with conventional chemotherapy, but 
variability in response is often observed, further emphasizing the diversity of the 
disease. In the future, therapeutic regimens will be more customized and tailored 
to each specific subtype because of their different biological behaviors. This 
hopefully results in longer remission and potential cures in more than just in 
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subset of patients with DLBCL. (Hunt & Reichard 2008, Monti et al. 2005, 
Seshadri et al. 2008) 

2.8 Mechanisms of epithelial cell migration and invasion 

The process of tumor cell invasion requires penetration of tissue barriers, such as 
BMs and interstitial stroma, by the malignant cells. It requires adhesion, 
proteolysis of extracellular matrix components and migration. The migrating 
individual cells detach from the primary tumor, enter lymphatic vessels or the 
bloodstream and seed in distant organs. (Friedl & Wolf 2003, Lauffenburger & 
Horwitz 1996, Wolf et al. 2007)  

Cell migration is a characteristic process in early morphogenesis and cancer 
metastasis. It involves a multi-step cascade of coordinated cell adhesion and 
contractility of the ECM. The disseminating cancer cell can undergo a variety of 
adaptation reactions in response to changes in their molecular migration program. 
These adaptation responses include the epithelial-mesenchymal transition (EMT), 
the mesenchymal-amoeboid transition (MAT) and the collective-amoeboid 
transition (CAT). Cancer cells disseminate from the primary tumor either as 
individual cells, using amoeboid- or mesenchymal-type movement, or as cell 
sheets, strands and clusters using collective migration. In a recent study it was 
also shown that stromal fibroblasts are essential in cancer invasion. The 
fibroblasts lead collective cancer cell invasion, and the tracks in the matrix made 
by fibroblasts are sufficient to enable cancer cell invasion. (Che et al. 2006, Friedl 
& Wolf 2003, Gaggioli et al. 2007, Lauffenburger & Horwitz 1996, Wolf et al. 
2007, Moustakas & Heldin 2007, Christofori 2006) 

Large numbers of proteolytic enzymes are upregulated and activated during 
cancer progression that attend the chemical and physical modification of the 
extracellular microenvironment. In addition, cancer cell migration is typically 
regulated by integrins, matrix-degrading enzymes, cell-cell adhesions molecules 
and cell-cell communication. (Friedl & Wolf 2003, Wolf et al. 2007)  

2.9 Premalignant and squamous cell carcinomas 

In human skin, actinic keratosis (AK) is the initial manifestation of a continuum 
of clinical and histological abnormalities that progresses to invasive squamous 
cell carcinomas (SCC). Each premalignant and suspicious lesion should be treated 
before it progresses to invasive SCC, and the treatment should be aggressive to 
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stop the progression to SCC. (Butani et al. 2005, Moy 2000, Sober & Burstein 
1995) It is known that more than half of all SCCs contain mutations in the p53 
tumor suppressor gene. (Butani et al. 2005) 

Oral squamous cell carcinoma (OSCC) is a common carcinoma that is 
located in the oral mucosa. Typically OSCC is a highly invasive and 
metastasizing carcinoma. Early OSCC presents as leukoplakia, erythroplakia or 
erythropleukoplakia. Symptoms are uncommon in earlier stages but become 
frequent with advanced local invasion. (Bsoul et al. 2005, Neville & Day 2002) 
Histologically, OSCC has nests of atypical squamous cells with vesicular nuclei 
and central keratinization that extend into the dermis. An abundance of 
inflammatory cells is seen in the tumor stroma. (Davis et al. 2005, Neville & Day 
2002) 

2.10 ECM proteins during carcinogenesis 

Many changes in the ECM associate with malignant processes including changes 
in the structural components and proteolytic enzymes. An interesting new concept 
is the occurrence of cryptic functions in many matrix molecules with 
antiangiogenic and antitumor formation properties. (Folkman 2006, Iozzo 2005, 
Kalluri & Zeisberg 2006) 

In the case of the transmembrane collagens, recent data suggest that collagen 
XIII expression is induced during malignant transformation in various epithelial 
and mesenchymal tumors in humans. The expression was identified in the tumor 
stroma and to a lesser extent in the epithelium. (Väisanen et al. 2005) Another 
collagenous transmembrane protein, collagen XVII, is associated with bullous 
pemphigoid (BP), an autoimmune skin blistering disease (Zillikens 2002). 
Collagen XVII expression is also increased in epithelial malignancies. The 
expression level varies within the neoplastic tissue in ameoblastomas SCC and 
basal cell carcinoma. (Parikka et al. 2001, Parikka et al. 2003) Collagen XVII 
interacts with integrin αIIb β3 and promotes the transmigration of SCC cells. 
(Parikka et al. 2006) Collagen XXIII is associated with cancer as increased 
collagen XXIII expression was demonstrated in prostate cancer tissue. The 
collagen XXIII level is a significant independent predictor of PSA-defined 
disease recurrence, suggesting a potential role as a molecular biomarker of 
prostate cancer progression and metastasis. (Banyard et al. 2007) 

With respect to SCC tumors the BM proteins collagen VII and laminin-332 
are expressed at the invasive front of human SCC tumors. The uncoupling of 
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stable adhesion from tumor progression suggests that their interaction promotes 
epidermal carcinogenesis through signalling rather than adhesion. (Waterman et 
al. 2007) Especially, laminin-332 is critical for (SCC) tumorigenesis due to a key 
role of laminin-332 in maintaining tissue integrity. Recent studies have shown a 
remarkable selectivity of expression and function for laminin-332 G45 in human 
SCC tumorigenesis and have implicated it as a specific target for anticancer 
therapy. (Tran et al. 2008)  

Altered integrin expression has been demonstrated in many cancers including 
adenocarcinomas, SCC and melanomas. (Lyons & Jones 2007) Expression of 
integrin β6 enhances invasive behavior in OSCC. It increases OSCC cell motility 
and growth and it is a key component of OSCC invasion and metastasis through 
modulation of MMP-3 activity. (Ramos et al. 2002) Another family of cell 
adhesion proteins, the cadherins, are transmembrane single-chain glycoproteins 
and their expression has been examined in various tumor types including breast, 
colon, bladder and SCC. Similar to integrins, cadherin expression in tumors 
varies. Other cell adhesion molecules such as the immunoglobulin superfamily, 
CD44, dystroglycan and selectins are also associated with carcinogenesis. (Lyons 
& Jones 2007) 

The interaction of ECM and cancer cells is essential for cancer development, 
and collagens as the major ECM constituent are likely to be involved in such 
processes. For example, in prostate cancer markers of collagen synthesis in the 
biopsy material were increased in the cancer focus and in nearby histologically 
benign prostatic tissue. (Burns-Cox et al. 2001) In colon malignancy the synthesis 
of collagen I is increased (Bode et al. 2000), and collagen I and IV participate in 
the modulation of hepatocellular carcinoma. (Wu et al. 2006) Endostatin, which is 
a C-terminal fragment of collagen XVIII, is associated with tumor progression 
and metastasis by inhibiting angiogenesis. (Brideau et al. 2007, Lyons & Jones 
2007) Fibronectin is a matrix glycoprotein that interacts with many integrins. 
Another family of ECM proteins, the tenascins, is also dysregulated during 
tumorogenesis (Lyons & Jones 2007) MMPs are endopeptidases and their main 
substrates are matrix molecules such as collagens. They play an essential role in 
physiological but also in pathological events such as inflammation, tumor 
invasion and metastases. (Kalluri & Zeisberg 2006, Lyons & Jones 2007, Ramos 
et al. 2002) 
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3 Outlines of the present study 

The primary structure, biosynthetic features and tissue distribution of the 
transmembrane collagen XIII are well known. Its location at many cell-matrix 
junctions is suggestive of a function in cell adhesive processes. To study the 
functions of collagen XIII, gene-targeted and transgenic mouse lines have been 
generated. In the normal situation, collagen XIII is expressed at low amounts in 
many adult tissues, while its expression is at a higher level during embryonal 
stages. Prior to this study, it was known that overexpression of mutant collagen 
XIII chains in the transgenic line Col13a1del results in fetal lethality. This 
occurred at two stages of development, and histological changes were found in 
both cardiac and placental tissues. The physiological consequences of this mutant 
collagen were analyzed, and the results indicate that collagen XIII has a 
signifigant role during embryogenesis and it appears also to modulate the immune 
response.  

Collagen XIII is also expressed at low amounts in the skin. Its expression is 
induced during malignant transformation in some human tumors. To better 
understand how collagen XIII is involved in malignant processes, we have 
generated chemically induced skin tumors in wild-type mice and studied the 
changes in collagen expression from the hyperplasia to carcinoma stages. In 
addition we analyzed collagen XIII expression in human oral dysplasias and 
malignant tumors. Altogether, the aim of this work was to explore the function of 
collagen XIII using animal models and human samples. The specific aims were: 

1. to study the physiological consequences of overexpressing shortened collagen 
XIII in transgenic mouse fetuses,  

2. to investigate the molecular role of collagen XIII in the pathogenesis of 
transgenic mice that develop intestinal tumors, and,  

3. to study the role of collagen XIII during malignant transformation in mice 
and man. 
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4 Materials and methods 

4.1 Genotyping of Col13a1del mice (I, II) 

The yolk sacs from heterozygous matings of Col13a1del mice or the tails of 14 
day-old mice (Sund et al. 2001b) were collected for DNA extraction and 
incubated in 10 mM Tris, pH 8.0, 1 mM EDTA, 0.1 M NaCl and 0.1% SDS (STE 
buffer) with 400 μg Proteinase K (USB, Cleveland, USA) at +55  C overnight 
followed by DNA precipitation with isopropanol. Genotyping was performed by 
PCR with the primers MutScreen2 (5’-GGTTTACCGGGGCCTCCTGGACCAA 
AGGG-3’) and MutScreen2rev (5’-GGCCTGCTTGTCCTGTCTCCCCTTTCTC 
C-3’). The DNAs were subjected to thirty cycles of denaturation at 94 °C for one 
minute, annealing at 65 °C for one minute and synthesis at 72 °C for one minute, 
after which the samples were analyzed by gel electrophoresis. 

Due to technical difficulties it was impossible to define whether the transgene 
positive fetuses were heterozygous or homozygous. To verify the difference 
between heterozygote and homozygote fetuses, we also performed 
ultrasonographic examination of pregnant wild-type females which had been 
mated with a transgenic male. 

4.2 Morphological measurements (I) 

Digital images with the same appropriate magnification were taken from HE-
stained paraffiin sections of the heart of day 12.5 fetuses with AVVR, fetuses 
without AVVR and transgene negative fetuses. The area of trabeculation, the area 
of the left and right ventricles and the thickness of the myocardium were 
measured. The trabecular area was calculated as a percentage of the entire 
ventricular area. The area of the trabeculation in ventricles and the thickness of 
the myocardium were measured in 3 fetuses in each of the 3 groups. Three to five 
slides were analyzed in each of the nine hearts at the AV-valve level. In addition, 
the thickness of the myocardium was measured in three randomly selected points 
in each of the three levels. 
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4.3 Immunohistological and immunofluorescense staining (II–III) 

For immunohistological staining 5 μm paraffin sections of tissue specimens were 
cut onto Super Frost Plus glass slides (Menzel Gläser, Germany). Paraffin 
sections were subjected to antigen retrieval by boiling for 15 min in 1 mM EDTA, 
blocked with 1% BSA and incubated with CK-PAN or CD68 for 30 min, followed 
by incubations with the Dako Cytomation K5007 envision detection kit.  

For indirect immunofluorescense, 5 μm cryosections of tissue specimens 
were cut onto Super Frost Plus glass slides (Menzel Gläser, Germany). The 
cryosections were fixed in precooled acetone for 10 minutes at −20 °C. 
Unspesific binding was blocked by incubation for 1h at room temperature in 1% 
bovine serum albumin (BSA) in PBS, pH 7.3. Primary antibody (anti-collagen 
XIII and CD31/PECAM) incubation was carried out overnight at +4 °C. After 
washing in PBS, pH 7.3, CY3 and/or CY2-conjugated secondary antibodies at a 
1:100 dilution in 1% BSA-PBS, pH 7.3 were added for 1h in the dark. After 
incubation, the slides were washed in PBS, pH 7.3, and mounted. Samples were 
analyzed by conventional light microscopy or epifluorescence microcope 
equipped with appropriate filters. 

Table 4. Summary of the primary antibodies. 

Antibody (clone) Used in Method 

anti colIV II IF 

anti colXIII II,III IF 

CD3e (145-2C11) II FACS 

CD19 (1D3) II FACS 

CD31/PECAM (390) II,III IF 

CD45 II IF 

CD68 (FA-11) II IF 

CD68 (KP-1) III IH 

CK-PAN (MNF116) III IH 

CK-PAN (AE1/AE3) III IH 

Desmin (DE-U-10) II IF 

Immunofluorescence (IF), Immunohistology (IH), Flow cytometry (FACS) 

4.4 Tissue preparation and histological analysis (I–III) 

After ultrasonographic examination, the fetuses were dissected from the uterus or 
mice were sacrificed and the tumors and other tissues were removed and fixed in 
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10% phosphate-buffered formalin and embedded in paraffin. Human samples 
were obtained from the archives of the Department of Pathology, Oulu University 
Hospital. For histological analysis, 5 μm sections were cut onto Super Frost Plus 
glass slides (Menzel Gläser, Germany), dried for 1 hour at +55 °C or overnight at 
+37 °C and stained by routine hematoxylin-eosin techniques. The sections were 
analyzed by light microscopy. The samples were evaluated by a pathologist in a 
blinded manner on the basis of H&E-stained sections.  

4.5 In situ hybridization (I,III) 

Probes for in situ hybridization of mouse tissues were generated from a 720-bp 
cDNA fragment corresponding to nucleotides 1419–2139 of mouse collagen XIII 
(Hägg et al. 1998). The fragment was cloned into the vector pSP72 (Stratagene, 
La Jolla, CA) and linearization by BamHI or HindIII digestion resulted in anti 
sense and sense templates. The human collagen XIII probes for ISH were 
constructed by ligating the BamHI and SmaI fragment (bases 1538–2505) of 
human collagen XIII cDNA into the pSP72 expression vector (Promega). 
Linearization of this construct with HindIII or EcoRI resulted in anti sense or 
sense templates. Human and mouse probes were transcribed with T7 or SP6 RNA 
polymerases (Promega) to generate the respective digoxigenin-11-UTP-labelled 
(Roche) RNA probes. The sense probe was used as a control for non-specific 
hybridization. 

Five micrometer sections were cut from the paraffin-embedded tumors or 
12.5 embryonal day fetuses onto Super Frost Plus glass slides (Menzel Gläser, 
Germany) and dried for 1 hour at +55 °C or overnight at +37 °C, dewaxed with 
xylene and dehydrated. Sections were initially fixed in 4% paraformaldehyde in 
PBS, washed and incubated in 0.2 M HCl followed by washing in DEPC-H2O. 
The sections with 10 μg/ml proteinase K followed by washing in 0.3% glycine in 
PBS. The sections were acetylated in 0.25% and 0.50% acetic anhydride in 0.1 M 
triethanolamine and balanced for 15 minutes in 10 mM Tris-HCl, 10 mM NaPO4, 
5 mM EDTA and 300 mM NaCl, pH 6.8. Prehybridization of the sections was 
performed with a hybridization mixture consisting of 10 mM Tris-HCl, 10 mM 
NaPO4, pH 6.8, 5 mM EDTA, 300 mM NaCl, 19 mM DTT, 50% formamide, 10% 
dextran sulphate, 1x Denhardt’s solution, 1 μg/ml yeast tRNA and 0.25 μg/ml 
herring sperm DNA, alone for 2 hours at 50 °C in the case of the frozen sections 
or at 60 °C for the paraffin sections, followed by hybridization with either sense 
or antisense probes (400 ng/ml) overnight at 50 °C for the frozen sections or 
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60 °C for the paraffin sections. The sections were subsequently washed in 50% 
formamide for 15 minutes, 2X SSC for 15 minutes four times for 15 minutes in 
0.1X SSC at the hybridization temperature and 0.1X SSC for 5 minutes at RT. 
Immunological detection was performed by incubation of the slides in buffer 1 
(0.1 M Tris-HCl and 0.15 M NaCl, pH 7.5) three times for 5 minutes at RT, 
blocking for 30 minutes in buffer 1 containing 0.1% Triton X-100 and 2% fetal 
calf serum, and incubation with alkaline phosphatase (AP)-conjugated anti-
digoxygenin antibody diluted in buffer 1 containing 0.1% Triton X-100, 1% fetal 
calf serum and 1% blocking reagent (Roche Molecular Biochemicals, Germany). 
This was followed by washing in buffer 1 three times for 5 minutes, and 
incubation in 0.1 M NaCl and 0.05 M MgCl2 pH 9.5 for 10 minutes at RT. The 
color reaction was performed using Fast Red tablets (Roche Molecular 
Biochemicals, Germany) according to the manufacturer’s protocol and stopped by 
incubation in 10 mM Tris-HCl and 1 mM EDTA, pH 8.0, for 10 minutes. 
Afterwards, the slides were dipped in 0.1 M Na-acetate-buffer, pH 5.2, 
counterstained with methyl green, washed in tap water and mounted with Kaiser’s 
glycerol gelatin (Merck, Germany). 

4.6 Ultrasonographic examination of the embryos (I) 

Doppler ultrasonographic examination of the anesthesized fetuses was performed 
with Acuson Sequioa 512 equipment (Mountain View, CA, USA) using a 13 MHz 
linear probe, as previously reported (Mäki et al. 2002). After identifying the fetal 
heart by color Doppler, the sample volume of the pulsed Doppler was placed to 
cover the entire heart, and the high pass filter was set at its minimum. The fetal 
heart was examined from different views to minimize the angle between the 
Doppler beam and the inflow and outflow regions of the heart, in order to assess 
their maximal velocities. Maximal inflow and outflow velocities were recorded at 
a sweep speed of 100 mm/s. The ductus venosus (DV) and umbilical artery (UA) 
were located from the sagittal view of the fetus with the help of the color Doppler 
and their blood velocity waveforms were obtained by pulsed Doppler 
ultrasonography. Immediately after the ultrasonographic examination, the mice 
were sacrificed and the fetuses were identified according to the mapping obtained 
during the ultrasonographic examination. 

The ultrasonographic examinations were videotaped and analyzed later using 
the cardiovascular measurement package of the ultrasound equipment. The 
investigator obtaining and analyzing the ultrasonographic data was blinded to the 
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genotype of the fetuses. Time-velocity-integral (TVI) was measured from the 
outflow blood velocity waveform by planimetering the area underneath the 
Doppler spectrum. Fetal heart rate (FHR) was obtained and the outflow mean 
velocity (Vmean) was calculated (Vmean = FHR × TVI). The presence of 
atrioventricular valve regurgitation (AVVR) was documented (Gui et al. 1996) 
and the pressure rate (dP/dt) was calculated to asses the contractility of the 
ventricle (Tulzer et al. 1991). The isovolumetric relaxation (IRT) and contraction 
(ICT) times were measured in milliseconds and expressed as a percentage of the 
total cardiac cycle. The shortest detectable time interval with our system was 3 
msec. The IRT was measured as the time period between the end of ejection and 
the onset of filling, and the ICT as the time period between the end of ventricular 
filling and the onset of ejection. The index of myocardial performance (IMP), 
which describes the combined systolic and diastolic performance of the heart, was 
calculated by the formula: IMP = (ICT+IRT)/ET, in which ET is the ejection time 
(Tsutsumi et al. 1999). The pulsatility index for veins (PIV) was calculated from 
the DV blood velocity waveforms (PIV = (peak systolic velocity − velocity 
during atrial contraction)/time-averaged maximum velocity over the cardiac cycle) 
and the pulsatility index (PI) from the UA blood velocity waveforms (PI = (peak 
systolic velocity – end-diastolic velocity)/time-averaged maximum velocity over 
the cardiac cycle). 

4.7 Flow cytometry (II) 

Tumor tissues were homogenized by a Medimachine homogenizer (DAKO), and 
cells were counted and analyzed on a FACS Calibur flowcytometer (Becton 
Dickinson) using CELL Quest software (Becton Dickinson). Forward and side-
scatter gating was used to exclude dead cells from the analysis. FITC or PE-
conjugated monoclonal antibodies (Becton Dickinson, Santacruz) against CD3, 
CD19 and isotype-matched negative controls were used and cells werestained 
using standard dual color procedures 

4.8 Analysis of blood count (II) 

Blood samples of 500 μl from the orbital sinus of 12-month-old mutant and 
control mice were drawn into tubes containing lyophilized EDTA (Terumo 
Medical Corp) and analyzed by automated cell counting. Blood smears of the 



 46 

peripheral blood cells were made for morphometrical evaluation and analyzed by 
light microscopy. 

4.9 Molecular analysis (II) 

High molecular weight DNA was prepared from snap frozen mesenteric 
lymphomas and studied by Southern blotting. For immunoglobulin heavy chain 
rearrangements, DNA was digested with EcoRI or HpaI and hybridized with the 
Ig probe. For T cell receptor β chain (TCR β) rearrangements, restriction 
endonucleases BamHI or HhaI were used to digest the DNA. Probes were 
provided by Dr Rabbitts of the MRC Laboratory of Molecular Biology, 
Cambridge 

4.10 Electron microscopy (II) 

Biopsies from the small intestine of control and transgenic mice were fixed in a 
mixture of 1% glutaraldehyde and 4% formaldehyde in 0.1 mol/L phosphate 
buffer, postfixed in 1% osmium tetroxide, dehydrated in acetone, and embedded in 
Epon EMBed 812. Thin sections were cut with a Reichert Ultracut 

ultramicrotome and examined in a Philips CM100 transmission electron 
microscope (FEI company, Eindhoven, the Netherlands). Images were captured 
by a CCD camera equipped with TCL-EM-Menu version 3 from Tietz Video and 
Image Processing Systems GmbH (Gaunting, Germany). 

4.11 Microarray analysis (II) 

The separated tissues were frozen immediately and stored at −70 ºC until used for 
extraction of the RNA. Total RNA was purified using the RNeasy Kit (Qiagen). 
RNA (5 μg) was used as a template for synthesizing the cDNA and making 
biotinylated cRNA, according to the manufacturer’s instructions (Affymetrix). 
The biotinylated cRNA was hybridized to the GeneChip Mouse Expression Set 
430_2.0 Array, which represents approximately 45000 mouse transcripts. The 
arrays were scanned with GeneChip Scanner 3000, and the resulting expression 
data were analyzed with the Affymetrix GeneChip Operating System. The 
intensities of the signals for all probe sets were scaled to a target value of 500. 
The genes with altered expression in three out of four small intestines of 
transgenic mice compared to two small intestines of control littermates. 
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4.12 Skin carcinogenesis model (III) 

Each experimental group consisted of 25 to 30 wild-type mice at 12 weeks of age. 
Their dorsal skin was shaved and tumors were induced by a single topical 

application of 100 µg of DMBA (7,12-dimethylbenz[α]anthracene) (Sigma-
Aldrich) in 100 µL of acetone. After 1 week, tumor formation was promoted by 
treating the mice weekly for 12 to 20 weeks with 5 µg of TPA (12-O-
tetradecanoylphorbol-13-acetate) (Sigma-Aldrich) in 100 µL of acetone. Tumor 
growth was monitored as follows: Group 1, DMBA initiation followed by TPA 
promotion for 12 weeks and sacrifice at 13 weeks; Group 2, DMBA initiation 
followed by TPA promotion for 20 weeks and sacrifice at 24 weeks; and Group 3, 
DMBA initiation followed by TPA promotion for 20 weeks and sacrifice at 34 
weeks. The number of tumors on each mouse was counted weekly for the duration 
of the experiment, and the tumor size was measured with a gauge. The tumor 
incidence (percentage of mice with a tumor) and tumor multiplicity (number of 
papillomas per mouse) were recorded. Mice were sacrificed if moribund or if the 
tumor load was excessive. The samples used here for collagen XIII studies have 
been described earlier (Brideau et al. 2007). All the animal experiments were 
approved by the Animal Care and Use Committee of the University of Oulu and 
by the State Provincial Office of Oulu.  

4.13 RNA extraction and RT-PCR (II,III) 

Total RNA was isolated from several mouse tissues by homogenization in 4 M 
guanidineisothiocyanate as previously described (Chomczynski & Sacchi 1987). 
For the reverse transcriptase (RT) reaction, 2.5 μg of total RNA and 150 ng of 
random oligohexamers (GibcoBRL, Rockville, Md) were annealed at 70 °C for 
10 minutes and then incubated on ice. The RT reaction with 200 units of the 
M-MLV RT enzyme (Fermentas) was carried out at 42 °C for 50 minutes 
followed by treatment of the products with two units of RNAseH (GibcoBRL, 
Rockville, Md) at 37 °C for 20 minutes. For the PCR reaction, 2 μl of the RT 
reaction product was used with the primers RTpcr1 5’-GATGCTGCCATTATAATC
CACCATCTC-3’ and RTpcr2 5’-CCTAAAGGGGAACAAAGTCAGACTGGC-3’. 
These generate a 567 bp fragment from the endogenous type XIII collagen 
transcript and a 297 bp fragment from the transgene transcript. The PCR was 
carried out with denaturation for 60 seconds at 94 °C, annealing for 60 seconds at 
67 °C and extension for 60 seconds at 72 °C for 30 cycles. The accuracies of the 
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resulting PCR fragments were verified by Southern analysis, probing the blots 
with a 1.2 kb mouse collagen XIII cDNA fragment generated by KpnI and XbaI 
digestion of clone 3VPL6 (Sund M., unpublished data). 

4.14 Western blotting (II) 

Protein of various tissues were extracted with the QIAzol lysis reagent (Qiagen), 
separated by SDS-PAGE and electroblotted onto nitrocellulose membranes 
(Whatman Protran). Membranes were incubated with a polyclonal antibody 
against a peptide sequence of the collagen XIII NC3 domain (Hägg et al. 1998) 
and detected with enhanced chemiluminescence. 

4.15 Statistical analyses (I,II) 

The Doppler ultrasonographic parameters were analyzed statistically using 
Student’s t-test. Linear regression analysis was used to show the relationship of 
DV PIV to cardiac parameters, and fetal cardiovascular parameters to cardiac 
morphological measurements. A p-value of 0.05 or less was taken as statistically 
significant. 
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5 Results 

5.1 Ultrasonographic examination for Col13a1del mice (I) 

To assess the physiological consequences of the mutant Col13a1del allele, known 
to result in fetal lethality (Sund et al. 2001b), fetuses of heterozygous matings 
were studied using ultrasonography. A total of 33 living fetuses from 
heterozygous matings were detected in seven females by ultrasonography at 12.5 
days of gestation, accounting for 94.3% of all the living fetuses. Two additional 
living fetuses and 18 dead fetuses were found after the females had been 
sacrificed. The dead fetuses apparently represent the early lethal phenotype, and 
they were not genotyped due to extensive resorption. Subsequent genotyping of 
the 33 fetuses detected by ultrasonography indicated that 23 of these were 
transgene positive and 10 transgene negative.  

Atrioventrigular valve regurgitation (AVVR) was diagnosed from nine 
transgenic positive fetuses by the occurrence of a high velocity regurgitation jet 
and obscured ICT. AVVR was observed in 39.1% of all the transgene positive 
fetuses. Assuming that the nine fetuses with AVVR would have died on day 13.5 
of gestation, the predicted proportions of transgene positive and negative 
offspring at birth would have been 58.3% and 41.7%, respectively. These 
numbers are highly similar to those previously reported to be born from 
heterozygous Col13a1del matings (Sund et al. 2001b). 

Ultrasonographic examination was performed on pregnant wild type females 
which had been mated with a transgenic male, so that the fetuses were either 
lacking the transgene or were heterozygous for it. A total of 16 fetuses in two 
females were examined at 12.5 days of gestation, but no AVVR was observed 
among them. Subsequent genotyping showed seven of these to be transgene 
positive and nine transgene negative, with these figures following an expectated 
Mendelian ratio. 

5.2 Cardiovascular parameters in fetuses with AVVR (I) 

According to ultrasonographic examination, the fetuses with AVVR had a lower 
heart rate (p < 0.003) and outflow Vmean (p < 0.005) than those without AVVR. In 
addition, their IRT % was greater (p < 0.0001), but there was no difference in the 
ICT %. The fetuses with AVVR had also higher IMP (p < 0.0001), DV PIV 
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(p < 0.0001) and UA PI (p < 0.05) than the fetuses without AVVR. In the fetuses 
with AVVR, the mean dP/dt was 240 mmHg/s. A significant positive correlation 
between IRT % and DV PIV (R = 0.75, p = 0.0001) was found, and a significant 
negative correlation between outflow Vmean and DV PIV (R = 0.64, p = 0.0001) 
was found in the fetuses with AVVR.  

5.3 Histological characterization of the heart (I) 

Histological analyses of the hearts of transgene positive fetuses without AVVR 
(apparently heterozygotes for the transgene), transgene positive fetuses with 
AVVR (apparently homozygotes for the transgene) and transgene negative fetuses 
were performed. The hearts of the heterozygotes appeared identical to wild-type 
fetuses. Fetuses with AVVR showed no gross morphological abnormalities in 
cardiac structure. In addition, atrioventricular valves were found to be 
morphologically identical to fetuses without AVVR. In the fetuses with AVVR, 
the average trabeculation of the ventricles was reduced (62%) compared to 
transgene positive fetuses without AVVR (79%) and transgene negative fetuses 
(80%). Based on morphological measurements it was shown that the myocardium 
was thinner in the fetuses with AVVR (19.04 pixel) compared with transgene 
positive fetuses without AVVR (45.17 pixel) and transgene negative fetuses 
(75.43 pixel). The myocardial thickness correlated positively with outflow Vmean 
(R = 0.81, p = 0.008) and negatively with IRT % (R = 0.78, p = 0.01) and DV PIV 
(R = 0.78, p = 0.01). 

5.4 Collagen XIII mRNA in mutant and control hearts (I) 

Tissues were collected from 6 control fetuses and 4 fetuses with AVVR after the 
ultrasonographic examinations for ISH. High expression of collagen XIII was 
shown at 12.5 embryonal days in the developing heart. Strong signals could be 
seen in the trabeculated wall of the ventricle, the muscular part of the 
interventricular septum and the wall of the atria. An even stronger signal could be 
seen in the AV valves and the epicardium. The signal could be seen both in the 
wild type fetuses and the fetuses with AVVR.  



 51 

5.5 Incidence of lymphomas in Col13a1del transgenic mice (I) 

The Col13a1del transgenic heterozygous mice, which were initially of normal 
appearance, were analyzed at 18 months of age, and an increased incidence of 
tumors was observed. More specifically, in 15.8% of the transgenic mice (n = 209) 
macroscopic lymphomas were found. In contrast, only 2.1% of the control mice 
(n = 146) displayed lymphomas (p-value: 0.002). When the mice were housed in 
an SPF (specific pathogen-free) barrier, 7.4% of the heterozygous transgenic mice 
(n = 190) and 0.8% of littermate controls (n = 118) developed lymphomas 
(p = 0.0045).  

The lymphomas were located in the mesenterium of the gastrointestinal tract, 
originating from the MLN (mesenteric lymph node). Moreover, splenomegaly 
was seen in 15 of 33 lymphoma-bearing mice fostered in the conventional facility 
and 4 out of 14 lymphoma-bearing mice raised in the barrier. In the conventional 
space, the total length of the lymphomas often reached 4–6 cm, while the 
lymphomas developed in mice from the barrier lymphomas were usually smaller 
than 2 cm.  

5.6 Characterization of the lymphomas (II) 

To characterize the cellular composition of the tumors with immunostaining, 
markers of several different cell lineages was used. The lymphomas stained 
positive for T-cell marker CD3, the B-cell marker CD45R and macrophage 
marker CD68. The results from FACS analyses of tumor cell suspensions also 
verified that the tumors contained both T- and B-cells, suggesting that over 70–
90% of the cells were CD2- and CD3-positive T-cells and only a smaller 
proportion were CD19- and CD20-positive B-cells. In further FACS analyses the 
T-cell component of the tumors was shown to include both mature T-helper 
(CD4+) and T-suppressor (CD8+) cells.  

To investigate if the T and/or B cell populations present in the tumors were 
clonal, we examined DNA from the tumors for the organization of 
immunoglobulin heavy chain (IgH) and T cell receptor beta chain (TCRβ) loci by 
Southern blot method. The results revealed clonal rearrangements of the Ig gene 
in 5 of 11 cases examined whereas clonal rearrangements of TCRβ were not 
observed. According to the Southern blot analysis, rearranged bands in 
lymphomas at lanes 1 and 2 are more intense than the germ line band indicating 
high proportion of tumor cells within these lymphoma tissues. In lymphoma case 
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3 the rearranged bands are equally intense suggesting a single clone with a 
productive and non-productive rearrangement. 

5.7 Histological findings in lymphomas (II) 

In order to characterize the lymphomas further, detailed histology was performed 
on tissues from transgenic and wild-type mice 4 or 12 months of age without 
visible tumors at necropsy and 18-month-old mice with clinically apparent tumors. 
The earliest histological changes were seen in a few of the 4-month-old and in a 
higher proportion of the 12-month-old Col13a1del mice without substantial 
lymphadenopathy or splenomegaly. Lymphoid tissues of some transgenics were 
distinguished by the presence of cells similar to centroblasts, but also having 
features of lymphoblasts, in the deep paracortical regions of the mesenteric node 
and in splenic germinal centers (GC). The involved GC tended to be large with 
irregular borders. Apoptotic bodies in tingible body macrophages were almost 
always present, but mitotic figures were uncommon. Cells with similar features 
were found singly or in small clusters in the surrounding follicles. In slightly 
more involved cases, cells with these features appeared in sheets. As the sites 
enlarged, cell size generally increased and there was a growing proportion of 
immunoblasts, mitoses and apoptotic figures. In the spleen, this resulted in 
marked compression of the red pulp. In lymph nodes, there was an extension of 
paracortical growth to encompass almost the entire node.  

The spectrum of diagnoses in the oldest transgenic mice included follicular B 
cell lymphoma, centroblastic and immunoblastic subsets of DLBCL, 
plasmacytoma (PCT), histiocyte-associated PCT and DLBCL, and true histiocytic 
sarcoma. In two cases, lymphomas were found to involve the mucosal and 
muscularis layers of the intestine but not other tissues examined. Thymic T-cell 
lymphoblastic lymphoma was also seen, with one case each in transgenic and 
wild-type mice. The only other abnormalities seen in non-transgenic mice 
included enlargement of the splenic marginal zone (also seen in transgenic mice 
without other lesions) and non-malignant atypical hyperplasia of B-cell follicles 
and plasmacytosis in lymph nodes. It is worth noting that a possible leukemic 
phase of disease was noted histologically in only one case, and that comparisons 
of peripheral blood parameters in transgenic and wild-type mice (white and red 
blood cell counts, platelet counts, and hemoglobin concentrations) revealed no 
significant differences. 
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5.8 Expression and localization of collagen XIII in lymphatic 
tissues (II) 

The expression and localization of collagen XIII in lymphomas was studied by 
RT-PCR, immunofluorescence and ISH. In the RT-PCR total RNA was isolated 
from the lymphomas of the transgenic mice and both the endogenous and the 
transgenic collagen XIII mRNAs were determined using selected primers. All the 
lymphomas in mesenteric nodes expressed both the transgene and the endogenous 
collagen XIII, with a higher expression level of the transgene. Localisation was 
determined based on immunofluorescence using a collagen XIII -specific 
antibody recognizing the NC3 domain and thus detecting both the mutant and the 
endogenous protein. Typically, no or very faint staining of collagen XIII was seen. 
ISH studies indicated absent or very low expression. 

The expression of collagen XIII in the small intestine, spleen and other 
lymphatic tissues was studied with immunostaining and RT-PCR. Collagen XIII 
antibody staining could be seen in the small intestines of Col13a1del and control 
mice, where collagen XIII expression was found beneath the epithelial cells of the 
villus area, the site of epithelial cell migration and differentiation. On the other 
hand, Peyer’s patches identified with the B-cell marker CD45R were negative for 
collagen XIII staining. When the collagen XIII mRNA expression in the small 
and large intestine was studied by RT-PCR, high and comparable levels of 
expression of the transgene and endogenous collagen XIII mRNA were detected 
in the Col13a1del mice. The level of transgene expression in the intestine was 
much higher than in the lymphomas. Of the lymphatic tissues analyzed, the lymph 
nodes as well as the thymus were negative for collagen XIII expression and only 
the spleen showed strong collagen XIII staining. In the spleen the staining 
appeared to localize adjacent to the endothelial cell marker (PECAM) in small 
vessels, with larger vessels being negative. In double staining for collagen XIII 
and desmin, a similar distribution pattern was observed.  

5.9 Abnormal appearance of basement membranes in Col13a1del 
transgenic mice 

Electron microscopy was used to investigate the morphological features of the 
small intestine. In the jejunum of 12- to 18-month-old Col13a1del mice, we 
observed abnormal accumulation of BM when compared to control mice. The 
lamina lucida and lamina densa layers of the BM, visible in control mice, could 
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not be detected. In two months old mice the BM abnormality was not as obvious, 
suggesting progression of the structural malformation of the BM with age. An 
abnormal BM was also seen in blood vessels of the transgenic mice, suggesting 
aberrant assembly of the BM in other tissues as well. Cytoplasmic changes were 
not seen in the epithelium of the Col13a1del mice. 

5.10 Changes in the expression of genes encoding proteins with 
immunological functions (II) 

To determine if we could relate the enhanced lymphoma susceptibility of 
Col13a1del mice to altered gene expression, we performed a microarray study of 
small intestinal tissue using an oligonucleotide gene chip representing 45,000 
mouse transcripts. The mice chosen for the study appeared healthy and did not 
have obvious lymphomas or enlarged mesenteric nodes. Table 3 (Paper II) lists 
the genes found to be significantly altered in expression in at least three of the 
four small intestines of mutant mice compared to controls. We detected altered 
expression for only one BM component, the laminin alpha 3 chain, which 
participates in the formation of the heterotrimeric molecule, laminin-5. 
Interestingly, of the 25 genes found to have increased expression in the 
transgenics, 11 are involved in various immune functions.  

5.11 Histological classification of mouse skin tumors (III) 

To further analyze the involvement of collagen XIII in malignant processes, we 
assessed its expression in wild-type mice with chemically induced skin cancer. 
The DMBA-TPA multistage mouse skin carcinogenesis method leads to the 
development of benign papillomas, and some of these can progress onwards to 
malignant SCC with invasion features. We analyzed by ISH 14 tumors, of which 
6 were papillomas, 2 were papillomas with microinvasion and 6 were SCC. 
Pathological identification of the 14 tumors collected from mice dorsal skin was 
done with a pancytokeratin (CK-PAN) antibody and hematoxylin-eosin staining. 
The CK-PAN stained epithelial cells and thus helped to identify the tumor cells. 
In the benign tumors the CK-PAN staining localized only in the epithelium, but in 
the malignant tumors the pancytokeratin staining could also be seen the malignant 
cells that had invaded the stroma. In addition, we found a group of tumors where 
the general histologic tumor pattern appeared as a papilloma, but there were foci 
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of microinvasion in the CK-PAN-staining indicating transition of papillomas to 
carcinomas. 

5.12 Collagen XIII expression during malignant transformation in 
mice (III) 

In the benign tumors collagen XIII ISH staining was very mild and localized 
throughout the epithelium. In those papillomas showing microinvasive foci the 
basal dysplastic epithelium expressed clearly increased collagen XIII mRNA 
signals, but the microinvasive cells themselves showed a decreased amount of 
signals. These tumors were those showing microinvasive areas at the sites of 
invasion and in the adjacent dysplastic epithelium collagen XIII expression was 
clearly upregulated, while the surrounding areas had a papilloma-like staining 
pattern. In the malignant SCC there was very strong staining throughout the basal 
epithelium and the invasive focus was stained somewhat strong composed with 
the basal epithelium. According to RT-PCR studies, these mouse skin tumors 
expressed collagen XIII mRNAs at high levels. 

Collagen XIII antibodies stained the papilloma and SCC. A mild staining was 
seen in papilloma samples in contrast to malignant tumors, which stained very 
strongly. In SCC the malignant cells throughout the sample were stained, and 
strong staining was observed in the invasive area. In the invasive area were 
strongly positive. On the other hand, blood vessels were not stained with the 
collagen XIII antibody, except that there was collagen XIII staining surrounding 
the CD31/PECAM staining. 

5.13 Collagen XIII mRNA expression in human oral dysplasias and 
SCC (III) 

Different stages of human dysplasias and SCCs were classified with HE- and CK-
antibody staining. In order to characterize collagen XIII expression in human 
dysplasias and SCC, non-radioactive ISH with an RNA probe corresponding to 
720 amino acids in the COL2 domain was done for 31 samples. There were 17 
samples representing different stages of dysplasias and 7 SCC and 7 samples of 
healthy mucosa. Collagen XIII expression clearly altered during malignant 
transformation. The epithelium of the healthy mucosa stained only faintly 
throughout the epithelium, but in the basal epithelium some clearer signs of 
collagen XIII expression could be seen. In the mild dysplasias, collagen XIII 
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mRNA expression was weak and localized to the basal epithelium. In contrast, an 
extremely strong basal epithelium signal could be seen in dysplasia gravis. In the 
SCC the basal epithelium signal was very strong. In addition, single invasive cells 
were clearly positive. On the other hand, the small carcinoma islands were 
completely positive. When the islands grew bigger in size, the middle part of the 
islands became negative, but the basal epithelium of the carcinoma islands 
revealed strong signals.  

Moreover, one of the carcinomas was histologically different from the other 
tumors, and in this case a distinctly different collagen XIII expression pattern was 
observed. The carcinoma cells were spindle-shaped and the tumor surface was 
smooth. The ISH signal with the collagen XIII-specific probe was negative in the 
carcinoma islands, whereas the fibroblasts surrounding the tumor islands were 
highly positive. 
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6 Discussion 

6.1 Collagen XIII during mouse cardiac development 

Noninvasive Doppler ultrasonography can be used to study cardiovascular 
physiology in fetal mice (Gui et al. 1996, Mäki et al. 2002). In our studies 
ultrasonographic examination at 12.5 gestational days revealed AVVR in some of 
the fetuses resulting from matings between Col13a1del heterozygous mice. In 
contrast, when wild-type female mice were mated with a heterozygous male, none 
of the wild-type or transgene positive fetuses had AVVR, suggesting that the 
fetuses with AVVR were all homozygous for the transgene. In addition, some of 
the fetuses from the heterozygous matings were already in a state of resorption at 
the time of the ultrasonographic examination, and they were suggested to 
represent the previously identified early phenotype with lethality at about 10.5 
gestational days (Sund et al. 2001b). 

The development of ventricular myoarchitecture involves several 
concomitant changes and various transcription factors control this effect (Bruneau 
2003, Sedmera et al. 2000). The fetuses with AVVR had a thinner myocardial 
layer and reduced trabeculation of the myocardium in histological analysis, 
whereas the transgene positive fetuses without AVVR had similar histological 
findings in the myocardium to the transgene negative fetuses. On the other hand, 
immunostainings for collagen XIII, detected collagen XIII in the myocardium at 
gestational day 10.5, and at 12.5 gestational days the staining became accentuated 
at the junctions between the cardiomyocytes (Sund et al. 2001b). The ISH of 
wild-type fetuses and fetuses with AVVR at day 12.5 of development 
demonstrated clear signals for collagen XIII mRNAs in the trabeculated wall of 
the ventricle. In addition, electron microscopy showed the adherence junctions in 
some of the hearts to be less dense and pointed to apparent detachment of 
myofilaments in transgene positive fetuses (Sund et al. 2001b). It thus appears 
that the observed regurgitation was caused by a functional abnormality of the 
heart, but it is not directly due to morphological defects in the cardiac 4-chamber 
structure, which had developed even in the afflicted mutants. However, the thin 
myocardial wall and the reduced trabeculation are likely to contribute to the 
AVVR. Furthermore, the pathological phenotype demonstrates a dose-dependent 
relationship to the expression of mutant collagen XIII.  
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Many functional parameters were changed in the fetuses with AVVR. For 
example, the IRT %, which reflects an active cardiac process (Mahony 1996a), 
was greater, whereas the passive cardiac process ICT % was similar to fetuses 
without AVVR. Our results agreed with earlier findings that stress relaxation is 
faster in a heart with an increased amount of trabeculation in the myocardium 
than in a compact heart (Miller & Wong 2000). On the other hand, the pressure 
gradient between the atrial and systemic levels could affect the ICT and IRT 
intervals. In addition, global cardiac function and ventricular contractility were 
impaired, as indicated by the increased IMP and the low dP/dt in the fetuses with 
AVVR. Earlier it was shown that the placental circulation was reduced in the 
transgenic mice (Sund et al. 2001b), and in Paper I it was shown that the UA PI 
was increased. The amount of the vessels, the severely impaired cardiac function 
and a diminished cardiac output can lead to the elevated PI values in the umbilical 
artery. 

Our results demonstrate that collagen XIII has an important role in the normal 
development and function of the fetal heart. The Col13a1del fetuses at 12.5 days 
of gestation demonstrated cardiac dysfunction that may contribute to fetal death 
in utero. In addition, collagen XIII has a wide tissue distribution and appears to be 
involved in cell adhesion (Hägg et al. 2001, Sandberg et al. 1989, Sund et al. 
2001a). These findings also raise the question whether abnormal adhesion 
molecules may play a role in the development of severe, early occurring placental 
insufficiency without maternal hypertensive disorder during pregnancy, or in 
recurrent first trimester miscarriages. 

6.2 Collagen XIII is required for normal development of the 
intestinal immune system 

Our work indicates that collagen XIII can modulate the activation of the innate 
immune responses in the intestinal tissue. Mice bearing a mutant Col13a1del 

transgene had a significantly increased incidence of B-cell lymphomas than 
control mice, and the lymphomas originated in lymphoid tissues that drain the 
small and large intestines. In addition, an increased incidence of malignancies and 
size of the tumours were observed in mice raised in conventional conditions 
compared with SPF conditions. These results support the notion that 
environmental influences contribute to the initiation or progression of the 
lymphomagenic process (Ward 2006). According to the characterization of the 
lymphomas, there was a recruitment of reactive T-cells into clonal or oligoclonal 
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B-cell lineage tumors in Col13a1del mice. On the other hand, histological studies 
showed that the tumors were B-cell lymphomas. Thus, old mice heterozygous for 
the Col13a1del transgene were prone to develop clonal mature B-cell lymphomas 
of different histological types. It should be noted that lymphomas developed in at 
least three independent Col13a1del lines, indicating that they were not due to 
random mutagenesis. 

According to immunostainings and ISH, there was no or very faint staining of 
collagen XIII in the lymphomas. Clear collagen XIII expression has been found 
beneath the epithelial cells of the intestinal villus area (Hägg et al. 1998). Both 
endogenous and transgene collagen XIII mRNAs were expressed at high levels in 
the mutant intestine according to RT-PCR analyses. Moreover, an abnormal 
accumulation of BM was observed by electron microscopy studies in the jejunum 
of 12- to 18-month-old Col13a1del mice. In younger mice there were no obvious 
changes in the BM, suggesting progression of the structural malformation with 
age. These results suggested that the altered structure of the epithelial BM of the 
intestine was caused by expression of the structurally abnormal collagen XIII. 
This may be associated with enhanced exposure to environmental microbes in the 
Col13a1del transgenic mice, and ultimately lead to an increased development of 
B-cell lymphomas. Previous studies with recombinant collagen XIII have shown 
that it can bind with several BM components and other ECM molecules. (Tu et al. 
2002) Moreover, a disorganized BM in the myotendinous junctions was observed 
in gene-targeted Col13a1N/N mice, which express the cytosolic and 
transmembrane domains of collagen XIII but lack the extracellular domain. (Kvist 
et al. 2001) All in all, collagen XIII appears to play a role in structural and 
regulatory functions during lymphoma genesis. We also found that there was 
increased expression of genes encoding proteins with immunological functions in 
the Col13a1del mice. This further suggests a function for collagen XIII in the 
immune system and the involvement of the intestinal tissues in a disturbed 
response to intestinal bacteria.  

Collagen XIII along with some other collagens is a ligand for the leukocyte-
associated immunoglobulin-like receptor-1 (LAIR-1) (Lebbink et al. 2006) and 
downregulation of their ligands may contribute to chronic inflammation or 
autoimmunity (Pritchard & Smith 2003). The mutant protein produced in the 
heterozygous Col13a1del mice may have a reduced affinity for LAIR-1, providing 
an additional mechanism that leads to a disturbed immune response and 
development of B cell lymphomas. 
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6.3 The role of collagen XIII during skin and oral carcinogenesis 

Our results confirm the specific role of collagen XIII in tumorigenesis. 
Recent work has suggested the involvement of the TM collagens in tumor 
formation (Banyard et al. 2007, Parikka et al. 2006, Väisanen et al. 2005). It is 
known that collagen XIII is expressed in the skin (Sandberg et al. 1989). A 
multistage mouse skin carcinogenesis model allowed us to follow collagen XIII 
expression at different stages in skin carcinogenesis. According to ISH and 
antibody staining, collagen XIII expression clearly increased during 
carcinogenesis: in papillomas the expression was very mild, whereas very strong 
collagen XIII expression was found in SCCs. More specifically, the malignant 
and invasive cells were stained very strongly throughout the epithelium. Some 
tumors, which appeared to be in transition from papillomas to SCCs, showed the 
earliest signs of upregulated collagen XIII expression. The data show that 
collagen XIII expression is altered during carcinogenesis, and may have a 
significant role in this process. 

Collagen XIII expression was also altered during malignant transformation in 
human oral dysplasias and SCC. The results were highly similar to those observed 
in the mouse samples. The collagen XIII expression levels altered during 
carcinogenesis. The epithelium of healthy mucosa stained only weakly in the 
basal epithelium, while the expression increased in mild and gravis dysplasia and 
SCCs. In addition, single invasive cells were clearly positive. Thus, collagen XIII 
was upregulated in epithelial carcinoma cells and the invasive cells of malignant 
tumors in mouse and man. Furthermore, collagen XIII was found, for example, in 
the epithelial cells of the intestine, which is also a site of epithelial cell migration 
and differentiation. (Hägg et al. 2001, Paper II) We propose that collagen XIII has 
a role in the regulation of carcinoma cell migration and differentiation. In addition, 
recent data indicates that the expression of collagen XIII is induced during 
malignant transformation in colon adenocarcinoma, ovarial and cervix carcinoma 
and various mesenchymal tumors (Väisanen et al. 2005). On the other hand, the 
basal epithelium of big invasive islands showed strong upregulation of collagen 
XIII, which may suggest a correlation between the upregulation of collagen XIII 
and tumor invasion and progression. The ISH results for myomamodel confirmed 
upregulation of collagen XIII in invasion, as the cultured carcinoma cells 
invading to the myoma tissue clearly expressed collagen XIII (data not shown).  

In addition, in some of the oral carcinomas the histology was different from 
the others and also collagen XIII expression was markedly different: carcinoma 
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cells were negative, but around the tumor islands there were fibroblasts highly 
positive for collagen XIII. In addition, preliminary studies had shown that the 
cancers had a poor prognosis. On the other hand, the presence of fibroblasts is 
essential in cancer invasion (Che et al. 2006, Gaggioli et al. 2007, Kalluri & 
Zeisberg 2006) and the results may indicate a role for collagen XIII in the tumor 
stroma of some tumor types.  

The upregulation of collagen XIII may contribute to the disturbed adhesion of 
epithelial cells and ECM, and this may affect the behavior of the malignant cells. 
It has been shown in cell culture studies that the ectodomain of collagen XIII 
decreases adhesion of the cell to vitronectin (Väisanen et al. 2004). Since many 
tumors are rich in vitronectin, collagen XIII may promote the anti-adherenic 
properties of tumor cells via its interaction with vitronectin. Animal models in 
which abnormal collagen XIII was expressed support the role of collagen XIII as 
an adhesion protein: dysfunctional association with BM and muscle cells and 
defective adherens junctions in the heart. (Kvist et al. 2001, Sund et al. 2001b) 
Further, the upregulation of collagen XIII in SCC may indicate its potential role 
in carcinogenesis and tumor invasion and progression. 
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7 Conclusion 

The results presented in this thesis study provide further evidence that collagen 
XIII is a biologically relevant molecule and associated with various disease 
processes. Collagen XIII appears to have an important role as a structural 
component in the ECM. Further, the present study shows that collagen XIII may 
have significant regulatory roles in differentiation, organogenesis and 
tumorigenesis. 

The transgenic Col13a1del mouse line has proven useful in elucidating the 
roles of collagen XIII. These studies revealed a significant role for collagen XIII 
in the normal cardiovascular development of mice. Expression of mutant collagen 
XIII during embryogenesis caused abnormal trabeculation of the fetal heart, and 
the fetuses aborted during mid-gestation because of cardiac dysfunction. The 
mutant protein may cause abnormal cell-cell or cell-matrix adhesion, resulting in 
disturbed cardiac development. Human spontaneous abortions are very common 
and the reason for this phenomenon is usually unknown. It is possible that 
mutations in collagen XIII predispose to spontaneous abortions. 

Our results indicate that collagen XIII has a role in the immune response as 
well as lymphoma susceptibility. Both mutant and endogenous collagen XIII were 
expressed in the intestines and a structurally abnormal BM was observed. The 
altered structure of the epithelial BM of the intestine caused by the structurally 
abnormal collagen XIII apparently led to an enhanced exposure to environmental 
microbes, thereby increasing the development of B-cell lymphomas in the 
Col13a1del transgenic mice. These results are suggestive of collagen XIII having 
both structural and regulatory functions during lymphanogenesis. Future work 
will reveal if some human intestinal diseases could be due to abnormal collagen 
XIII protein. 

In the present study, collagen XIII expression was upregulated in a step-wise 
manner during transformation of skin papillomas and SCC in mice as well as in 
human oral dysplasias and SCC. Collagen XIII was particularly strongly 
expressed in the invasion area and at the area of proliferation. Our hypothesis is 
that collagen XIII has a significant role in the initiation of the invasion, and that 
collagen XIII affects the behavior of the malignant cells. The function of collagen 
XIII in the development of cancers warrants further study, and investigations 
should be made to test if it could serve as a diagnostic and prognostic marker in 
cancer and even for the development of cancer treatments. In future studies it is 
possible to investigate the involvement of collagen XIII in cancer cells by RNAi 
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techniques, for example. In addition, collagen XIII knockout mice will be tested 
for cancer development using the DMBA-TPA skin carcinogenesis model. 
Moreover, the data provide further stimulus to study the expression of collagen 
XIII in human malignancies. 
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