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Aikio, Mari, Novel roles for basement membrane collagens. Isoform-specific
functions of collagen XVIII in adipogenesis, fat deposition and eye development,
and effects of the collagen IV-derived matricryptin arresten on oral carcinoma
growth and invasion
University of Oulu Graduate School; University of Oulu, Faculty of Medicine, Institute of
Biomedicine, Department of Medical Biochemistry and Molecular Biology; Biocenter Oulu;
Oulu Center for Cell-Matrix Research
Acta Univ. Oul. D 1225, 2013
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Collagen XVIII is an evolutionarily conserved, ubiquitously-expressed basement membrane (BM)
proteoglycan produced in three isoforms, the individual roles of which are largely unknown. The
physiological in vivo roles of these collagen XVIII isoforms are studied here using novel
genetically modified mouse strains deficient in either the short or the medium/long isoforms of the
molecule. In addition, the effects of keratin-14-driven overexpression of the thrombospondin-1
(Tsp-1) –like domain, which is common to all three collagen XVIII isoforms, are studied. 

The findings underline the importance of the short collagen XVIII isoform in the eye, as its
absence was sufficient to cause the aberrant vascularisation of the retina previously reported in
mice lacking all isoforms of collagen XVIII. In addition, an excess of the collagen XVIII Tsp-1
domain led to serious eye abnormalities, possibly by interfering with the functions of the full-
length collagen XVIII produced in mice. 

Collagen XVIII was also shown to contribute to adipogenesis in an isoform-specific manner,
in that a lack of the medium/long isoforms of collagen XVIII led to impaired adipocyte maturation
and the subsequent reduction in the adipocyte number induced liver steatosis and
hypertriglyceridaemia. Hence this work establishes a new extracellular matrix (ECM)-directed
mechanism contributing to control over the multistep adipogenesis programme and points to the
functional consequences of its impairment for ectopic fat deposition. 

The enzymatic remodelling of ECM components results in molecules with novel biological
activities. Arresten is a collagen IV(α1)-derived fragment with anti-angiogenic properties which
was originally described as not having any direct anti-tumour effects on cancer cells themselves.
The present data revealed novel inhibitory roles for arresten in oral squamous carcinoma cell
proliferation, survival, motility and invasion. Since arresten is a potent inhibitor of angiogenesis,
the data generated here further underline the possibility for using it as a therapeutic agent in cases
of cancer. 

Keywords: adipogenesis, adipose tissue, arresten, basement membrane, collagen type
IV, collagen type XVIII, eye, protein isoforms, retinal vessels, squamous cell carcinoma





Aikio, Mari, Tyvikalvokollageenien uudet tehtävät. Kollageeni XVIII:n iso-
muotojen spesifiset tehtävät rasvasolujen erilaistumisessa ja rasvanvarastoinnissa
sekä silmän kehityksessä, ja kollageeni IV:n arresten-domeinin tehtävät syöpäkas-
vaimen kasvussa ja syöpäsolujen invaasiossa
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta, Biolääketieteen
laitos, Lääketieteellinen biokemia ja molekyylibiologia; Biocenter Oulu; Oulu Center for Cell-
Matrix Research
Acta Univ. Oul. D 1225, 2013
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Kollageeni XVIII on tyvikalvojen proteoglykaani ja yksi harvoista evoluutiossa konservoituneis-
ta kollageeneista. Se esiintyy elimistössä kolmena isomuotona, joiden biologiset tehtävät ovat
vielä jokseenkin epäselviä. Tässä tutkimuksessa selvitettiin kollageeni XVIII:n isomuotojen
fysiologista merkitystä hyödyntäen uusia hiirilinjoja, joilta kollageeni XVIII:n lyhyt tai kaksi
pisintä varianttia oli geneettisesti inaktivoitu. Poistogeenisten hiirimallien rinnalle tehtiin kaikil-
le varianteille yhteistä trombospondiini-1 (Tsp-1)-domeinia yli-ilmentävä hiirilinja. 

Tämän väitöskirjatutkimuksen avulla saatiin uutta tietoa kollageeni XVIII:n ja etenkin sen
lyhimmän variantin tärkeästä roolista silmässä. Aikaisemmat tutkimukset ovat osoittaneet kolla-
geeni XVIII:n puutteen häiritsevän silmän verkkokalvon verisuonituksen normaalia kehittymis-
tä. Tässä työssä havaittiin, että pelkästään lyhyen isomuodon puute riitti altistamaan hiiret muu-
toksille verkkokalvon suonituksessa. Tsp-1-osan ylimäärän havaittiin lisäksi alistavan hiiret
muutoksille silmän rakenteessa, mahdollisesti häiritsemällä silmässä jo olemassa olevan kolla-
geeni XVIII:n toimintaa. 

Tässä työssä havaittiin myös uusi yhteys kollageeni XVIII:n ja rasvasolujen kypsymisen
välillä. Verrokkihiiriin verrattuna muodostuvan rasvakudoksen havaittiin jäävän merkittävästi
vähäisemmäksi poistogeenisillä hiirillä, joilta kollageeni XVIII:n pitkät isomuodot olivat geneet-
tisesti inaktivoitu. Heikentynyt rasvakudoksen muodostuminen lisäsi triglyseridien kertymistä
hiiren verenkiertoon ja maksaan. Tutkimustulos on merkittävä avaus soluväliaineen merkityk-
sestä rasva-aineenvaihdunnalle ja kannustaa lisätutkimuksilla selvittämään, onko kollageeni
XVIII:lla yhteys myös ihmisen metaboliseen oireyhtymään. 

Soluväliaineen komponenttien entsymaattinen muokkaus tuottaa usein molekyylejä, joilla on
uusia isäntämolekyyleistä poikkeavia ominaisuuksia. Tässä työssä tutkittiin yhden tällaisen
molekyylin, tyvikalvokollageenin IV hajoamistuotteen, arrestenin, suoria vaikutuksia syö-
päsoluille. Arrestenin tiedettiin entuudestaan estävän syöpäkasvainten verisuonten uudismuo-
dostusta koe-eläimillä. Työssä osoitettiin, että arresten vaikutti endoteelisolujen lisäksi myös itse
syöpäsoluihin estäen niiden lisääntymistä ja vähentäen niiden elinkykyä ja liikkuvuutta, mikä
tekee arrestenista entistä houkuttelevamman ehdokasmolekyylin lääkekehitystyöhön. 

Asiasanat: adipogeneesi, arresten, levyepiteelikarsinooma, proteiini-isoformit,
rasvakudos, silmä, tyvikalvo, tyypin IV kollageeni, tyypin XVIII kollageeni,
verkkokalvon suonet
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1 Introduction 

The extracellular matrix (ECM), which is needed for providing a physical support 

for tissues and for controlling differentiation and functions of cells, is composed 

of several collagenous and non-collagenous (NC) proteins, while the major 

components of its basement membranes (BMs), specialized structures separating 

epithelial and endothelial cells from the underlying stroma, are laminins, type IV 

collagen, nidogen/entactin and perlecan, although they also contain numerous 

other components such as collagens XV and XVIII. BMs have several biological 

functions: besides providing structural support, they can serve as an important 

reservoir of growth factors (GF) and provide multiple binding sites for cell 

adhesion molecules. 

Collagen XVIII is a non-fibrillar collagen molecule that occurs widely in the 

body in association with endothelial and epithelial BMs. It is expressed in tissues 

in the form of three different aminoterminal variant polypeptides, called the short, 

middle and long variants, that arise from the use of two alternative promoters and 

alternative splicing, and it has a complex multidomain structure containing a 

thrombospondin-1 (Tsp-1) sequence homology at the amino- (N-) terminus of the 

molecule, several central collagenous domains and a globular carboxy- (C-) 

terminal endostatin domain, these elements being common to all the variants. The 

long form of collagen XVIII contains a cysteine-rich frizzled motif (Fz), 

homologous to the ligand-binding part of the frizzled receptors for Wnt/Wingless 

signalling molecules, which has been shown to have Wnt-antagonizing activity 

through the Fz domain released in cultured tumour cells. Thus the longest form of 

collagen XVIII may act as a regulator of the Wnt signalling pathway by 

sequestering Wnt molecules and antagonizing their actions in cells. In terms of 

tissue distribution, the short form is abundant in most vascular and epithelial 

BMs, and the medium variant is a prominent component of liver sinusoids, while 

the long variant is expressed at a low level in many tissues. Collagen XVIII 

carries heparan sulphate (HS) side chains, thus representing a heparan sulphate 

proteoglycan (HSPG). In humans, mutations in the collagen XVIII gene result in 

a rare recessively inherited autosomal disorder called Knobloch syndrome, 

characterized by high myopia, vitreoretinal degeneration with retinal detachment, 

macular abnormalities and occipitocele. Characterization of mice deficient in 

collagen XVIII and transgenic mice overexpressing the endostain domain has led 

to the conclusion that collagen XVIII/endostatin is a structurally important 
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constituent of most BMs, especially those of the eye, and its absence or 

overexpression can result in a variety of phenotypic alterations. 

Whereas the functions of endostatin have been extensively studied, only 

limited data are available on the specific functions of the variant polypeptides of 

collagen XVIII. We therefore set out in the present work to analyse the specific 

functions of the collagen XVIII isoforms using novel genetically modified mouse 

strains, and found that the short isoform has a critical role in maintenance of the 

posterior eye structures and in proper vascularization of the retina. In addition, 

our results indicate that the medium/long isoforms contribute to the regulation of 

a multistep adipogenesis programme in which adipocyte precursors undergo 

differentiation into fat-laden adipocytes. 

Tumour growth does not depend only on the carcinoma cells, as interactions 

between these, the ECM and various cell types in the tumour stroma also have a 

major impact on the disease outcome. Remodelling of the tumour stroma during 

tumorigenesis and cleavage of BM components result in molecules with novel 

biological activities. In particular, collagens IV and XVIII contain cryptic 

fragments known as arresten, canstatin, hexastatin, tetrastatin, tumstatin and 

endostatin which inhibit angiogenesis and tumour growth, mainly via integrin 

binding. Arresten is a 26-kDa fragment derived from the NC1 domain of the BM 

collagen IV α1 chain [α1(IV)NC1] that efficiently inhibits the proliferation, 

migration and tube formation of various types of endothelial cell. It inhibits 

Matrigel neovascularization and the growth of subcutaneous tumours in mice in 
vivo, and it has recently been shown to increase apoptosis in endothelial cells by 

regulating intracellular signalling events. Previous research has mostly focused on 

the anti-angiogenic role of arresten in tumours, but it also has direct effects on 

other cell types in the tumour microenvironment besides endothelial cells. The 

present work involved studying the impact of arresten on the highly metastatic 

human tongue squamous cell carcinoma HSC-3 cell line by means of in vitro cell 

culture assays, organotypic invasion and in vivo mouse xenograft models. The 

findings suggest novel inhibitory roles for arresten in the regulation of oral 

squamous carcinoma cell proliferation, survival, motility and invasion through 

modulation of the state of cell differentiation and integrin signalling. 
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2 Review of the literature 

2.1 The extracellular matrix 

The cellular microenvironment includes the ECM, which is known to have a 

profound influence on differentiation and cellular homeostasis. The ECM 

represents an interconnected meshwork of macromolecules and was initially seen 

as a stable, space-filling scaffold performing a mainly supportive function in the 

maintenance of the tissue organization. Extensive research over the past three 

decades has led us to the conclusion that the ECM is also a regulatory component 

of the cell milieu. By binding to GFs and interacting with cell-surface receptors, it 

regulates diverse cellular processes such as growth, differentiation, motility and 

viability. In mammals, the ensemble of ECM proteins and associated factors that 

is termed the core matrisome consists of around 300 proteins which are typically 

composed of multiple, independently folded domains with highly conserved 

sequences and arrangements. The diversity and complexity of the ECM proteins 

reflect their critical impact on vertebrate evolution. Expansion of the ECM protein 

family has been shown to be crucial for the transition to multicellularity, the 

arrangement of cells into tissue layers and the development of novel protein 

architectures (Daley et al. 2008, Hynes 2009, Hynes & Naba 2012). The ECM 

core matrisome includes 43 collagen subunits, around 30 proteoglycans, and 

about 200 glycoproteins, having subcategories as well as varying physical and 

biochemical properties (Daley et al. 2008, Hynes & Naba 2012, Vakonakis & 

Campbell 2007). 

It should also be noted that the ECM is not a static entity but represents a 

highly dynamic environment and its molecular components are subjected to 

constant synthesis and degradation controlled by specific GFs and ECM-

modifying proteases. The ECM molecules must act in concert in a tightly 

regulated manner in order to support proper cellular maintenance and function 

within tissues and organs. Alterations in ECM characteristics such as changes in 

its composition and stiffness have been associated with numerous pathological 

conditions, such as cancer (Daley et al. 2008, Lukashev & Werb 1998). 
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2.2 Basement membranes 

BMs are highly specialized structures in the ECM which coat the basal sides of 

epithelial and endothelial cells and surrounding adipocytes and also the muscle 

and Schwann cells. They are ancient structures in evolutionary terms, the main 

BM proteins being found in most metazoa. It has been argued that BMs were 

crucial for the evolution of multilayered organisms. The discovery of the BM-rich 

Engelbrecht Holm-Swarm tumour in the late 1970s facilitated the structural and 

functional characterization of BMs at the molecular level (Hynes 2012, 

Yurchenco 2011), while in electron microscopy the BM is seen as an electron-

dense material in close proximity to the cell surface. Most BMs are 50-100 

nanometres thick, but some specialized ones, like those of the renal glomerulus 

and lens capsule, are thicker. With the conventional fixation method the BM is 

typically found to consist of an electron-dense layer (lamina densa) which is 

separated from the plasma membrane by a translucent layer (lamina lucida), 

although the milder freeze-substitution method results in a homogeneous 

ultrastructure for the BM (Kalluri 2003, Miosge 2001). 

Although all BMs appear to be structurally identical when studied by electron 

microscopy, their molecular compositions show tissue specificity. Their major 

components are laminins, collagen IV, nidogens and perlecan, but they also 

contain numerous other components such as collagens XV and XVIII, agrin and 

fibulins. Cells assemble individual BM components into functional units and 

secrete them outside of the cell. Experiments with embryonic stem cells (ESCs) 

and embryoid bodies have shown that cell-surface proteins such as integrins and 

dystroglycans facilitate the initial anchoring of laminin polymers to the cell 

surface, after which the collagen IV polymers associate with laminin polymers via 

nidogen bridging. The other components of the BM then interact with this 

laminin-collagen IV scaffold to generat a fully functional BM (Kalluri 2003). 

The BMs have several biological functions. Besides providing structural 

support for cells and compartmentalizing tissues and acting as selective filtration 

barriers for macromolecules, they can, via cell surface receptors, regulate multiple 

biological activities such as adhesion, proliferation, differentiation, the growth 

and migration of cells and organ development. In addition, BMs serve as an 

important reservoir of GFs and cytokines (Kruegel & Miosge 2010). All in all, 

BMs are crucial for life, and qualitative or quantitative changes in the 

composition, localization or structure of BM proteins have been shown to be 

involved in the development of various disease states. Thus mutations in BM 
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proteins can lead to a great variety of clinical phenotypes affecting multiple 

organs (Yurchenco 2011). 

2.3 Collagens 

Collagens correspond to one-third of the total protein mass in animal tissues, 

which makes them the most abundant proteins in mammals. They are also the 

main proteins of the ECM, provide structural strength and contribute to tissue 

integrity, organization and shape maintenance. Moreover, collagens regulate cell 

proliferation, migration and differentiation by interacting with cells via several 

receptor families. Twenty-eight collagen types, termed types I-XXVIII, have been 

found and characterized at the molecular level. These collagen types can be 

divided into subfamilies on the basis of their supramolecular assemblies. Besides 

the existence of different collagen types, the presence of several molecular 

isoforms of the same collagen, the presence of hybrid isoforms composed of α 

chains derived from two collagen types, and the use of alternative promoters and 

alternative splicing further expand the diversity of the collagen family (Ricard-

Blum 2011). 

Collagens consist of three polypeptide chains called α chains, which can be 

either identical, as in the case of homotrimers, or different, as in the case of 

heterotrimers. α chains contain at least one collagenous domain comprising Gly-

X-Y repeats, where X is frequently proline and Y is frequently 4-hydroxyproline. 

This repeating structure allows the α chains to wrap around each other to form 

stable, triple-helical coiled coils of varying lengths. Type I collagen, for example, 

consists almost entirely of a long, rigid uninterrupted collagen triple helix, 

whereas less than 10% of the structure of collagen XII consists of triple-helical 

sequences. Also, the number of triple-helical domains can vary between collagen 

types, and the presence of Gly-X-Y imperfections and interruptions, as seen in 

many collagen types, introduces flexibility into the rod-shaped triple helix. 

Finally, the triple-helical collagenous domains can be interspersed among NC 

domains, some of which are the typical N- and C-terminal collagen propeptides 

which are cleaved after procollagen secretion into the endoplasmic reticulum, 

whereas the others are retained in the mature molecules, participating in their 

structural assembly and conferring specific biological activities upon them. These 

NC domains can also be found in other ECM proteins as well collagens 

(Myllyharju & Kivirikko 2004, Ricard-Blum 2011). 
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Collagen proteins are submitted to numerous post-translational modifications, 

which increase the complexity of the collagen family. Hydroxylation of specific 

proline and lysine residues contributes to the thermal stability of the triple-helical 

domain and to the regulation of collagen fibril formation (Gelse et al. 2003). 

Glycosylation of lysine and hydroxylysine residues in many collagens is thought 

to have both structural and biological functions, i.e. the control of cross-linking in 

collagen fibrillogenesis, remodelling and collagen–cell interactions (Yamauchi & 

Sricholpech 2012). Loss of the glycosylated hydroxylysines, for example, 

prevents the intracellular tetramerization of type VI collagen and leads to 

impaired secretion of type IV and VI collagens (Sipila et al. 2007). In addition, 

the type and extent of glycosylation varies among the collagen types and is also 

known to be age and tissue-specific (Yamauchi & Sricholpech 2012). After 

processing and assembly, both propeptides of procollagens are proteolytically 

cleaved during the maturation process (Myllyharju & Kivirikko 2004). Moreover, 

collagens IX, XII, XIV, XV, XVIII contain glycosaminoglycan chains and are 

considered to be proteoglycans (Ricard-Blum 2011). 

Many genetic diseases are caused by mutations in the genes encoding 

collagens and collagen modifying enzymes. In general, these mutations alter the 

structure and function of the ECM by reducing the amount of collagen secreted, 

impairing molecular assembly through the secretion of a mutant collagen, or 

inducing endoplasmic reticulum stress (Ricard-Blum 2011). A much studied 

example of a collagen disorder is osteogenesis imperfecta, in which mutations in 

collagen I (COL1A1 and COL1A2) cause a generalized connective tissue disorder 

characterized by fragile bones and high susceptibility to fractures (Van Dijk et al. 
2010). The absence of functional ADAMTS-2, a procollagen N-proteinase 

belonging to the A Disintegrin And Metalloproteinase with Thrombospondin 

MotifS (ADAMTS) family, leads to defects in the processing of type I 

procollagen, resulting in a recessively inherited connective tissue disorder called 

Ehlers-Danlos syndrome type VIIC, characterized by extreme skin fragility 

(Colige et al. 2004). In addition, several autoimmune disorders involve 

autoantibodies directed against collagens. Collagen VII, for example, is the 

autoantigen of epidermolysis bullosa acquisita, a rare chronic blistering disease of 

the skin and mucous membranes (Ishii et al. 2010). 
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2.3.1 Collagen-derived matricryptins 

The term matricryptin was first introduced by Davis et al (Davis et al. 2000), who 

showed that some of the signals provided by the ECM that are related to cellular 

processes such as cell migration, differentiation, morphogenesis and survival are 

derived from biologically active cryptic sites within matrix molecules, i.e. 

matricryptic sites. These sites are not exposed in the mature, secreted forms of the 

ECM molecules, but these new biologically relevant activities can be exposed by 

means of enzymatic breakdown, protein multimerization, adsorption, cell-

mediated mechanical forces or denaturation. Thus the designation matricryptin 

was proposed for enzymatically released fragments of the ECM containing these 

exposed matricryptic sites (Davis et al. 2000). Matricryptins can be released by 

various matrix metalloproteinases (MMPs) and by the glycosaminoglycan-

degrading enzymes hyaluronidase and heparitinase. Matricryptins can be further 

processed, and thus exist in several forms (Chang et al. 2005, Gonzalez et al. 
2005, Hamano et al. 2003, Heljasvaara et al. 2005, Lin et al. 2001). The 

extracellular ectodomains of the membrane proteins can also be shed and 

liberated in the ECM microenvironment, and these, too, could be regarded as 

matricryptins as they may exhibit novel acquired properties upon shedding, as in 

the case of syndecans 1-4 (Alexopoulou et al. 2007, Ricard-Blum & Ballut 2011). 

Collagens can contain cryptic sites hidden within their triple-helical domains (Xu 
et al. 2001), and proteolytical cleavage of the NC domains of several BM 

collagens will result in the release of matricryptins (Marneros & Olsen 2001). The 

structure and function of matricryptins derived from collagen XVIII and collagen 

α1(IV)-derived arresten will be considered briefly in sections 2.4.2, 2.5.1 and 

2.10.1. 

2.4 Collagen XVIII 

Collagen XVIII is a non-fibrillar collagen and belongs to the multiplexin 

(multiple triple-helix domains with interruptions) subfamily of collagens together 

with collagen XV (Oh et al. 1994, Rehn & Pihlajaniemi 1994). The fact that its 

homologues can be found in organisms such as Xenopus laevis, C. elegans, 

zebrafish and chick, and the fact that it is evolutionarily highly conserved in 

bilaterian genomes, suggest a fundamental role for this BM collagen (Ackley et 
al. 2001, Elamaa et al. 2002, Haftek et al. 2003, Halfter et al. 1998). The 

properties of collagen XVIII have been studied extensively, especially with 
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respect to its C-terminal NC domain, endostatin, which has been shown to 

possess anti-angiogenic and anti-tumorigenic properties (Fu et al. 2009, O'Reilly 
et al. 1997). 

2.4.1 Gene and protein structure of collagen XVIII 

The collagen XVIII gene has been mapped to chromosome 21q22.3 in humans 

and chromosome 10 in the mouse (Oh et al. 1994). The human and mouse genes 

for the α1(XVIII) chain (COL18A1 and Col18a1, respectively) both contain 43 

exons and they show high structural similarity (Oh et al. 1994, Rehn et al. 1994, 

Rehn et al. 1996). Both COL18A1 and Col18a1 have two promoters, separated by 

50 kb in the mouse, and transcription from these promoters results in distinct 

isoforms of collagen XVIII (Figure 1). Promoter 1 (P1), upstream of exon 1, 

encodes the short variant and the ensuing transcript contains exons 1, 2 and 4-43, 

but not exon 3, while the transcripts of the long isoform of collagen XVIII contain 

exons 3-43 and are encoded by promoter 2 (P2), located upstream of exon 3. 

Alternative splicing of exon 3 gives rise to the medium isoform (Rehn et al. 1996, 

Saarela et al. 1998b). 

The three variants of collagen XVIII also differ in terms of the length and 

structure of their N-terminal regions, although a Tsp-1-like domain in the N-

terminal portion of the molecule, the central part of which consists of 10 

collagenous domains flanked by 9 (NC) domains, and the C-terminal NC1 

domain (the NC domains are numbered starting from the C-terminus) are 

common to all the variants. The short isoform has its own signal peptide and two 

amino acid residues at the N-terminus of the mature protein which are not found 

in the two other variants (Oh et al. 1994, Rehn & Pihlajaniemi 1994, Rehn et al. 
1994), whereas the two longer variants share the same signal peptide and an N-

terminal domain of unknown function (DUF) (Quelard et al. 2008). The long 

variant additionally has a Fz domain in the middle of its N-terminal NC11 

domain. This cysteine-rich area is homologous to the ligand-binding part of the 

frizzled receptors for Wnt/Wingless signalling molecules (Elamaa et al. 2003, 

Quelard et al. 2008). 

The size of the full-length C-terminal NC1 domain is 38 kDa, a, and the N-

terminus of this domain contains a highly effective trimerization domain (Fig. 1) 

which is able to form trimers at picomolar concentrations (Boudko et al. 2009). 

The NC1 domain also contains a protease-sensitive hinge region and a 22 kDa 

endostatin domain (Fig. 1) (Sasaki et al. 1998). 
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Relatively little has been ascertained regarding the transcriptional regulation 

of collagen XVIII. Specificity protein (Sp) 1, Sp3 and Yin Yang (YY) 1 have been 

shown to act as transcription factors, binding to promoter 2 and participating in 

the regulation of COL18A1 in the human liver. In addition, a polymorphism at 

position −700 in the COL18A1 promoter 2 has been shown to result in increased 

transcription of COL18A1 in hepatocytes (Armelin-Correa et al. 2005). Sp1, Sp3 

and YY1 are zinc-finger proteins ubiquitously expressed in mammalian cells that 

can either enhance or repress gene expression by binding to specific sites in the 

promoter regions of multiple target genes (Deng et al. 2010, Li et al. 2004). 

Promoter 2 in the mouse has been shown to contain liver-specific regulatory 

elements, and Sp1 has been described as strongly activating mouse Col18a1 

transcription in human hepatocellular carcinoma (HepG2) cells (Lietard et al. 
2000). Moreover, the COL18A1 gene has been shown to contain functionally 

relevant p53BS clusters and to be up-regulated upon induction of the tumour 

suppressor molecule p53 (Miled et al. 2005). Comparisons between the human 

and zebrafish genes have revealed four conserved non-coding areas in COL18A1 
which function as tissue-specific transcription enhancers in the zebrafish embryo 

(Kague et al. 2010). 
 

Fig. 1. Schematic representation of the collagen XVIII isoforms. The horizontal and 

vertical stripes denote signal sequences of the short (top) and medium/long isoforms 

of collagen XVIII, respectively. White and grey boxes depict collagenous and NC 

regions, respectively. The brick pattern denotes the DUF domain, and the black dots 

denote the Fz homology domain containing 10 conserved cysteines followed by the 

Tsp1 homology domain in grey. Predicted HS attachment sites are shown. 
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2.4.2 Collagen XVIII-derived matricryptins 

Endostatin 

The most extensively studied matricryptin is the collagen XVIII-derived 

endostatin that was identified in a murine haemagioendothelioma cell culture 

medium in 1997 (O'Reilly et al. 1997). Endostatin is one of the three subdomains 

of the C-terminal NC1 domain of collagen XVIII (Fig. 1). The hinge region of the 

NC1 domain (Fig. 1) contains several proteolytic cleavage sites and the 

proteolytic processing of these sites can lead to the release of fragments of 

variable molecular size containing endostatin together with N-terminal sequences. 

MMPs (-3, -7, -9, -13, -14 and -20), elastase and cathepsin L have been shown to 

participate in the cleavage of these endostatin fragments (Chang et al. 2005, 

Felbor et al. 2000, Ferreras et al. 2000, Heljasvaara et al. 2005, Sasaki et al. 
1998, Wen et al. 1999), and several factors are able to stimulate or down-regulate 

their release. Hypoxia, for instance, has been shown to induce endostatin 

production in the murine aorta and lung (Paddenberg et al. 2006), and to down-

regulate it in human microvascular endothelial cells and pericytes (Wu et al. 
2001). The processing of full-length collagen to endostatin has been shown to be 

enhanced by p53 expression (Teodoro et al. 2006). In addition to extracts isolated 

from various tissues and organs, endostatin fragments have also been found in 

many body fluids, including serum, urine, broncho-alveolar fluid and ocular fluid 

(Määttä et al. 2007, Perkins et al. 2009, Sasaki et al. 1998). Endostatin can 

similarly be found both in tumour cells and in the stromal components of murine 

tumours, and its serum levels are often elevated in patients with cancer (Folkman 

2006, Sun et al. 2007, Sund & Kalluri 2009). For example, the physiological level 

of circulating endostatin was shown to be around 80 ng/ml in healthy humans and 

approximately 120 ng/ml in patients with pancreatic cancer (Ohlund et al. 2008). 

The frizzled domain 

Proteolytic processing of the full-length long variant of collagen XVIII has been 

shown to occur in vitro and also in vivo in human liver cancers, resulting in the 

release of N-terminal glycoprotein containing a Fz motif (Elamaa et al. 2003, 

Quelard et al. 2008). Release of this Fz motif was inhibited by 

ethylenediaminetetraacetic acid, suggesting that a MMP may be involved in this 

proteolytic processing of the N-terminus of collagen XVIII (Quelard et al. 2008). 
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The collagen XVIII-derived Fz motif functioned in the manner of a secreted 

frizzled-related protein (SFRP), binding to Wnt3a and inhibiting Wnt/β-catenin 

signalling in vitro, and also attenuated baseline and Wnt3a-induced β-catenin 

stabilization in HCT116 cells, reducing tumour growth in vivo through retarded 

cell cycle progression (Lavergne et al. 2011, Quelard et al. 2008). In addition, 

expression of the Fz domain was shown to correlate negatively with the β-catenin 

pathway in vivo (Quelard et al. 2008). Moreover, the soluble Fz motif reduced the 

cell sensitivity to Wnt3a by binding to the cysteine-rich domains of the Fz 1 and 8 

receptors (Hendaoui et al. 2012). 

2.4.3 Post-translational modifications of collagen XVIII 

Sequencing data revealed the existence of several potential glycosaminoglycan 

(GAG) attachment sites consisting of serine-glycine-containing consensus 

sequences within the human and mouse collagen XVIII genes (Halfter et al. 
1998). Western blotting and enzymatic treatments of protein samples isolated 

from the chick vitreous body and human placenta and kidney were used to 

demonstrate that collagen XVIII has HS side chains, representing a HSPG. Where 

collagen XVIII occurs in Western blots as a high molecular weight smear protein 

band without heparitinase treatment, enzymatic digestion with heparitinase 

reduces its molecular mass to that of a 180 kDa core protein (Halfter et al. 1998). 

A more recent study has revealed that three of these potential GAG attachment 

sites are conserved between mouse, human, Xenopus and chick and are also found 

empirically to be glycosylated in recombinant collagen produced in chick 

meningeal cells. All three GAG attachment sites are in the NC domains of the 

collagen XVIII molecule, more specifically in the Tsp-1-like domain and in NC9 

and NC8 in the N-terminal part of the collagenous core protein (Dong et al. 
2003). In addition, cleavage of the recombinant human protein named V3Nter 

(containing the authentic signal peptide+DUF+Fz domains and 47 amino acid 

residues from the Tsp-1 domain) with N-glycosidase and sialidase A showed that 

the V3Nter is N-glycosylated and sialyated (Quelard et al. 2008). 

Collagen XVIII was found to bind L-selectin via its HS side chains, an 

interaction that mediated cell adhesion. Interestingly, collagen XVIII also 

interacted with a chemokine, monocyte chemoattractant protein-1, and presented 

it to a monocytic cell line, thus enhancing the binding of these cells to vascular 

cell adhesion molecule-1. This result indicated that collagen XVIII may provide a 

link between selectin-mediated cell adhesion and chemokine-induced cellular 
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activation and thus accelerate the progression of leukocyte infiltration in renal 

inflammation (Kawashima et al. 2003). It later became evident that not all 

collagen XVIII molecules bind to L-selectin, as the binding was dependent on O-

sulphation and the length of the GAG chains (Celie et al. 2005). Experiments 

with mutated collagen XVIII and retinal BMs isolated from chick embryos 

showed that collagen XVIII binds to BMs via HSPG chains (Dong et al. 2003), 

and the same authors indicated that recombinant chick collagen XVIII produced 

in eukaryotic 293-EBNA cells was a hybrid of HSPG and a chondroitin sulphate 

(CS) proteoglycan, suggesting that the post-translational modifications of proteins 

expressed in vitro are not entirely identical to those that occur in vivo (Dong et al. 
2003). Collagen XVIII has also been shown to interact via its HS chains with 

cPTPσ, an avian orthologue of the cell adhesion molecule-like receptor protein 

tyrosine phosphatase RPTPσ, an interaction that promotes intraretinal axon 

growth and controls the morphology of growth cones (Aricescu et al. 2002). 

Moreover, collagen XVIII has been shown to interact with opticin via its HS 

chains (see also 2.7) (Hindson et al. 2005), and it has been proposed that CS/HS 

chains in the Drosophila collagen XV/XVIII orthologue Multiplexin (Mp1) binds 

Wingless molecules and participates in the formation of a GF gradient, thereby 

regulating wing morphogenesis (Momota et al. 2011). 

2.4.4 Tissue distribution of collagen XVIII 

Collagen XVIII occurs widely in the body in association with various endothelial 

and epithelial BMs (Muragaki et al. 1995, Saarela et al. 1998a, Saarela et al. 
1998b). In terms of expression levels, the short variant is the predominant form in 

most tissues, such as heart, placenta, pancreas, ovary, skeletal muscle and small 

intestine, being located in vascular and epithelial BMs (Muragaki et al. 1995, 

Saarela et al. 1998a, Saarela et al. 1998b). The medium variant is found 

especially in the liver where it is expressed mainly by the hepatocytes and to a 

lesser extent by endothelial, biliary epithelial and vascular smooth muscle cells 

and peripheral nerves. It is localized in the perisinusoidal spaces and BM zones 

(Musso et al. 1998). The long variant is expressed at low levels in many tissues, 

its mRNA expression being detected in the human fetal brain, liver, kidney, retina, 

lung, skeletal muscle, thymus and spleen and also in adult skin (Elamaa et al. 
2003, Suzuki et al. 2002). 

Collagen XVIII expression can be found in many tissues during development. 

It is expressed in the forming atrioventricular valve leaflets and the connective 
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tissue core of the endocardial cushions during mouse cardiac development, and in 

the epithelium of the developing mouse kidney and lung (Carvalhaes et al. 2006, 

Lin et al. 2001). Its expression has also been detected in developing human and 

mouse tooth germs (Vaananen et al. 2004). Immunostaining of the developing 

fetal lung localized the expression of long variant to the areas around the 

branching bronchioles, on the luminal side of the epithelial cells and weakly in 

the cell-BM zone lining the lung mesenchyme. Granular, dot-like staining was 

also seen in the developing skeletal muscle of fetal fingers, being strongest at sites 

where the muscle was attached to the surrounding connective tissue (Elamaa et al. 
2003). 

Collagen XVIII expression has been detected in other organisms as well as 

human and mouse tissues. All its variants are expressed at different stages of 

Xenopus laevis development (Elamaa et al. 2002), and it or its homologues have 

been shown to be widely distributed in the BMs of the embryonic and adult chick 

(Halfter et al. 1998), C. elegans (Ackley et al. 2003) and Drosophila (Harpaz et 
al. 2013, Momota et al. 2011). In zebrafish, collagen XVIII has been shown to be 

expressed in the adaxial cells which differentiate into the slow muscle fibres of 

the adult fish (Haftek et al. 2003). 

Collagen XVIII has been shown by immunoelectron microscopy (IEM) to 

have a polarized orientation within the BMs, the C-terminal endostatin domain 

being located within the lamina densa and the N-terminal end facing towards the 

ECM (Elamaa et al. 2005, Kinnunen et al. 2011, Marneros et al. 2004). Soluble 

collagen XVIII of 150 kDa in size was immunoprecipitated from human plasma 

with an antibody specific to the medium/long variants (Musso et al. 2001b), and 

immunostainings have shown a cell membrane rather than BM localization for the 

longest variant (Quelard et al. 2008). These results suggest that the existence of 

collagen XVIII is not restricted to BMs or BM-like structures. 

2.4.5 Functions of collagen XVIII 

Mutations in the COL18A1 gene lead to Knobloch syndrome, a rare autosomal 

recessive inherited disease characterized by severe ocular defects (Sertie et al. 
2000). Mice deficient in collagen XVIII also show distinct developmental and 

age-dependent abnormalities in ocular structures (Fukai et al. 2002, Marneros & 

Olsen 2003, Ylikärppä et al. 2003a). The functions of collagen XVIII in the eye 

are discussed in more detailed in section 2.7. Besides being crucial in the eye, 

collagen XVIII seems to have more subtle roles in a number of other tissues. 
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Mutations in COL18A1 have been associated in some cases with an occipital 

midline scalp defect with meningocele or encephalocele, with anomalies of the 

brain such as polymicrogyria of the frontal cortex, dilation of the ventricles and 

heterotopic nodules on the ventricle walls and neuronal migratory defects, with 

acute lymphoblastic leukaemia and with epilepsy (Cohen & Lemire 1982, Keren 
et al. 2007, Khan et al. 2012, Kliemann et al. 2003, Mahajan et al. 2010, Menzel 
et al. 2004, Sertie et al. 2000, Suzuki et al. 2002). 

Collagen XVIII appears to have a structural role in BMs, as witnessed by the 

fact that BM integrity defects in various tissues lead to an abnormally loosened 

network structure. This has been seen to result in altered production of 

cerebrospinal fluid in the choroid plexus, predisposing mice to hydrocephalus 

(Utriainen et al. 2004), and softening of the glomeruli in the kidney, leading to 

altered kidney function, as suggested by an elevated serum creatinine level 

(Utriainen et al. 2004). Moreover, lack of the short variant led to broadening of 

the proximal tubular BM, while podocyte foot process effacement was shown to 

stem specifically from the lack of long variants of collagen XVIII (Kinnunen et 
al. 2011, Utriainen et al. 2004). Collagen XVIII has been shown to provide 

protection against progressive glomerulonephritis in mice by preserving the 

integrity of the ECM (Hamano et al. 2010), and to participate in maintaining the 

function of the vascular permeability barrier in mice. Thus its loss in mice 

enhanced angiogenesis and vascular permeability during atherosclerosis (Moulton 
et al. 2004). Inactivation of Col18a1 resulted in accelerated cutaneous wound 

healing and angiogenesis (Seppinen et al. 2008) and led to delayed formation of 

secondary ossification centres in the femurs (Sipola et al. 2009), while collagen 

XVIII expression was also detected in mouse cerebellar Purkinje cells during 

synaptogenesis, in which it was shown to be necessary for the organization of the 

climbing fibre terminals in these cells (Su et al. 2012). Moreover, collagen XVIII 

is an important functional component of the liver matrix microenvironment. More 

specifically, recovery from toxin-mediated liver injury was impaired in Col18a1-/- 

mice, resulting in rapid cell death, thereby demonstrating that collagen XVIII is 

crucial for hepatocyte survival during injury and stress (Duncan et al. 2013). 

Collagen XVIII has been found to be critical for axon guidance in C. elegans, 

Drosophila and zebrafish (Ackley et al. 2001, Ackley et al. 2003, Meyer & 

Moussian 2009, Schneider & Granato 2006), and it has recently been shown to 

have a role in neural crest cell migration in zebrafish (Banerjee et al. 2013). 

In addition, a decrease in Mp production in Drosophila resulted in 

morphological changes in the fat body BMs (see 2.9.5), while polarized 



31 

deposition of Mp in the luminal extracellular space of adult fly hearts has been 

shown to be required for the formation of the cardiac lumen and for proper heart 

contraction (Harpaz et al. 2013, Momota et al. 2011). Moreover, Mp protein is 

required for proper neuronal morphology and function, and for the maintenance 

of mitochondrial homeostasis (Momota et al. 2011, Momota et al. 2013). 

Changes in collagen XVIII or endostatin levels have been studied in many 

pathological conditions, most extensively in cancer. For example, altered collagen 

XVIII levels have been associated with non-small-cell lung carcinoma, 

hepatocellular carcinoma, meningiomas, metastatic gastric carcinoma and severe 

oral dysplasia (Castro-Giner et al. 2009, Chang et al. 2004, Iizasa et al. 2004, Lee 
et al. 2010, Musso et al. 2001a, Passos-Bueno et al. 2006, Salokorpi et al. 2013, 

Väänänen et al. 2007). In addition, collagen XVIII accumulation has been 

detected in amyloid-laden vessels and senile plaques in the brain of patients with 

Alzheimer’s disease or suffering from traumatic brain injury (Deininger et al. 
2002, Deininger et al. 2006, Mueller et al. 2007, van Horssen et al. 2002). 

2.5 Collagen IV 

Type IV collagen is the major collagenous BM component. Mammals harbour 

three pairs of type IV collagen genes, numbered COL4A1 to COL4A6, each pair 

being arranged in a head-to-head manner (Sado et al. 1998). These encode six 

homologous α chains, designated α1(IV)-α6(IV), characterized by a central 

collagenous domain of approximately 1400 amino acid residues which is 

interrupted by 15-20 short NC sequences. In addition, each mature α chain 

contains a minor NC sequence of only ~15 residues at the N-terminus and a 

globular C-terminal NC1 domain of ~230 residues. The six α chains assemble 

into three triple-helical heterotrimers in a precise manner (α1α2α1, α3α4α5 and 

α5α6α5), which further self-associate to form three distinct collagen IV networks 

(Khoshnoodi et al. 2008). 

The collagen IV network underlies all epithelia and provides a scaffold for 

other protein components in the BM. The first “classical” α1(IV) and α2(IV) 

chains to be described exist in the BMs of all tissues, while the other four α chains 

show a more restricted distribution. α3(IV), α4(IV) and α5(IV), for instance, are 

important components of the glomerular BM of the kidney, eye and lung, while 

the α5(IV) and α6(IV) chains can be found in the epidermal and smooth muscle 

BMs. Expression of the various α(IV) chains is temporally regulated, the α1(IV) 

and α2(IV) chains being already expressed at early stages in embryonic 
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development. In view of these expression patterns, it is easy to understand that 

mutations in α1(IV) and α2(IV), causing disruption of the α1α2α1 network, are 

embryonically lethal, while many mutations in the α3(IV), α4(IV) or α5(IV) 

chains in patients with Alport syndrome lead to loss of the α3α4α5 network in the 

glomerular BM and to renal failure (Hudson 2004, Khoshnoodi et al. 2008). 

Like other collagens, collagen IV is also subjected to several post-

translational modifications (see 2.3). The evolutionarily conserved N-linked 

glycosylation sites in the 7S domain are thought to play an important role in the 

assembly of the collagen IV network in BMs (Khoshnoodi et al. 2008). 

2.5.1 Collagen IV-derived matricryptins 

The triple-helical domain of collagen IV contains cryptic sites that are 

differentially exposed during matrix remodelling (Hangai et al. 2002, Xu et al. 
2000). In addition, collagen IV is the source of several matricryptines located in 

the C-terminal NC domains of various α(IV) collagen chains. These include 

α1(IV)-derived arresten (see 2.5.1 and 2.10.1), α2(IV)-derived canstatin, α3(IV)-

derived tumstatin, α4(IV)-derived tetrastatin, α5(IV)-derived pentastatin, and 

α6(IV)-derived hexastatin (Ricard-Blum & Ballut 2011). 

Arresten 

Arresten is a 26-kDa fragment derived from the NC1 domain of the BM collagen 

IV α1 chain (Colorado et al. 2000). It was initially isolated from human placental 

BM and has also been produced as a recombinant protein in Escherichia coli and 

293 human embryonic kidney (HEK) cells (Colorado et al. 2000). The release of 

arresten in developing tissues is mediated by MT2-MMP, and its levels are 

regulated through its degradation by cysteine protease cathepsin S (Rebustini et 
al. 2009, Wang et al. 2006). As tumour cells respond to many biologically active 

molecules in a biphasic manner (Calabrese 2005, Celik et al. 2005), the effects of 

arresten may also vary depending on its level. The systemic and local 

concentrations of arresten are not known, although a pilot study has suggested 

that the normal circulatory level of collagen IV is around 100 ng/ml in healthy 

humans (Ramazani et al. 2011). 
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2.5.2 Functions of COL4A1 

Both mouse Col4a1 and human COL4A1 mutations lead to phenotypically 

pleiotropic clinical outcomes (Favor et al. 2007), although the clinical 

manifestations of COL4A1 mutations in humans represent only a subset of the 

phenotypes observed in mutant mice. Thus mutagenesis screens in mice have 

been invaluable for understanding the diverse functions of COL4A1 in normal and 

pathological conditions (Kuo et al. 2012). Mutant mice developed porencephaly, 

severe perinatal cerebral haemorrhages and haemorrhagic stroke secondary to 

focal disruptions of vascular BMs (Gould et al. 2005). Missense or intron splicing 

alleles of human COL4A1 have been linked to vascular instability, aneurysm 

formation and intracerebral haemorrhage (Gould et al. 2005, Gould et al. 2006, 

Vahedi et al. 2007, Van Agtmael et al. 2005) and are known to affect several other 

tissues and organs, including the kidney, eye and muscles (Plaisier et al. 2007). To 

date 13 Col14a1 mutations have been identified in mice, the majority being 

missense mutations in the glycine residues of the collagenous domain (Favor et 
al. 2007, Gould et al. 2005, Kuo et al. 2012, Van Agtmael et al. 2005). Mutations 

in the homologous collagen Iva1 gene in C. elegans have shown to result in 

temperature-sensitive mortality during late embryogenesis (Guo et al. 1991). 

2.6 Anatomy of the eye 

A schematic representation of the eye structure is presented in Fig. 2. In 

vertebrates the two eyeballs are situated in bony orbits. The eye is composed of 

three layers, the outermost of which is the corneo-scleral envelope, largely 

consisting of collagen. The sclera near the posterior pole is breached at the optic 

disc, allowing axons from the retinal ganglion cells to leave the retina and carry 

messages to the brain. Beneath the corneo-sclera is a highly vascular, melanin-

impregnated choroid, which nourishes the outer layers of the retina and continues 

anteriorly as the ciliary body (CB), which in turn continues forwards as the iris. 

The retina, the innermost layer of the eye, is nervous tissue that lines the choroid. 

In addition, there are three cavities in the eye, namely the anterior and posterior 

chambers, located between the cornea and the anterior part of the iris and between 

the lens and the posterior part of the iris, respectively, and the vitreous body, 

filling the space from the lens to the retina. The intraocular contents are 

transparent, to allow rays of light to reach the retina. The vitreous body is filled 

with vitreous humour, consisting of very fine collagen fibrils in a 
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mucopolysaccharide matrix and separated from the rest of the eye by the vitreous 

membrane, or hyaloid membrane, which is also a collagenous layer. The anterior 

chamber (AC) is filled with aqueous humour, the only source of nourishment to 

the lens, which resembles the cerebrospinal fluid in its composition and form. The 

aqueous humour is secreted by the epithelium of the CB and flows round the lens, 

through the pupil and into the AC, from which it escapes through a trabecular 

meshwork into the canal of Schlemm and via collector channels into the 

subconjunctival veins. The balance between production and drainage of aqueous 

humour maintains the intraocular pressure (IOP) (Phillips et al. 1994). 
 

Fig. 2. Schematic representation of the adult mouse eye. 

2.6.1 Development of the mouse eye 

A schematic representation of the development of the mouse eye is presented in 

Fig. 3. The developing mouse embryo at about 8 days after fertilization possesses 

an optic placode, a thickening that marks the region destined for eye 

development, which forms the inner surface of the cephalic neural folds, These 

neural folds fuse between embryonic days (E) 8 and 8.5, and the optic vesicles 

form as lateral evaginations of the newly developed forebrain, to which they are 

connected by optic stalks. By E9 to E10 the optic vesicles are in direct contact 

with the surface ectoderm, with no intervening mesoderm. Shortly after this 
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contact is made, the neuroectodermal layer in the lateral wall of the optic vesicle, 

destined to become the neural retina, and the ectodermal layer, destined to 

become lens placode, show simultaneous thickening. Up to this point the 

primitive eye is a simple structure but during the period from E10 to E15 the 

major structures of the eye, the cornea, lens, retina and optic nerve, appear and 

begin to differentiate. The mouse eye is not fully developed at birth, however, but 

continues its gradual process of growth, differentiation and maturation. By 3 

weeks of age the development of most of the eye structures is completed, the 

three exceptions being the aqueous outflow pathways, the junction between the 

retina and the CB, called the ora serrata, and the retinal vascular system, all of 

which take up to 8 weeks to fully differentiate (Smith et al. 2002). 
 

Fig. 3. Development of the mouse eye. By E9 to E10 the optic vesicle is in direct 

contact with the ectodermal layer. Shortly after this contact is made, the 

neuroectodermal layer in the lateral wall of the optic vesicle and the ectodermal layer 

show simultaneous thickening. The major structures of the eye appear and begin to 

differentiate in the period from E10 to E15. (Modified from Ali & Sowden 2011). 

2.6.2 Structure of the retina 

The retina is bordered by two BMs, the inner limiting membrane (ILM) and 

Bruch’s membrane, separating the retina from the vitreous body and from the 

choroid, respectively. Three layers of neurons can be found in the adult retina 

(starting from the vitreous body): the ganglion cell layer, the inner nuclear layer 

(INL), consisting of bipolar, horizontal and amacrine cells, and the outer nuclear 
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layer (ONL), containing the photoreceptors. These neuronal layers are separated 

by synaptic layers termed the inner and outer plexiform layers. The Müller cells, 

the primary glial cells of the retina, have their nuclei in the INL and extend their 

primary processes throughout the entire retina, coming in close contact with most 

other cells, such as the endothelial cells. Bundles of ganglion cell axons extend 

across the retinal surface and exit to the brain via the optic nerve. The ganglion 

cell layer also contains retinal glial cells of the other type, astrocytes, which 

surround the retinal vessels to form the blood-retinal barrier (Edwards & Lefebvre 

2013). The structure of the retina is shown in Figure 4. 
 

Fig. 4. Structure of the retina in the mouse eye. This haematoxylin/eosin-stained 

paraffin section of a mouse eye shows the main layers of the retina. ILM: inner limiting 

membrane; GC: ganglion cells; IPL: inner plexiform layer; INL: inner nuclear layer; 

OPL: outer plexiform layer; ONL: outer nuclear layer; IS/OS: inner/outer segments; 

RPE: retinal pigment epithelium; CH: choroid; SC: sclera. 

Development of the retinal vasculature 

A schematic representation of the development of the retinal vasculature in the 

mouse is presented in Fig. 5. The retina is an ideal model for studying vascular 

development, particularly in rodents, where it occurs postnatally. Furthermore, the 

knowledge obtained from studying the retina can be transferred to angiogenesis in 

general, like that related to tumour formation (Edwards & Lefebvre 2013). 

The mouse retina is nourished by three layers of vessels, known as the 

superficial, intermediate and deep layers. In addition, the retinal photoreceptors 
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are fed by choroidal vessels. The retinal vessels develop postnatally in rodents 

and in mid-gestation in humans. Prior to the development of the retinal 

vasculature it is the hyaloid vessels, the vitreous-resident embryonic vessels that 

account for the nourishment of the retina. The hyaloid vasculature consists of the 

lens-nourishing tunica vasculosa lentis (TVL) and the vasa hyloidea proprea 

(VHP), which the supports retina. As the retinal vasculature develops, the hyaloid 

vessels regress to create the vitreous. This regression, which is believed to involve 

macrophage-induced apoptosis, is normally complete by post-natal day (P)21 in 

the mouse and by birth in humans. It has been suggested that this regression of 

the VHP may be brought about by reduced blood flow in the hyaloid vessels. The 

mature retinal vessels in the mouse can form either via angiogenesis or via 

budding from pre-existing vessels. The primary retinal vasculature, which lies in 

the ganglion cell layer, develops during the first week, and these superficial 

retinal vessels dive into the retina between P7 and P10 to form two additional 

layers of the retinal vasculature. The deep vascular plexus is complete by P14, 

while the intermediate plexus forms by P21. The retinal vessels in the mouse are 

preceded by an astrocyte template forming a physical scaffold for the growing 

vessels and secreting vascular endothelial growth factor (VEGF). Astrocytes enter 

the retina from the optic disc from around E15 onwards and the vessels begin to 

form around P1. Superficial plexus formation is also thought to be guided by 

VEGF-producing Müller cells. The developing vessels are covered by astrocytes 

to help the formation of the blood retinal barrier, part of which consists of Müller 

cells, which lie deeper in the retina (Edwards & Lefebvre 2013, Fruttiger 2007). 
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Fig. 5. A schematic representation of retinal vascular development in the mouse. At P1 

the hyaloid vasculature (hv) in the vitreous is supplied by the hyaloid artery (ha), 

drains into the venous, choroidal net (cv) (not shown at P7 or P21) and consists of the 

vasa hyloidea proprea (VHP) and the tunica vasculosa lentis (TVL). By P7, the primary 

vascular plexus (pp) in the retina is complete and the TVL and VHP have begun to 

regress. By P21, the deeper plexus (dp) of the retinal vasculature develops and the hv 

is completely regressed (Modified from Fruttiger 2007). 

2.7 Collagen XVIII in the eye 

2.7.1 Expression of collagen XVIII 

Collagen XVIII has been immunolocalized in humans to the BMs of the corneal 

and conjunctival epithelia, Descement's membrane, the anterior border layer and 

posterior pigmented epithelium of the iris, the BMs of the pigmented and non-

pigmented ciliary epithelia, the internal wall of Schlemm's canal and trabeculae, 

the ciliary and iris muscle cells, the BMs of the pigment epithelium of the retina, 

and the ILM. Similarly, the BMs of the vascular endothelial cells and fibroblasts 

located in the conjunctiva, iris, and CB showed collagen XVIII expression 

(Määttä et al. 2007). In the mouse, collagen XVIII is expressed in ocular BMs 

such as the ILM of the retina, the posterior pigment epithelium of the iris, the 

non-pigmented epithelium of CB, the zone between the iris epithelia and the 

stroma, the endothelia of the iris, the CB and some choroidal capillaries, Bruch’s 

membrane, Bowman’s membrane in the cornea and the lens capsule. Expression 

of collagen XVIII has also been seen in the outer plexiform layer of the retina. In 

the developing eye it is present in the VHP and TVL (Fukai et al. 2002, 
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Hurskainen et al. 2005, Marneros & Olsen 2003, Ylikärppä et al. 2003a, 

Ylikärppä et al. 2003b). 

2.7.2 Function of collagen XVIII 

Knobloch syndrome 

The first evidence of the importance of collagen XVIII for the maintenance of 

ocular structures came from a linkage analysis of a Brazilian family with 

Knobloch syndrome in 1996. This led to mapping of the disease locus to the 

collagen XVIII gene (Sertie et al. 1996). To date, twenty one mutations in the 

COL18A1 gene have been reported in Knobloch patients, most of which are 

caused by non-sense mutations and are predicted to create premature stop codons 

possibly leading to a lack of the protein, even though a complete lack of collagen 

XVIII has been confirmed in only two patients (Khan et al. 2012, Suzuki et al. 
2009). One missense mutation has been shown to reduce the binding affinity of 

the C-terminal endostatin domain for the laminin-1-nidogen-1 complex and for 

fibulin-1 (Suzuki et al. 2009). COL18A1 mutations are distributed along the gene 

in regions common to all known isoforms, except for one which affects only the 

short isoform (Suzuki et al. 2009, Suzuki et al. 2002). The mutations affecting all 

isoforms lead to a more severe form of the disorder (Passos-Bueno et al. 2006). 

No mutations affecting the third exon of COL18A1, that specific to the 

medium/long isoforms, have yet been reported in Knobloch cases. These 

observations suggest that the short and long variants, both of which are expressed 

in the eye, are important for the maintenance of ocular structures and for vision. 

The ocular abnormalities involved in Knobloch syndrome display some 

clinical variability. In general, the eye findings are severe and regularly lead to 

blindness at an early age (Sertie et al. 2000). The main findings are high myopia, 

macular abnormalities, vitreoretinal degeneration and retinal detachment (Passos-

Bueno et al. 2006). The histological changes related to Knobloch syndrome in 

humans are not known, since no donor eyes from patients with this syndrome 

have been available so far, but collagen XVIII deficiency in mice leads to diverse 

ocular abnormalities, and thus the characterization of Col18a1-/- mice has 

provided insights into the pathogenic mechanisms of Knobloch syndrome. 
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The anchoring role of collagen XVIII in ocular BMs 

A polarized orientation of collagen XVIII has been found in all ocular BMs in the 

mouse. The N-terminal NC domain in the BMs of the retinal ILM and posterior 

CB being localized particularly to the areas where vitreal fibrils were inserted into 

the BM (Marneros & Olsen 2005). Interestingly, collagen XVIII has been 

implicated in vitreoretinal adhesion, as its deficiency in mice led to separation of 

the vitreal matrix from the ILM and patients with Knobloch syndrome have been 

reported to have early posterior vitreous detachments (Duh et al. 2004, Fukai et 
al. 2002, Marneros et al. 2004). Overexpression of endostatin in the mouse lens 

led to lens opacity at the age of 4 months, the lens epithelial cells having lost 

contact with the capsule and begun to vacuolize, followed by abnormal 

proliferation and clustering of epithelial cells. In addition, the lens capsule, a 

modified form of BM that completely surrounds the ocular lens, was thickened in 

appearance (Elamaa et al. 2005). The ECM of the lens capsule is important for 

the structure of the lens and for maintenance of the lens phenotype by providing 

and transmitting informational cues (Danysh & Duncan 2009). This result 

therefore suggests that the excess of endostatin and its abnormal localization may 

cause disorganization of the capsule, and that these structural changes could affect 

the ability of epithelial cells to anchor to the capsule, leading to the occurrence of 

vacuoles and cell clusters (Elamaa et al. 2005). 

Collagen XVIII has been shown to interact with opticin via its HS chains 

(Hindson et al. 2005). Opticin is an ECM glycoprotein expressed broadly in the 

eye, but is particularly concentrated in the ILM, where it co-localizes with 

collagen XVIII (Bishop et al. 2002, Le Goff et al. 2012, Ramesh et al. 2004, 

Reardon et al. 2000, Takanosu et al. 2001). Since opticin is associated with the 

vitreous collagen fibrils, it may link the vitreous collagen fibrils to the ILM by 

binding the collagen XVIII (Reardon et al. 2000). It has also been suggested that 

the HS chains of collagen XVIII may have a role in the maintenance of the 

normal structure and function of the lens. The deletion of certain HS chains of 

perlecan, another HSPG in the lens capsule, leads to lens degeneration, which is 

accelerated when collagen XVIII is also lacking (Rossi et al. 2003). The N-

terminal NC domain of collagen XVIII has also been shown to be localized at the 

sites of zonular fibril insertion into the lens capsule and the BM of the posterior 

CB. This suggests a further important role for collagen XVIII in connecting the 

zonular fibrils to the lens capsule or the posterior CB, and implies that the lack of 

collagen XVIII may weaken the anchorage of the zonular fibrils, leading to lens 
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subluxation, a symptom seen in some Knobloch syndrome patients (Fukai et al. 
2002, Sertie et al. 2000). Lens subluxation is also a clinical hallmark of Marfan 

syndrome, a disease caused by mutations in the glycoprotein gene fibrillin-1. 

Since the zonule consists mainly of a heparin-binding protein, fibrillin-1, it is 

tempting to speculate that HS chains within the collagen XVIII interact with 

fibrillin-1 and mediate the anchorage function of collagen XVIII in the lens (Dietz 
et al. 1991, Maumenee 1981, Shi et al. 2013). 

Vascular abnormalities 

Since Col18a1-/- mice do not display any obvious vascular abnormalities, the 

physiological levels of collagen XVIII do not seem to be crucial for the regulation 

of angiogenesis throughout development and postnatal growth (Fukai et al. 2002). 

On the other hand, mice deficient in collagen XVIII showed highly impaired 

retinal vasculature during the first postnatal days, and although these Col18a1-/- 

mice did develop a retinal vasculature by day 10, it was abnormal (Fukai et al. 
2002, Hurskainen et al. 2005). Col18a1-/- mice also showed delayed regression of 

the hyaloid vasculature, and the persisting hyaloid vessels were seen to penetrate 

through the ILM in the peripheral retina to give rise to a vasculature that 

supported a major part of the retinal blood flow. The mutant mice also showed 

reduced susceptibility to oxygen-induced neovascularization (Fukai et al. 2002, 

Hurskainen et al. 2005). Persistence of the fetal vasculature of the eye has been 

reported in one Knobloch syndrome patient (Duh et al. 2004). Astrocytes are 

known to form a template for growing vessels in the retina, but the abnormal 

outgrowth of the retinal vessels in the Col18a1-/- mice was not associated with 

any defective proliferation or migration of astrocytes. Instead, retinal whole 

mounts on postnatal day 10 revealed an increase in the number of astrocytes 

(Hurskainen et al. 2005). Also, the mRNA expression of VEGF was appropriately 

regulated in the retina of the Col18a1-/- mice (Hurskainen et al. 2005). The 

regression of hyaloid vessels is mediated by macrophage-induced apoptosis (Lang 
et al. 1994, Lang & Bishop 1993), but it is not known whether collagen XVIII has 

any role in this process. The lack of collagen XVIII may also alter the properties 

of the ILM, leading to the attachment of hyaloid vessels to the retina and 

eventually abnormal retinal angiogenesis through persistent hyaloid vessels. 

Interestingly, under in vitro conditions primary endothelial cells isolated from 

Col18a1-/- mice showed an increased ability to adhere to fibronectin, another 

matrix component of ILM, as compared with cells isolated from wild-type mice 
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(Li & Olsen 2004). Endostatin has been shown to inhibit choroidal 

neovascularization in a mouse model in which this was induced by rupturing 

Bruch’s membrane with a laser (Mori et al. 2001). In addition, endostatin 

prevented VEGF-induced retinal neovascularization, detachment and 

vasopermeability (Takahashi et al. 2003), and also lymphangiogenesis in a 

corneal wounding model (Kojima et al. 2008). 

Age-dependent loss of vision and anterior abnormalities 

Electroretinograms, which measure the electrical responses of retinal cells 

(photoreceptors, inner retinal cells and ganglion cells), thus providing information 

on the functioning of the retina, were normal in young Col18a1-/- mice, but 

experiments with older null mice revealed a reduction in visual function 

associated with an age-dependent accumulation of abnormal, basal laminar-like 

deposits between the retinal pigment epithelium (RPE) and Bruch’s membrane 

(Marneros et al. 2004). In addition, the RPE showed functional and 

morphological abnormalities manifested in altered RPE retinoid metabolism, with 

reductions in retinyl esters and RPE65 protein. Also, the level of retinal rhodopsin 

was reduced in the mutant mice (Marneros et al. 2004). These data suggest that 

collagen XVIII is an important structural component of Bruch’s membrane and 

that the lack of it leads to structural alterations, which in turn result in altered RPE 

function and cell stress (Marneros et al. 2004). Direct RPE damage has been 

shown to cause the formation of abnormal basal laminar-like deposits (Dithmar et 
al. 2001). RPE abnormalities have also been found in Knobloch syndrome 

patients (Kliemann et al. 2003, Passos-Bueno et al. 1994). 

A lack of collagen XVIII also led to abnormalities in the anterior part of the 

eye. Iris fragility resulted in separation of the posterior iris pigment epithelium 

cell layer, followed by its adherence, with its BM, to the posterior CB and lens. 

Age-dependent thickening of the anterior iris BM and abnormal migration of the 

iris pigment cells to the retina, a flattened morphology of the CB and atropy of its 

pigmented epithelial cells were similarly detected in the Col18a1-/- mice 

(Marneros & Olsen 2003, Ylikärppä et al. 2003a). Iris atrophy, synechiae, and 

accumulations of iris pigment on the anterior lens capsule have also been found in 

some Knobloch syndrome patients (Passos-Bueno et al. 1994, Seaver et al. 1993). 
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2.8 Adipose tissue 

The mammalian adipose tissue (AT) pool consists of at least two functionally 

distinct types of fat: white adipose tissue (WAT) and brown adipose tissue (BAT). 

WAT is the main type found in adult humans, it is distributed throughout the body 

and it is the primary site of energy storage. Furthermore, by releasing hormones 

and cytokines, WAT plays a central role in whole-body energy homeostasis and 

metabolism. Thus, AT dysfunction is involved in the development of metabolic 

complications such as obesity, type 2 diabetes, vascular disorders, cancer 

cachexia and lipodystrophies (Ronti et al. 2006, Rosen & MacDougald 2006). A 

lack of AT results in elevated circulating concentrations of triglycerides and fatty 

acids, and to insulin resistance in mice and humans (Shimomura et al. 1998, 

Sovik et al. 1996). In addition, WAT can act as a thermal insulator and protect 

other organs from mechanical damage (Trayhurn 2007). 

WAT can itself be subdivided into subcutaneous and visceral (intra-

abdominal) deposits. Interestingly, despite their histological similarities, 

subcutaneous and visceral AT are thought to have distinct deposit-specific 

metabolic functions, possibly through different exposures to paracrine and 

endocrine signals or distinct developmental programmes (Gesta et al. 2006, 

Ibrahim 2010, Lafontan & Girard 2008, Yamamoto et al. 2010). The 

accumulation of visceral fat in obesity has been shown to be positively correlated 

with pathological inflammation and insulin resistance (Hamdy et al. 2006). By 

contrast, however, subcutaneous AT is thought to provide improved glucose 

tolerance (Tran et al. 2008). WAT is a highly dynamic tissue, expanding and 

shrinking in response to various homeostatic, pharmacological and dietary stimuli 

(Fruhbeck et al. 2001). Excessive caloric intake relative to expenditure produces a 

metabolic state that promotes increased adiposity. The adipose tissue grows by 

two mechanisms, by increasing its cell size (hypertrophy) and by increasing its 

cell number (hyperplasia) through stem cell recruitment to the adipocyte lineage 

(Faust et al. 1978, Lemonnier 1972, Tchoukalova et al. 2010). 

BAT uses the chemical energy in lipids and glucose to produce heat through 

the mitochondrial uncoupling protein UCP1 (Lidell & Enerback 2010). Besides 

thermogenesis, BAT activation can be related to weight loss and to increased 

insulin sensitivity (Cypess et al. 2009, Yang et al. 2003). Recent data suggest that 

there are actually two distinct types of BAT in rodents and humans: classical BAT 

derived from a muscle-related myf-5 cellular lineage, and UCP1-positive cells 

that emerge in WAT from a non-myf-5 lineage. This, “beige fat”, resembles WAT 
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cells in having an extremely low basal expression of UCP1, but like classical 

brown fat, has a highly inducible thermogenic capacity upon exposure to 

prolonged cold or cyclic adenosine monophosphate (cAMP). The data suggest 

that this new mammalian cell type may have therapeutic potential of reducing 

obesity and improving glucose homeostasis (Wu et al. 2012). 

2.9 Adipogenesis 

The formation of WAT in various species starts well before birth, followed by 

marked post-natal expansion (Poissonnet et al. 1988). In humans, the first fat 

lobules begin to develop between the fourteenth and sixteenth weeks of gestation, 

with cranial-to-caudal and proximal-to-distal gradients, and by the 28th week fat 

lobules can be detected in all its future visceral and subcutaneous WAT locations 

(Poissonnet et al. 1984). 

Adipocytes arise from mesenchymal stem cells (MSCs), originally derived 

from pluripotent ESCs. These stem cells reside in the vascular stromal fraction of 

the adipose tissue and bone marrow, and when appropriately stimulated, undergo 

a multistep process of commitment in which the progenitor cells become 

restricted to either adipose, muscle, cartilage or bone lineages, depending on the 

stimulus (Covas et al. 2008, Davis & Zur Nieden 2008, Lin et al. 2010, Tang et 
al. 2004). The process by which adipocytes differentiate from MCSs to mature 

adipocytes, called adipogenesis, can be divided into two main phases: 

commitment and terminal differentiation (Fig. 6). The molecular mechanisms 

behind regulation of the terminal differentiation of preadipocytes into mature 

adipocytes have been under enthusiastic examination and this pathway is well-

characterized. By contrast, our knowledge of the mechanisms that induce MSCs 

to enter the commitment pathway is fragmentary (Bowers & Lane 2008) and the 

question of how adipogenic commitment and terminal differentiation are 

physiologically integrated during development remains to be resolved (Cristancho 

& Lazar 2011). 
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Fig. 6. Adipogenesis can be divided into two main phases: commitment of progenitor 

cells to preadipocytes and differentiation of preadipocytes to mature adipocytes. 

2.9.1 Commitment of MSCs to preadipocytes 

Prolonged excessive caloric intake without any rise in energy expenditure will 

promote adipocyte hyperplasia and adiposity by generating signals that induce the 

MSCs to enter the commitment pathway, leading to the preadipocyte phenotype 

(Shepherd et al. 1993). It is known that several factors, including the bone 

morphogenetic protein (BMP) family members BMP4 and BMP2, play an 

accelerative role in regulating the commitment of MSCs to the adipocyte lineage 

(Bowers et al. 2006, Tang et al. 2004). At the same time, other factors such as 

Wnt10b act as inhibitors of MSC commitment (Bennett et al. 2005). Lineage 

determination seems to be regulated by a network of extracellular signalling 

factors, and it is the balance between these signalling molecules that ultimately 

determines the developmental pathway (Tang & Lane 2012). 

2.9.2 Transcriptional regulation of terminal differentiation 

A schematic representation of the transcriptional regulation of adipocyte terminal 

differentiation is presented in Fig. 7. Cell culture studies with established 

preadipocyte lines have been indispensable for the identification and 

characterization of the key steps in the differentiation programme. Following 

commitment, exposure of the growth-arrested preadipocytes to a cocktail of 

inducers, including a high level of insulin, dexamethasone (glucocorticoid) and an 

agent to elevate cellular cAMP, triggers complex adipocyte differentiation (Fig. 

7). Immediately after this induction of differentiation, the cAMP response 

element-binding protein (CREB) becomes phosphorylated by protein kinase A 

(PKA), and the phosphorylated CREB activates the expression of the 

CAAT/enhancer-binding protein β (C/EBPβ), which becomes post-translationally 
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phosphorylated by mitogen-activated protein (MAP) kinase around 4 hours after 

the induction of differentiation. Phosphorylation is required for preadipocytes to 

re-enter the cell cycle and start mitotic clonal expansion, a necessary step for 

subsequent differentiation (Tang & Lane 2012). 

At a later stage glucose synthase kinase-3β (GSK3β) phosphorylates two 

other sites in C/EBPβ, which induces a conformational change in the protein that 

allows dimerization of two monomeric C/EBPβs and the formation of a DNA-

binding pocket in the C/EBPβ dimer which can bind to the C/EBP regulatory 

elements in the proximal promoters of the transcription factors C/EBPα and 

peroxisome proliferator-activated receptor (PPAR) γ. C/EBPα and PPARγ 

function together as pleiotropic transcriptional activators by binding to the C/EBP 

and PPAR regulatory elements of a large group of genes that produce the 

adipocyte phenotype (Tang & Lane 2012). 

As C/EBPα is antimitotic, its premature expression would prevent any 

preadipocytes from entering mitotic clonal expansion. Thus the expression of 

C/EBPα is inhibited at the stage of mitotic clonal expansion by binding of AP-2α 

and Sp1 repressors to its promoter region. Later in the differentiation process, 

however, increased expression of C/EBPβ downregulates the expression of AP-2α 

and Sp1, resulting in the autoactivation of C/EBPα. In the case of PPARγ, it must 

form heterodimers with the retinoid X receptor prior to binding to PPAR response 

elements. Once expressed, PPARγ and C/EBPα positively cross-activate each 

other through their respective C/EBP regulatory elements, probably in order to 

maintain the adipocyte phenotype in mature adipocytes. Finally, around 20 hours 

after the initiation of differentiation, the expression of sterol regulatory element-

binding protein SREBP1c (mouse homologue ADD1) is activated. SREBP1c 

regulates the transcription of lipogenic genes, including those that support fatty 

acid synthesis, desaturation and uptake, and also triacylglycerol synthesis (Tang 

& Lane 2012). 
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Fig. 7. Key features of the transcription factor cascade of the adipocyte terminal 

differentiation programme. Abbreviations C/EBP: CCAAT/enhancer-binding protein; 

CREB: cyclic AMP regulatory element-binding protein; DEX: dexamethasone; GSK-3β: 

glycogen synthase kinase-3β; MAPK: mitogen-activated protein kinase; P: phosphoryl 

group; PPARγ: peroxisome proliferator–activated receptor-γ; SREBP1c: sterol 

regulatory element binding protein 1c; G1 and S, G1 and S phases of the cell cycle, 

respectively. Dashed lines indicate some uncertainty. (Modified fromTang & Lane 

2012). 

2.9.3 Other factors regulating adiposity 

Adipocyte ECM 

WAT is histologically categorized as a type of loose connective tissue in which 

lipid-filled adipocytes are surrounded by an ECM predominantly consisting of 

collagen fibres. In addition to adipocytes, the AT contains cells of a stromal 

vascular fraction including fibroblasts, fibroblastic preadipocytes, stem cells, 
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endothelial cells, nerves and immune cells, which contribute to structural integrity 

and constitute around 50% of the total cellular content of the WAT (Trayhurn 

2007). The adipocytes in WAT contain one large lipid droplet, which pushes the 

cell nucleus against the plasma membrane, and they range in size from 25 µm to 

200 µm, with a few mitochondria found predominately near the nucleus, in the 

thicker portion of the cytoplasmic rim (Hassan et al. 2012). 

Since only a lipid monolayer forms the boundary between the stored fat and 

the cytosol, mechanical stress may easily result in cell disruption. Thus, while the 

strong, fibrillar ECM is the principal functional entity of bone and cartilage, the 

BM of adipose tissue may be needed for adipocyte survival. In addition to the 

BM, the strong external skeleton consisting of fibrillar collagens serves to reduce 

the transfer of mechanical stress from outside the cell. Altogether 12 collagen 

types have been identified in the ECM of rodent adipocytes by proteomics, of 

which collagen VI seemed to be the most specific to adipocytes. It is known that 

collagen VI is able to bind collagen IV, and it has been suggested that their 

interaction may mediate anchoring of the BM to the cell (Mariman & Wang 

2010). 

The composition of the ECM has been shown to change during adipocyte 

differentiation. In a 3T3-L1 preadipocyte cell differentiation model the early 

phase of differentiation was characterized by a decrease in the amount of 

collagens I and III, whereas at a later stage, their levels returned to that of day 0 

(before administration of the differentiation cocktail), whereas the opposite 

pattern was seen for collagen VI. The amount of collagen VI increased initially 

and later declined, but still remained at a higher level than on day 0. The amount 

of the BM component collagen IV increased gradually during adipogenesis, as did 

that of collagen V (Mariman & Wang 2010). It has been found by inhibiting 

collagen synthesis prior to or after the adipogenic stimuli that early collagen 

synthesis is a permissive requirement for the onset of differentiation, whereas late 

collagen synthesis is more related to structural function (Ibrahimi et al. 1992). 

In a recent analysis of the ECM structure and composition of MCS-derived 

adipocyte cultures antibody staining revealed the presence of collagens I, II and 

IV filaments, which were shown to be ossified and interwoven with mostly 

hexagonal structures. Bioinformatic analysis revealed upregulated expression of 

COL4A1, integrin alpha 7, syndecan 2, intercellular adhesion molecule 3, 

ADAMTS9, tissue inhibitor of metalloproteinase (TIMP) 4, glypican (GPC) 1 

and GPC4 and downregulated expression of COL14A1, ADAMTS5, TIMP2, 
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TIMP3, biglycan, laminin alpha 3, integrin alpha 2, integrin alpha 4, integrin beta 

1, integrin beta 8 and claudin 11 (Ullah et al. 2013). 

The degree of collagen replacement in mature adipocytes has been shown to 

be high, suggesting that the ECM experiences constant turnover (Bouwman et al. 
2004). This is mediated by constructive factors that include enzymes involved in 

the processing of precursors of ECM proteins and extracellular inhibitors of the 

degrading enzymes and enzymes involved in ECM degradation, such as MMPs. 

The construction and degradation of the ECM in mature adipocytes needs to be in 

balance, and alterations in the enzymes regulating these processes can lead to 

changes in adipose tissue development and function. The genetic inactivation of 

an ECM degrading enzyme, MMP3, for example, results in increased adiposity in 

mice fed on a high-fat diet (Maquoi et al. 2003). 

The ECM dynamics of AT can be regulated in various ways. Insulin has been 

shown to up-regulate the transcription of the genes for ECM-modifying and 

ECM-processing enzymes, and thus to stimulate formation of the ECM (Mariman 

& Wang 2010). The involvement of PPARγ in the regulation of ECM 

development has been under discussion, since PPARγ-activated fat storage and 

ECM development in the AT are parallel phenomena. The existence of PPARγ-

regulatory elements within the COL6A3 and thrombospondin 1 genes has been 

suggested (Okuno et al. 2002), while mechanical forces seem to have a dual role 

in ECM regulation, as traction forces from the cell to the surroundings are 

necessary for the development of the adipocyte morphology (Mariman & Wang 

2010) whereas external forces play a significant role in regulating MSC fate and 

mechanical stimuli can control MSC lineage specification. The distribution of 

actin and integrin has been shown to make a significant contribution to the 

regulation of the fate of the MSC, as osteogenic differentiation is more prevalent 

in MSCs with a stiff, spread actin cytoskeleton combined with greater numbers of 

focal adhesions, while adipogenic differentiation is encouraged when the MSCs 

have a spherical morphology and a dispersed actin cytoskeleton with few focal 

adhesions (Mathieu & Loboa 2012). The switch in lineage commitment has 

shown to be modulated by changes in the activity of the endogenous ras 

homologue gene family member A (RhoA). Adipogenesis was promoted in 

rounded hMSCs with inactive RhoA, whereas active RhoA in spread hMSCs 

promoted actinomyosin fibre formation and inhibited adipogenesis (McBeath et 
al. 2004). 



50 

Wnt signalling 

Wnt signalling, which was first described in Drosophila, is a highly conserved 

pathway found in several organisms from nematodes to mammals (Wainwright et 
al. 1988). This pathway is crucial for many developmental processes. The Wnt 

molecules that are secreted are cysteine-rich glycopeptides that act in an autocrine 

or paracrine manner, and in their absence, cytosolic β-catenin becomes 

phosphorylated and is targeted for ubiquitination and proteosomal degradation. In 

the canonical Wnt/β-catenin pathway, the binding of specific Wnt molecules to 

their frizzled receptors and co-receptors (a low-density lipoprotein receptor-

related protein, LRP), results in stabilization of cytosolic free β-catenin, which 

then translocates into the nucleus and activates promoters of Wnt target genes 

(Clevers 2006). 

Wnt signalling is also influenced by potent antagonists, which exert their 

inhibitory effects on different steps in the pathway. Antagonists such as SFRPs 

can bind and sequester Wnt molecules outside the cell, while others such as the 

Dickkopf (DKK) family members and kremen interact with LRP co-receptors on 

the cell surface, causing endocytosis of the coreceptor. The net result achieved 

with both mechanisms, however, is the inhibition of Wnt signalling (Kawano & 

Kypta 2003). 

A linkage between Wnt signalling and adipogenesis was first revealed 

through the finding that the expression of Wnt10b, the main Wnt ligand expressed 

by preadipocytes, decreased along with adipogenesis (Ross et al. 2000). 

Moreover, mice expressing Wnt10b showed decreased WAT and BAT mass 

(Longo et al. 2004). Subsequent studies have indicated, however, that Wnts act 

differentially at different phases in adipogenesis, both as activators of lineage 

commitment early in the programme and as inhibitors of adipocyte differentiation 

later, probably through the actions of different Wnts (Bowers & Lane 2008, 

Kawai et al. 2007). Wnt antagonists have also been shown to exert an important 

influence during the differentiation of preadipocytes to mature fat cells. SFRP1, 

for instance, is induced during adipogenesis, and its constitutive ectopic 

expression in vitro has been found to promote adipogenic differentiation by 

inhibiting Wnt signalling (Lagathu, Christodoulides et al. 2010). In line with these 

in vitro findings, SFRP1 was shown to be expressed at higher levels in mature fat 

cells than in preadipocytes in humans and the expression of SFRP1 in adipose 

tissue was shown to be increased in patients with mild obesity (Lagathu et al. 
2010). Also, the expression of DKK1 was shown to be increased during the ex 
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vivo human adipogenic differentiation process. In addition, constitutive DKK1 

overexpression in 3T3-L1-cells promoted adipogenesis, while DKK1 knockdown 

with siRNA inhibited it (Christodoulides et al. 2006, Park et al. 2008). 

Interestingly, the administration of thiazolidinediones, a class of oral anti-diabetic 

drugs, has been shown to lead to a rapid increase in the level and secretion of 

DKK1 by both fully differentiated adipocytes and differentiating preadipocytes 

(Gustafson et al. 2010). Besides these classical Wnt inhibitors, it has recently 

been shown that microRNA (miRNA) molecules, especially miR-8 family 

members, are also able to interfere with Wnt signalling and thereby affect 

adipocyte differentiation (Kennell et al. 2008). 

Epigenetic regulation 

Cell-type-specific DNA expression is regulated by the epigenetic mechanisms, i.e. 

DNA methylation, histone modifications, chromatin-modifying processes and 

interference from small RNAs (Li et al. 2007). Epigenetic mechanisms have been 

shown to have a role in the regulation of adipogenesis, and gene-specific 

epigenetic markers have also been associated with obesity (Lavebratt et al. 2012). 

It has been shown that DNA demethylation along with adipogenic promoters in 

MCSs is crucial for commitment of these cells to an adipose lineage (Noer et al. 
2006). In addition, several adipogenic promoters, such as PPARγ, as well as 

promoters of final adipogenic genes, including glucose transporter 4, have proved 

to be hypomethylated throughout adipogenesis (Noer et al. 2006, Yokomori et al. 
1999). Since chromatin often has a repressive effect on transcription, the ability of 

nucleosomes to be disrupted is a critical step in gene regulation. Eukaryotic cells 

have two classes of enzyme that can alter their chromatin structure in order to 

control their accessibility to transcription factors. These include histone-

modifying enzymes, which post-translationally modify histones through 

acetylation, methylation, phosphorylation and/or ubiquitination of the N-terminal 

and C-terminal domains of the individual histone proteins, and adenosine 

triphosphate-dependent chromatin-remodelling enzymes, including those of the 

mammalian SWI/SNF family, which alter the nucleosome conformation and 

chromatin structure by disrupting the histone-DNA interactions (Narlikar et al. 
2002, Strahl & Allis 2000, Turner 2002). Like DNA methylation, modifications in 

chromatin structure have proved to be important for the regulation of adipocyte 

differentiation. One example is the induction of PPARγ during adipogenesis, 

which requires switch/sucrose non-fermentable chromatin remodelling enzymes 
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to facilitate the functioning of the preinitiation complex (Salma et al. 2004). Also, 

histone acetylation is always a permissive modification, so that an experimentally 

induced reduction in histone deacetylase enzyme activity has been shown to 

initiate termination of the preadipocyte state and the commencement of 

differentiation towards mature adipocytes by increasing the expression of PPARγ, 

C/EBPα and SREBP1c (Yoo et al. 2006). Histone methylation, on the other hand, 

is a complex process and can either facilitate or restrict adipogenic gene 

expression. Methylation of histone H3 lysine 4 is related to the activation of 

adipogenesis, while histone H3 lysine 9 has the opposite effect (Musri et al. 
2006). The methylation state of histones can be dynamically regulated by histone 

methyltransferases and demethylases (Klose & Zhang 2007, Martin & Zhang 

2005). It has been shown that histone methyltransferase G9a represses PPARγ 
expression by methylating histone H3 lysine 9, but G9a levels have been shown 

to decrease during adipogenesis, and the removal of histone 3 H3 lysine 9 by G9a 

deletion promotes PPARγ expression (Wang et al. 2013). MiRNAs, which have 

also been identified as regulators of adipogenesis, obesity, insulin resistance and 

diabetes (Jordan et al. 2011, Kajimoto et al. 2006), can play either accelerating or 

inhibiting roles, regulating adipogenesis by acting on adipocyte-specific 

transcription factors or signalling pathways that affect adipogenesis. For example, 

the miRNAs miR-27a and miR-27b impair adipocyte differentiation by 

suppressing PPARγ expression (Karbiener et al. 2009, Kim et al. 2010), while 

miR-143 enhances the adipogenic differentiation of 3T3-L1 preadipocytes by 

targeting the coding region of mouse pleiotrophin, a heparin-binding growth 

factor that plays a negative role in adipogenesis (Yi et al. 2011). Some miRNAs 

have been shown to promote adipogenesis by repressing Wnt signalling, while 

others have a negative effect on adipogenesis by activating Wnt signalling (Qin et 
al. 2010). In addition, miRNAs have been shown to affect the number of mature 

adipocytes by regulating the commitment of progenitor cells to the adipogenic 

lineage (Rosen & MacDougald 2006). Epigenetic markers can be reversible or 

stable, stochastic or environmentally induced, transmitted mitotically, or possibly 

through the germ-line. Suboptimal maternal nutrition, for example, has been 

shown to contribute to obesity susceptibility in the offspring (Bruce & 

Cagampang 2011, Lavebratt et al. 2012). Compounds targeting epigenetic 

pathways have been used clinically for the treatment of cancer (Muller & Kramer 

2010), and thus it is tempting to speculate whether similar methods can be used 

for the treatment of metabolic diseases, but unfortunately we have no knowledge 
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of specific environmental exposures or drug targets that might influence the 

epigenetic mechanisms contributing to obesity (Lavebratt et al. 2012). 

2.9.4 Tools for studying adipogenesis 

Adipogenesis is one of the most intensively studied examples of cellular 

differentiation. Despite advances in tracing adipocyte development in vivo, much 

of what is known about the transcriptional regulation of the differentiation of 

preadipocytes is based on studies of preadipogenic cell lines such as mouse 3T3-

L1 cells, a subline of NIH/3T3 mouse embryonic fibroblasts that is committed to 

a preadipocytic lineage and can undergo preadipose to adipose-like conversion 

under the appropriate conditions (Green & Meuth 1974). These preadipocyte lines 

give rise to normal adipose tissue when implanted subcutaneously into athymic 

mice without exogenous inducers (Green & Kehinde 1979, Mandrup et al. 1997). 

Although such in vitro models bear many similarities to primary adipocytes, 

including triglyceride storage, insulin sensitivity and expression of adipocyte-

specific genes, there are some differences, For instance, white adipocytes contain 

a single lipid droplet, whereas triglycerides are stored in many droplets in cell 

lines (Green & Meuth 1974). Methods often employed to study the earlier steps in 

the process include the commitment of pluripotent precursors to adipose lineage 

and the use of totipotent ESCs, multipotent MSCs derived from the embryonic 

mesoderm, multipotent precursor cells isolated from several adult tissues and 

mouse embryonic fibroblasts (MEFs) isolated at E12-E14 (Rosen & MacDougald 

2006). In addition to cell culture assays, many mouse models have been generated 

for studying adipogenesis in vivo. In most of these models the gene of interest has 

either been deleted or specifically overexpressed in the AT under the control of 

the fatty acid binding protein (FAB) 4 promoter enhancer (Ross et al. 1990). This 

model system has major limitations in adipogenesis studies, however, one 

drawback being that FAB4 is expressed during terminal differentiation (Tang et 
al. 2004), and another that the Fab4 promoter used in these models can also drive 

transgene expression ectopically in macrophages, in the brain and during 

embryonic development (Makowski et al. 2001, Martens et al. 2010, Urs et al. 
2006). Thus new tools that better mimic the in vivo situation are needed in order 

to achieve a better understanding of the intricacies of adipogenesis. 
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2.9.5 Collagen XVIII and adipose tissue 

The first evidence of the involvement of collagen XVIII in adipogenesis was the 

identification of its increased expression in bovine adipocyte differentiation. It 

was also highly expressed in bovine AT (Inoue-Murayama et al. 2000), and was 

later found to be highly expressed during human adipocyte differentiation. 

Moreover, a single nucleotide polymorphism in the Fz domain of the collagen 

XVIII gene was associated with obesity in diabetes type 2 patients (Errera et al. 
2008). Elevated plasma levels of endostatin have been measured in obese 

individuals (Silha et al. 2005), and the protein expression of endostatin/collagen 

XVIII was found to be increased in the AT of obese mice relative to that in lean 

mice (Kurki et al. 2012). A deficiency of collagen XVIII in mice resulted in 

reduced plasma levels and activity of lipoprotein lipase (Lpl), mild fasting 

hypertriglyceridaemia and diet-induced hyperchylomicronaemia, all of which 

were attributed to reduced lipoprotein lipase presentation on the luminal side of 

the endothelium in the absence of collagen XVIII. In addition, Knobloch 

syndrome patients with null mutation in the short variant of collagen XVIII 

presented with a lowered plasma Lpl mass and activity and exhibited fasting 

hypertriglyceridaemia (Bishop et al. 2010). Furthermore, studies with Drosophila 

suggested that Mp is involved in the formation or maintenance of the fat body 

BM, and by extension, in regulating lipid metabolism. Decreased production of 

Mp resulted in abnormal ultrastructure of the fat body, so that the larval fat bodies 

were smaller and the lipid droplets larger in the mutant flies than in the wild type. 

In addition, collagen IV deposition at the cell boundaries was abnormal in the 

mutant flies, suggesting a failure to assemble BMs, and at the ultrastructural level, 

the intercellular spaces were broader in mutants, possibly due to the loss of BM 

integrity and the consequent failure to provide a proper scaffold for the cells 

(Momota et al. 2011). 

2.10 ECM and cancer 

The tumour microenvironment (i.e. tumour stroma) surrounding the transformed 

cancer cells includes cells such as fibroblasts, immune cells, the cells of the 

vasculature, ECM components, proteases and cytokines. Together, these 

components participate in a complex crosstalk with the tumour cells, and it is 

increasingly being recognized that the tumour microenvironment plays an 

important role during tumour growth and metastasis (Egeblad et al. 2005, 
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Hanahan & Coussens 2012). It should also be noted that the tumour 

microenvironment is not stable but constantly changes and evolves during tumour 

progression (Hanahan & Weinberg 2011). It is at this stage that alterations in 

tumour suppressor genes and oncogenes cause cancer cells to activate adjacent, 

not malignantly transformed stromal cells and to induce the release of secreted 

factors such as cytokines, GFs and ECM proteins that are capable of signalling in 

a paracrine or endocrine manner to the tumour stroma in order to promote 

tumorigenesis and to protect the tumour from host immunity (Kalluri & Zeisberg 

2006, Mueller & Fusenig 2004). In addition, alterations in the signalling 

pathways regulating the response of cells to microenvironmental cues predispose 

the tumour to initiation, progression and metastasis, and probably also to 

dormancy (Friedl & Alexander 2011, Paez et al. 2012). 

As a major component of the tumour microenvironment, the ECM has proved 

to be an essential player at various stages in the carcinogenic process (Lu et al. 
2012). Abnormal ECM dynamics e.g. the deposition of ECM components such as 

collagen I and IV, fibronectin, laminin and tenascin, can lead to matrix 

remodelling and the subsequent release of proteases such as MMPs, which 

degrade the BM and initiate the invasion programme for cancer cells (Joyce & 

Pollard 2009). The sensing of the mechanical properties of the ECM is a central 

mechanism for regulating the differentiation and proliferation of many cell types, 

and an increase in tissue rigidity due to local accumulation of a dense, crosslinked 

collagen matrix in the desmoplastic tumour stroma is a hallmark of cancer 

progression in soft tissues (Cukierman & Bassi 2010). 

Tumours must recruit new blood vessels to meet their increased metabolic 

and nutritional demands (Folkman 1997), and this is done by angiogenesis, the 

process whereby new capillaries are formed from pre-existing ones by sprouting 

or splitting (Risau 1997). The ECM is involved in the guidance of endothelial cell 

migration and branching and in endothelial cell survival and proliferation by 

supplying building blocks for vessel growth, and also in cellular morphogenesis, 

including vessel lumen formation. Prior to the initiation of vascular branching, the 

endothelial BM needs to be removed, most likely by MMPs. Many ECM-derived 

fragments, in collaboration with other proangiogenic factors such as VEGF and 

basic fibroblast growth factor (bFGF), and anti-angiogenic factors such as 

plasminogen-derived angiostatin, then determine the direction of vascular 

branching and the final branch pattern. In addition, hypoxia can lead to increased 

cross-linking and stiffening of the ECM, resulting in sprouting angiogenesis 

(Carmeliet & Jain 2011, Lu et al. 2012, Nyberg et al. 2005). 
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Tumour cell invasion and distant spreading results in metastasis, which is the 

main cause of cancer mortality rather than primary tumour growth, and the 

tumour microenvironment plays a critically important role in this invasion process 

(Kalluri & Weinberg 2009). In order to metastasize, the tumour cells must first 

acquire plasticity and a capability for degrading the surrounding ECM in order to 

escape from the primary tumour mass and intravasate and migrate through the 

haematogenous or lymphatic system. Finally the tumour cells must be able to 

extravasate the vessel wall and adhere to the target tissue (Talbot et al. 2012). The 

ECM is essential for the development and maintenance of tissue polarity in solid 

organs and during epithelial morphogenesis. Abnormal ECM dynamics alter the 

function of BM as a physical barrier and disrupt cell polarity, promoting 

epithelial-to-mesenchymal transition (EMT), which together can facilitate tissue 

invasion by cancer cells. In addition, thickening and linearization of collagen 

fibres are common in cancers and probably play an active role in cancer 

metastasis by facilitating cancer cell migration on collagen fibres in areas 

enriched in collagen (Lu et al. 2012). EMT is a reversible process, in that the cells 

can regain non-motile characteristics during mesenchymal-to-epithelial transition 

(MET). EMT-related reversible plasticity is important for the final developmental 

cellular differentiation during embryogenesis and for clonal outgrowth at 

metastatic sites during cancer progression (Cox & Erler 2011, Gao et al. 2012b, 

Yang & Weinberg 2008). 

2.10.1 Effects of endostatin and arresten on tumorigenesis 

Endostatin can inhibit the proliferation and migration of endothelial cells and also 

induce their apoptosis (Dhanabal et al. 1999, O'Reilly et al. 1997, Yamaguchi et 
al. 1999). Lack of collagen XVIII/endostatin has been shown to result in 

increased outgrowth of microvessels in an aortic explant assay (Li & Olsen 2004). 

Transgenic mice overexpressing endostatin specifically in their endothelial cells 

also showed a 1.6-fold increase in circulating levels of endostatin, which was 

sufficient to inhibit the vascularization and growth of transplanted tumours (Sund 
et al. 2005). Endostatin has also been shown to reduce the number of mature 

vessels by inhibiting the recruitment of pericytes into capillaries in vivo (Skovseth 
et al. 2005), and to inhibit the growth of several tumours of both mouse and 

human origin (Folkman 2006). Surprisingly, transgenic mice overexpressing 

endostatin under the keratin K14 promoter developed a similar tumour incidence 

and multiplicity to control mice in an experiment with carcinogen-induced skin 
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tumours. Tumour angiogenesis was inhibited by endostatin overexpression only at 

an early stage in skin tumour development, but more strikingly, there was a 

significant reduction in lymphatic vessels in the papillomas and carcinomas and a 

significant inhibition of lymph node metastasis (Brideau et al. 2007). The efficacy 

of endostatin has also been tested in cancer patients in a few clinical trials, but the 

results have been contradictory (Folkman 2006). 

Arresten has been shown to efficiently inhibit the proliferation, migration and 

tube formation of different types of endothelial cells (Boosani et al. 2010, 

Colorado et al. 2000, Nyberg et al. 2008, Sudhakar et al. 2005). It inhibits 

Matrigel neovascularization and the growth of subcutaneous tumours in mice in 
vivo (Colorado et al. 2000, Nyberg et al. 2008, Sudhakar et al. 2005), and has 

also been shown recently to increase apoptosis in endothelial cells (Boosani et al. 
2009, Nyberg et al. 2008). 

Mechanism of action of endostatin and arresten 

The complex interactions between cells and ECM molecules are largely regulated 

through integrins and other cell surface receptors (Guo & Giancotti 2004). 

Integrins are heterodimeric transmembrane glycoproteins for ECM components 

and they link the intracellular actin cytoskeleton to the cellular environment. They 

consist of an α and a β subunit, with a total of 18 α and eight β subunits 

combining in various ways to yield 24 distinct mammalian integrin heterodimers 

that can adopt an inactive, closed conformation with a low affinity for a given 

ligand or an active, open conformation with a high affinity. As a consequence of 

this conformational switching, integrins are able to signal both “inside-out” and 

“outside-in”. The binding of intracellular proteins such as kindlins to integrins 

regulates the activation of the latter to promote ligand binding, while extracellular 

ligand binding elicits signalling responses within the cell (Humphries et al. 2006). 

Integrins are expressed in a cell and tissue-specific manner and bind various 

soluble and insoluble ECM ligands such as collagen, vitronectin, fibronectin and 

laminin to control diverse cellular processes, including proliferation, apoptosis, 

differentiation and cell migration. Thus integrins play key roles in development, 

immune responses and the progression of diseases such as cancer (Legate et al. 
2009). The expression of some subtypes of integrins has been described as being 

greatly increased in many cancers (Desgrosellier, Cheresh 2010). Almost half of 

the integrins bind to ECM proteins through the tripeptide RGD-motif consisting 
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of arginine, glycine and aspartic acid (Arg-Gly-Asp = RGD) (Humphries et al. 
2006). 

No uniform picture has emerged of the molecular mechanisms of action of 

endostatin, but it seems that it can affect the behaviour of cells through numerous 

pathways. It has been shown to interact with many receptors on the cell 

membrane, and binding to α5β1 integrin in endothelial cells leads to the 

activation of Src, resulting eventually in decreased cell migratory capacity 

(Wickstrom et al. 2002, Wickstrom et al. 2003). Endostatin has also been shown 

to bind to αvβ3 integrin (Rehn et al. 2001). Another class of cell surface 

endostatin receptors consists of the glypicans, which transmit its antimigratory 

effects to endothelial cells (Karumanchi et al. 2001). Endostatin can also prevent 

the association of VEGF molecules with their receptors by binding directly to 

VEGF receptors (Kim et al. 2002, Kojima et al. 2008), and can inhibit the 

activation of various proteases, including proMMP-2 and proMMP-9 (Nyberg et 
al. 2003). Endostatin has been shown to modulate the activation of plasminogen 

in endothelial cells in vitro, leading to disassembly of the focal adhesions and 

dissociation of the actin fibre network (Wickstrom et al. 2001). Endostatin can 

also inhibit Wnt/β-catenin signalling by accelerating β-catenin degradation (Hanai 
et al. 2002a, Hanai et al. 2002b). 

Most studies have focused on the arresten signalling mediated by integrins, 

but HSPGs may also act as receptors or co-receptors for arresten (Colorado et al. 
2000). Its anti-angiogenic activity is mediated through inhibition of the FAK/c-

Raf/MEK/ERK1/2/p38 MAPK pathway, achieved by binding to α1β1 integrin. In 

addition, arresten has been shown to inhibit the hypoxia-induced expression of 

hypoxia-inducible factor 1 alpha and VEGF in endothelial cells by inhibiting 

ERK1/2 and p38 activation (Sudhakar et al. 2005). The pro-apoptotic effect of 

arresten is also mediated by α1β1, leading to reduced expression of the anti-

apoptotic signalling molecules Bcl-2 and Bcl-xL and activating caspase-3/poly 

(ADP-ribose) polymerase via FAK/p38-MAPK signalling (Boosani et al. 2009, 

Nyberg et al. 2008). Arresten has been shown to inhibit MMP-2 activation and 

the FGF-2-induced proliferation of murine retinal endothelial cells (Boosani et al. 
2010). 

Although both arresten and endostatin are potent anti-angiogenic peptides, 

they are assumed to exert their effects through slightly different mechanisms. 

Most of the extensive research carried out on endostatin has focused on its role in 

the endothelium, but there are some reports of its effects on other types of cells, 

including oral and breast carcinoma cells (Lu et al. 2008, Nyberg et al. 2003). 
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The direct anti-tumour effects of arresten on the cancer cell itself have not been 

described. 
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3 Outlines of the present research 

Although collagen XVIII is highly conserved in bilaterian genomes (Hynes 2012) 

and likely to perform structural roles in BMs and cell-signalling roles through its 

cryptic domains and HS moieties, the individual in vivo roles of its variant 

polypeptides are largely unknown. Thus the first objective of this work was to 

address the physiological in vivo roles of the different collagen XVIII isoforms. 
These questions were studied using novel genetically modified mouse lines 

expressing exclusively the short form of the molecule, or alternatively its two 

longer variants. These studies were focused on the eye, of which collagen XVIII 

is a crucial component, and, in view of our new macroscopic findings with regard 

to mutant mice, on adipogenesis. In view of our previous findings of broadened 

BMs and eye abnormalities in transgenic mice overexpressing monomeric 

endostatin (Elamaa et al. 2005), we decided to study the effects of similar 

overexpression of the N-terminally located sequence of collagen XVIII. Hence 

we generated a new mouse model by overexpressing the Tsp-1 domain common 

to all three isoforms using the keratin K14 promoter. 

The second part of the work addressed the direct effects of the collagen IV-

derived matricryptin arresten on aggressive oral carcinoma. While arresten is 

known to have anti-angiogenic properties, its direct effects on tumour cells had 

not previously been characterized. Thus we set out to study the impact of arresten 

on oral carcinoma cells by means of 2-dimensional (2D) cell culture assays, a 3D 

organotypic cancer model and a subcutaneous xenograft model in mice. 
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4 Materials and methods 

The materials and methods used in this thesis are summarized in the table below. 

Detailed information with references can be found in original papers I-III. 

Table 1. Methods used in the original publications. 

Level Methods Used in 

DNA polymerase chain reaction (PCR) I, II, III 

 Cloning techniques I, II, III 

 Southern blotting I, II 

RNA RNA isolation II, III 

 real-time quantitative PCR (RT-qPCR) II, III 

Protein Western blotting I, II, III 

 Production of recombinant proteins II, III 

 Co-immunoprecipitation II 

 Solid phase binding assay II 

Cells and tissues Preparation and staining of tissue sections I, II, III 

 Confocal microscopy I, II, III 

 Transmission electron microscopy (TEM) I, II 

 IEM II 

 Whole-mount retina preparations I 

 Cell culture II, III 

 Fluorescence-activated cell sorting (FACS) II 

 Oil-Red O staining II 

 Solid phase binding assay  

 Organotypic cultures III 

 Establishment of stable cell lines III 

 Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) III 

 Proliferation assays III 

 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) III 

 Electric cell-substrate impedance sensing (ECIS) III 

Mice Animal models I, II, III 

 IOP measurements I 

 Slit-lamp analysis I 

 Optical coherence tomography (OCT) I 

 Serum lipid and lipoprotein determination and activity assays II 

Human Collection of fat biopsies II 

 Analysis of serum samples II 

 Linkage analysis II 

Other Statistical analysis I, II, III 

 



64 

  



65 

5 Results 

5.1 Generation of novel genetically modified mouse lines for 

studying the isoform-specific functions of collagen XVIII (I, II) 

To study the individual in vivo roles of the promoter 1 and 2-derived gene 

products, we generated two novel genetically modified mouse lines expressing 

exclusively the short variant of the molecule (Col18a1P2/P2), or alternatively the 

two longer variants (Col18a1P1/P1). Specific inactivation of exon 1 and deletion of 

exon 3 were confirmed by Southern blot and PCR analysis. To further validate the 

quality of the newly created Col18a1 mouse lines, we performed 

immunofluorescent staining of the kidney, an organ which expresses all three 

collagen XVIII variants (Kinnunen et al. 2011), using two antibodies: ‘anti-all-18’ 

that recognizes all three collagen XVIII species, and ‘anti-medium/long-18’, 

which reacts to the two longer variants. Our data showed that we were able to 

successfully generate mutant mice that produced only short (Col18a1P2/P2) or 

medium/long (Col18a1P1/P1) collagen XVIII at levels comparable to wild-type 

(WT) animals. In addition, RT-qPCR analysis of liver, epididymal white adipose 

tissue (eWAT) and kidney RNA indicated that neither promoter-null mouse model 

displayed compensatory rises in Col18a1 mRNA levels from the non-targeted 

promoter. 

To study the effects of overexpression of the Tsp-1 domain, located in the N-

terminal NC portion of all three isoforms, we generated a new mouse model by 

overexpressing this domain under the keratin-14 promoter (named K14-Tsp-1), 

which drives expression of the transgene in mitotically active basal layer cells, 

including basal keratinocytes in the skin (Coulombe et al. 1989) (not studied in 

this thesis) and in the epithelia of the lens capsule and cornea (Elamaa et al. 2005, 

Vauclair et al. 2007). The transgenic mice were identified by Southern blotting 

and PCR, and two independent transgenic founders, named K14-Tsp-1(1) and 

K14-Tsp-1(2), were obtained. The transgenic lines were generated in an FVB/N 

background, but the K14-Tsp-1(1) transgenic mice were also backcrossed into the 

C57BL/6JOlaHsd (B6) line. 
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5.2 Isoform-specific function of collagen XVIII during eye 
development (I) 

5.2.1 Expression of the Tsp-1 transgene in the mouse eye 

Western blot analysis of eye protein extracts from K14-Tsp-1 transgenic mice 

revealed a fragment with the expected size of the transgene product. The 

transgene was found by immunohistochemical staining to be expressed in the 

basal cells of the corneal epithelium, in the corneal endothelium and in the lens 

capsule in both transgenic mouse lines, and was also occasionally detected in the 

vitreous of the transgenic mice. In view of the transgene expression pattern, the 

two new independent mouse lines were used to assess the consequences of 

overexpression of the collagen XVIII Tsp-1 domain in the eye, and the observed 

phenotypic alterations were also assessed relative to null mice. The phenotypic 

changes in the eyes of the independent K14-Tsp-1(1) and K14-Tsp-1(2) mouse 

lines were highly similar, indicating that the findings did not reflect aberrant 

consequences of the insertion site. 

5.2.2 Both overexpression of the K14-Tsp-1 transgene and lack of 
collagen XVIII lead to eye enlargement 

By the age of 2 weeks the transgenic mice in the FVB/N background had 

developed buphthalmos, i.e. enlargement of the eye, as judged by the increased 

volumes and weights of their eyes relative to the age-matched WT mice, a trend 

which continued gradually until it reached a plateau at around 12 months of age. 

The eyes of adult transgenic mice also showed increased volumes, axial lengths 

(AL) and weights relative to the age-matched controls. In addition, in vivo and 

post mortem analyses pointed to a high incidence of phthisis bulbi, i.e. shrinkage 

of the eye, among the transgenic mice, and we are inclined to consider this an end 

stage of the eye enlargement phenotype. In contrast to the FVB/N background, 

the average eyeball AL of the transgenic mice in the B6 background was found to 

be the same as that in the WT B6 mice. Moreover, the incidence of phthisis 

among the transgenic mice was lower in B6 background than in the FVB/N 

background. 

Given that the original analysis of the Col18a1-/- mice had been performed in 

a C57BL/6J background (Fukai, Eklund et al. 2002) and that the FVB/N 

background had resulted in a more severe phenotype for the Tsp-1 transgenic 
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mice, we decided to re-analyse the Col18a1-/- mice in the FVB/N genetic context. 

This approach revealed a significantly increase in eye weight and volume in both 

young and old FVB/N null mice relative to controls. In addition, almost 60% of 

the FVB/N-Col18a1-/- eyes analysed exhibited phthisis by the age of 9 months. 

5.2.3 Minor changes in intraocular pressure in the mutant mice 

We hypothesized that one reason for the increased eyeball size could be increased 

IOP, which would stretch the developing eye. For that reason we measured IOP in 

the mice at ages between 2 and 6 months. At the age of two months there were no 

statistically significant differences in average IOP between either the K14-Tsp-

1(1) or the K14-Tsp-1(2) mice and the WT FVB/N mice, but contrary to our 

expectations, the average IOP of the K14-Tsp-1(2) mice was lower than that of 

the controls at the age of six months. In the case of the K14-Tsp-1(1) mice the 

IOP did not differ from that seen in controls, indicating that there are some 

variations between the two K14-Tsp-1 mouse lines. In the case of the Col18a1-/- 

mice, their average IOP at the age of three months was lower than that of the 

FVB/N WT mice, but not statistically significantly so, while at the age of six 

months the difference was statistically significant. 

5.2.4 Several anterior abnormalities in the mutant mice 

To assess possible anterior abnormalities, the transgenic mice and their age-

matched controls were subjected to in vivo slit-lamp examinations and post 
mortem analysis under a dissection microscope at the age of nine months or more. 

Cataract was present in the majority of the transgenic mouse eyes and also in 56% 

of the WT control eyes, but the changes in the control lenses in vivo were subtle 

relative to the mature cataracts and nuclear, cortical or capsular changes seen in 

the transgenic mouse lenses. In addition, subluxation of the lens, corneal 

vascularization, folds in Descemet’s membrane, intraocular haemorrhage and 

hyperaemia (increased blood flow) of the iris were seen in some of the transgenic 

mouse eyes whereas none of the above defects could be observed in the WT 

FVB/N mice. Filamentous material was observed posterior to the iris in some 

K14-Tsp-1(2) eyes, connecting the (subluxated) lens to the area around the ora 

serrata, while corneal opacities were seen in 17% of the K14-Tsp-1(1) eyes. 

Although the eyes of the transgenic B6-K14-Tsp-1(1) mice appeared grossly 

normal, in vivo slit lamp examination showed these to have excessive mucous 
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discharge and an increased incidence of lashes bending towards the cornea. 

Where none of the WT B6 eyes developed corneal opacities, over 30% of the 

transgenic eyes analysed had corneal opacities (mostly central), usually 

accompanied by corneal vascularization. Although the incidence of cataracts was 

similar in the B6-transgenic and control eyes, it became evident that the cataracts 

affecting the lenses of B6-K14-Tsp-1(1) were more severe than in the controls. 

The eyes of the FVB/N-Col18a1-/- mice were analysed only post mortem, 

since the changes seen in the post mortem analyses of the K14-Tsp-1(1) and K14-

Tsp-1(2) mice had been similar to those in the in vivo slit-lamp examination. As in 

the transgenic mice, there were several abnormalities in the collagen XVIII null 

mouse eyes. Most of the phthisic eyes did not have a visible AC, and those that 

did showed folds in Descemet’s membrane. The phthisic eyes occasionally 

showed irregular vascularization on either the iris or the lens, haemorrhage or 

excessive material bulging from the anterior lens capsule. 

TEM revealed an excessive accumulation of fibrillar material in the aqueous 

humour near the CB in the FVB/N-K14-Tsp-1 transgenic mice, and occasionally 

the lens capsule was seen to be loose and folded, and electron-dense spots 

resembling intraocular calcium deposits were seen in the lens capsule and in the 

space between lens and the ablated retina. Some accumulation of inflammatory 

cells was also detected on the top of or inside the lens capsule and at the site of 

fibrillar material near the CB. 

The appearance of buphthalmos led us to quantify the AC depth in the 

transgenic mice by OCT. This demonstrated an increased incidence of lens 

subluxation in the FVB/N transgenic mice relative to the FVB/N controls. In the 

case of the K14-Tsp-1(2) mice this coincided with an exceptionally deep AC with 

the iris flopping backwards and the lens displaced from its normal position behind 

the iris. 

5.2.5 Marked posterior abnormalities in the transgenic eyes 

Although the photoreceptors were lacking in the FVB/N mice (Gimenez & 

Montoliu 2001), the remaining cell populations formed a well-organized 

structure. Interestingly, most of the FVB/N-transgenic mice showed either 

peripheral retinal degeneration or atrophy, or else ablation varying from a small 

local lesion to a pan–retinal effect. These were not observed in any of the WT 

mice. As seen in the case of anterior abnormalities, the posterior findings were 

also more subtle in the B6-transgenic mice than in FVB/N transgenic eyes. Total 
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retinal ablation was also seen in all of the FVB/N-Col18a1-/- eyes analysed. In 

addition, the cataractous lenses of the Col18a1-/- mice had a disorganized 

appearance. 

5.2.6 Distinct expression patterns of the short and medium/long 
collagen XVIII isoforms in the mouse eye  

To understand how the different collagen XVIII isoforms contribute to the 

structures of the eye, we used anti-all-18 antibodies recognizing all the isoforms 

and anti-medium/long-18 antibodies specific to the two longer isoforms to 

determine the localization of the Col18a1–encoded proteins in the eyes of WT 

and mutant mice that were deficient in the short form (Col18a1P1/P1) or the 

medium and long forms (Col18a1P2/P2). The immunofluorescence staining of eye 

samples from the WT mice, as also from the Col18a1P2/P2 mice lacking the 

medium/long isoforms of collagen XVIII with the anti-all antibody resulted in a 

nearly identical staining pattern, indirectly pointing to a broad expression pattern 

for the short isoform. More specifically, the staining indicated that the short 

collagen XVIII isoform is present in the ILM, the BM zones of the CB and the 

iris epithelia, and also in the lens capsule, Bruch’s membrane and the TVL. In the 

Col18a1P1/P1 lacking the short isoform, the anti-all-18 antibody did not label the 

lens capsule or the ILM, indicating that the medium/long isoforms are not highly 

expressed at these sites and that the signal detected in the control mice 

represented the short isoform. Consistent with these data the anti-medium/long-18 

antibody labelled the CB, iris epithelia and Bruch’s membrane but did not label 

the lens capsule or the ILM in the FVB/N control and Col18a1P1/P1 mice. The 

anti-medium/long-18 antibody showed no labelling in the Col18a1P2/P2 mice, and 

neither antibody showed any specific labelling in the Col18a1-/- eyes used as 

negative controls. 

5.2.7 Abnormal outgrowth of retinal vessels is due to lack of the 

short isoform 

The availability of the isoform-specific null mice allowed us to investigate the 

significance of the short and medium/long collagen XVIII isoforms for generation 

of the markedly delayed and aberrant outgrowth of retinal vessels previously 

observed in Col18a1-/- mice (Fukai et al. 2002). Irregular growth of retinal 

capillaries was seen in the Col18a1P1/P1 and Col18a1-/- mice, whereas the retinal 
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vessels of the Col18a1P2/P2 mice appeared to be normal and were comparable with 

the B6 control eyes. This is consistent with exclusive occurrence of the short 

isoform in the ILM. 

5.3 Specific collagen XVIII isoforms promote adipogenesis and 
affect fat deposition (II) 

5.3.1 Lack of medium/long collagen XVIII modulates adiposity and 

liver weights 

The Col18a1P1/P1 and Col18a1P2/P2 mice displayed no gross phenotypic alterations, 

and they were fertile and had normal lifespans. This was not unexpected, as mice 

lacking all isoforms are also viable and fertile (Fukai et al. 2002). On the other 

hand, the adult Col18a1P2/P2 mice, when fed on either the Western diet or the 

standard chow, had a generalized reduction in adiposity and an increase in liver 

weight calculated as a percentage of body weights (BW), whereas the 

Col18a1P1/P1 mice did not develop these changes when fed on the Western diet, 

but were lighter when fed on chow. The Col18a1-/- mice also showed reduced 

adiposity on both diets, and an increase in mean liver weight on the Western diet. 

5.3.2 Medium/long variants predominate in eWAT and their 
expression correlates positively with obesity 

To study the relative levels of the promoter P1 and P2-derived mRNAs in the two 

tissues macroscopically affected in the Col18a1P2/P2 mice, we performed RT-

qPCR analyses of eWAT and liver samples obtained from mutant and control 

mice. The kidney was included in these analyses as a control tissue. The results 

suggested that the mRNA encoding the short variant of collagen XVIII 

predominated in the kidney and that the transcript encoding the medium variant 

was the majority species in the liver. The long transcript was present at 

comparable levels in the liver and eWAT, and at much higher levels than in the 

kidney. Moreover, immunofluorescence staining of eWAT sections obtained from 

mutant mice with the anti-all and anti-medium/long-18 antibodies showed that 

each of the three isoforms was expressed in eWAT and that they were localized 

between the adipocytes and within the vasculature. 
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It is difficult by means of immunofluorescence to make quantitative 

comparisons of the expression levels of proteins between samples, but data 

obtained from the RT-qPCR and Western blotting analyses indicated that the 

medium/long collagen XVIII isoforms are the predominant species in eWAT. 

Western blot analysis of a heparitinase I-digested eWAT-sample showed that the 

collagen XVIII present in the eWAT contains HS side-chains. Interestingly, 

expression of the long variant was also selectively up-regulated in the eWAT of 

mice fed on a short-term high-fat diet. 

We also analysed the expression of COL18A1 variants in human adipose 

tissue. Subcutaneous and visceral adipose tissue biopsies were collected from a 

total of 102 morbidly obese individuals undergoing Roux-en-Y gastric bypass 

surgery (Kuopio Obesity Surgery Study, (Kaminska et al. 2012)). Clinical 

parameters, including serum free fatty acid (FFA) levels, were assessed prior to 

the surgery. Our examination revealed that expression of the long and medium 

variants was higher in the human visceral samples than in subcutaneous fat 

isolated from the obese individuals and expression of the short variant was lower. 

Moreover, the higher expression of the medium and long variants in the visceral 

fat correlated positively with fasting serum FFA levels. 

5.3.3 Isoform-specific contributions of collagen XVIII variants to 
WAT development 

Morphometric analysis of eWAT samples from adult mice revealed that the 

mutant mice had adipocytes of comparable sizes to those in WT animals. To gain 

further mechanistic insights into the WAT abnormalities of Col18a1P1/P1 and 

Col18a1P2/P2 mice, we studied younger mice. 4-6-week-old Col18a1P1/P1 mice fed 

on standard chow had lower BWs than age-matched control animals, but they did 

not have either decreased adiposity or any reduction in adipocyte size, thus 

independently replicating the findings seen in mature mice. The Col18a1-/- and 

Col18a1P2/P2 mice had reduced adiposity at the age of four weeks, with smaller 

adipocytes than their age-matched WT and Col18a1P1/P1 counterparts, but this size 

difference diminished with age, so that by seven weeks of age the Col18a1-/- and 

Col18a1P2/P2 mice had adipocytes of comparable size to their WT littermates 

despite continuing reduced adiposity. As judged by the identical distribution of 

CD31-positive blood vessels among the genotypes, angiogenesis in the adipose 

tissue of the Col18a1P2/P2 mice was not impaired. 
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FACS analysis identified a significant increase in the level of the early 

adipocyte progenitor cell population (i.e. Lin-/CD29+/CD34+/Sca-1+/CD24+) in 

the eWAT samples from the Col18a1P2/P2, and Col18a1-/-, mice relative to those of 

the WT or Col18a1P1/P1 mice. 

5.3.4 The medium/long isoforms of collagen XVIII regulate 

adipogenesis in vitro and ex vivo 

To elucidate the contribution of medium/long collagen XVIII to adipogenesis, we 

used the well-established 3T3-L1 preadipocyte differentiation model (Green & 

Meuth 1974, Park et al. 2012a). Prior to differentiation (0h), short transcripts 

were the predominant species, whilst medium/long transcripts encoding medium 

collagen XVIII were virtually absent. Following the induction of differentiation, 

however, the levels of the short mRNA fell markedly, while the medium/long 
transcripts increased dramatically. These changes were accompanied by marked 

falls in Wnt10b, an inhibitor of adipogenesis, mRNA levels (Longo et al. 2004, 

Ross et al. 2000), combined with increased mRNA levels of Pparg, a key 

adipogenic transcription factor (Lefterova et al. 2008) and of the Pparg target, 

aP2 (Thompson et al. 2004). Increased expression of the medium/long variants 

during preadipocyte differentiation was also found in the protein levels, as the 

induced 3T3-L1 cells showed much stronger collagen XVIII immunostaining 

with the specific anti-medium/long-18 antibody than did the non-induced 

preadipocytes. 

Similar expression patterns for the collagen XVIII variants were obtained 

when MEFs isolated from WT mice were differentiated to adipocytes. As seen in 

the 3T3-L1 cells, the short collagen XVIII isoform was the major species 

produced in undifferentiated MEFs, but by eight days after induction the medium 

and long transcripts had increased 2.8 and 3.1- fold, respectively, relative to their 

expression levels prior to adipogenic stimulus. Expression of the short variant had 

also increased slightly during MEF adipogenesis (1.6-fold). When we 

differentiated the MEFs isolated from the mutant mouse lines, we found that the 

differentiation potential of the Col18a1-/- and Col18a1P2/P2 MEFs was reduced 

relative to WT and Col18a1P1/P1 MEFs, as witnessed by the reduced expression 

levels of the adipogenic markers PPARg and aP2 and the reduced accumulation of 

intracellular lipids as determined by Oil-Red O staining. 

Interestingly, in stark contrast to adipogenesis, the Wnt3a-stimulated de-

differentiation of 3T3-L1-adipocytes was associated with a significant rise in the 
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mRNA levels of the short collagen XVIII variant and in Wnt10b transcript 

numbers. Conversely, mRNA levels of the medium/long variants fell dramatically 

as the adipocyte de-differentiation process advanced. 

Wnt signalling is known to inhibit adipogenesis, and this needs to be 

inhibited during the adipocyte differentiation and maturation period. Of the 

various Wnt molecules, it is Wnt10b that has proved to be the most potent 

inhibitor of adipocyte differentiation (Bennett et al. 2005, Longo et al. 2004, Ross 
et al. 2000). We have previously shown that the Fz motif of collagen XVIII pulls 

down Wnt3a in vitro, and suppresses the Wnt3a-mediated activation of Wnt 

signalling in human cancer and embryonic kidney cells in vitro (Quelard et al. 
2008). We therefore examined whether these collagen XVIII sequences might 

also bind Wnt10b, and found that a recombinant fragment containing the DUF 

and Fz domains (DUF-Fz) robustly pulled down recombinant Wnt10b in an 

overexpression system, whereas DUF alone did not, consistent with previous 

findings for Wnt3a. 

5.3.5 Medium/long collagen XVIII isoforms line the liver sinusoids 
and bind apolipoprotein E 

To address the finding of increased liver weight in the Col18a1P2/P2 and Col18a1-/- 

mice, we examined the micro-anatomy of the liver in more detail. 

Immunofluorescence stainings of liver sections from WT and mutant mouse lines 

with antibodies recognising either the short or the medium/long isoforms, when 

combined with qRT-PCR data, revealed that the medium variant of collagen 

XVIII is the predominant isoform in hepatic sinusoids, while the short isoform 

can be seen mostly in the portal areas. These results recapitulate earlier findings 

in the normal human liver (Musso et al. 2001b). Moreover, we found that there 

was little, if any, increase in the production of the short isoform in the 

Col18a1P2/P2 mice to compensate for the loss of expression of the medium/long 

isoforms. 

Hepatocytes from the Col18a1-/- and Col18a1P2/P2 mice tended to accumulate 

more lipid, indicating that hepatic apolipoprotein (apo) E-mediated internalization 

of chylomicron and very low density lipoprotein (VLDL) remnants (Lee, 

Grosskopf et al. 2004, Raffai, Hasty et al. 2003) was not impaired in these mice. 

IEM studies using the anti-medium/long-18 antibody identified immunoreactive 

products in the Space of Disse, evenly distributed between hepatocytes and 

endothelial cells, suggesting that collagen XVIII contributes to the fenestrated 
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BM of the subendothelial space. Moreover, Western blot analysis of the 

heparitinase I-digested and undigested liver homogenates from WT mice revealed 

that the sinusoidal collagen XVIII contains HS side-chains. 

Immunofluorescence stainings of WT liver samples indicated possible co-

localisation of medium/long collagen XVIII and apoE within the sinusoidal area. 

Additionally, the anti-long-18 antibody pulled down an immunoreactive product 

of the expected size of apoE from the WT liver homogenates but not from the 

Col18a1P2/P2 samples. Moreover, a recombinant fragment corresponding to the N-

terminus of the long collagen XVIII (DUF-Fz-Tsp1) bound to recombinant apoE 

in a concentration and HS chain-dependent manner in a solid phase binding assay, 

suggesting that the interaction of endogenously expressed medium/long collagen 

XVIII with apoE is not mediated through its DUF/Fz domain(s) but rather by its 

HS chains. 

5.3.6 Lack of medium/long isoforms of collagen XVIII results in 

metabolic abnormalities 

Finally, we explored the metabolic consequences of the reduced BWs of P1-null 

mice, the reduced adiposities and increased liver weights of Col18a1P2/P2 and 

Col18a1-/- animals, and the loss of collagen XVIII/apoE interaction within the 

hepatic sinusoids of Col18a1P2/P2 mice. The Col18a1P1/P1 mice had no serum lipid 

abnormalities, whereas the Col18a1P2/P2 mice fed on either chow or a Western diet 

demonstrated ~70% higher triglyceride levels than the WT mice without changes 

in cholesterol levels. Rather unexpectedly, however, the Col18a1-/- mice on 

standard chow showed only mild hypertriglyceridaemia, and those on the Western 

diet had no triglyceride phenotype. 

The hypertriglyceridaemia of the Col18a1P2/P2 and Col18a1-/- mice was paired 

with increased VLDL triglycerides, but no significant changes in the mean in 
vitro LPL activity in post-heparin plasma or the mean activity level of hepatic 

lipase (HL), a facilitator of the hepatic uptake of high density lipoprotein (HDL), 

chylomicron and VLDL remnants, were detected in the Col18a1P2/P2 mice relative 

to the controls. The male Col18a1P2/P2 mice had lower in vitro phospholipid 

transfer protein (PLTP) activity than the WT mice, but these values were not 

measured in the Col18a1P1/P1 and Col18a1-/- mice. As PLTP promotes VLDL 

secretion and the formation of less dense HDL (Luo et al. 2010, Yazdanyar & 

Jiang 2012), these data, combined with the tendency of the Col18a1P2/P2 mice to 
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develop hepatic steatosis, suggest that the hypertriglyceridaemia of Col18a1P2/P2 
mice is not due to enhanced hepatic secretion of triglyceride via VLDL. 

We also analysed here the linkage between the Familial Combined 

Hyperlipidaemia (FCHL) triglyceride trait across chromosome 21, housing 

COL18A1. In this assay ten chromosome 21 microsatellite markers were analysed 

by genotyping in 1404 individuals from 181 extended white-British FCHL 

pedigrees (Naoumova et al. 2003). Interestingly, this genetic linkage study 

showed that the genomic interval on chromosome 21q22.3 housing COL18A1 

contains one or more triglyceride susceptibility genes. 

5.4 Arresten, a collagen-derived angiogenesis inhibitor, 
suppresses squamous cell carcinoma invasion (III) 

5.4.1 Arresten inhibits carcinoma cell migration in vitro  

To gain an understanding of the direct effects of collagen α1(IV)-derived arresten 

on tumour cells, we engineered HSC-3 tongue squamous cell carcinoma and 

MDA-MB-435 breast carcinoma cells, both of human origin, to overexpress this 

matricryptin. Recombinant human arresten purified from 293HEK cells and 

administered to tumour cells was also used in some experiments to confirm that 

the possibly observed effects of arresten on carcinoma cell behaviour were not 

due to an artifact of overexpression. 

After the establishment of stable cell lines, the expression of recombinant 

arresten was verified in three clones of HSC-3 cells (Arr-HSC) and two MDA-

MB-435 cell clones (Arr-MDA). These stable cell lines showed a substantial 

increase in arresten expression at the mRNA level relative to parental cell lines 

transfected with an empty vector (designated Ctrl-HSC and Ctrl-MDA). More 

importantly, recombinant arresten was detected in the conditioned medium (CM) 

collected from the Arr-HSC and Arr-MDA cells and the secreted arresten was 

stable and biologically active. The majority of the subsequent experiments were 

performed using one control cell line, Ctrl-HSC(1), and one cell line 

overexpressing arresten, Arr-HSC(1). 

In a transwell migration assay the Arr-HSC cells migrated significantly less 

than the control cells. The use of exogenous human recombinant arresten resulted 

in a similar inhibitory, and also dose-dependent, effect on cell migration when 

added to the Ctrl-HSC cells. Furthermore, both the Arr-HSC and Arr-MDA clones 
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showed a clear non-migratory phenotype in the scratch wound healing assay. 

HSC-3 cell proliferation was not affected by the overexpression of arresten within 

24 h, but using a longer experimental set-up (68 h), a reduced number of viable 

arresten cells was observed in monolayer culture in a MTT assay, a method which 

determines the number of viable cells by measuring their mitochondrial activity 

(van Meerloo et al. 2011). 

5.4.2 Arresten reduces tumour vasculature and suppresses growth 
and invasion of HSC-3 xenografts 

Ctrl-HSC or Arr-HSC carcinoma cells were injected subcutaneously into nude 

mice and tumour growth was monitored for 16 days. The Arr-HSC tumours grew 

significantly more slowly than the control tumours In addition, it became clear 

upon histopathological examination that most of the arresten tumours (~80%) had 

not invaded the surrounding tissue, whereas half of the control tumours showed at 

least a minor invasiveness score. This less invasive phenotype of Arr-HSC 

xenografts was supported by an in vitro experiment in which the Arr-HSC cells 

invaded through Matrigel, a solubilized BM preparation extracted from 

Engelbreth-Holm-Swarm mouse sarcoma cells, to a lesser degree than did the 

Ctrl-HSC cells. Immunostaining of HSC-3 xenografts revealed an almost 70% 

reduction in the numbers of proliferative cells in arresten tumours, which may at 

least partly explain the smaller size of these tumours. Since arresten was 

originally identified as a potent inhibitor of angiogenesis, the density of tumour 

blood vessels was determined. This proved to be almost 50% lower in the arresten 

xenografts than in the control tumours. A histological analysis of HSC-3 

xenografts revealed that besides being smaller, the Arr-HSC tumours also showed 

a higher degree of differentiation, as witnessed by the higher incidence of central 

keratinized areas and keratin pearls. In addition, the proportion of the surrounding 

poorly differentiated tumour cell layer was smaller in the Arr-HSC tumours than 

in the controls. 

5.4.3 Arresten inhibits HSC-3 carcinoma cell invasion in the 3D 
organotypic model 

To further explore the invasive properties of Arr-HSC cells and to gain an insight 

into the mechanisms of action of arresten, we performed three-dimensional (3D) 

organotypic assays in which HSC-3 carcinoma cells were allowed to invade a 
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collagen matrix supplemented with human gingival fibroblasts. As expected, the 

Ctrl-HSC cells passed deep into the collagen matrix with a clear decrease in E-

cadherin staining in invasive cells, indicating loosening of the cell-cell contacts 

during invasion. Arresten overexpression almost completely blocked HSC-3 cell 

invasion. Interestingly, the Arr-HSC cells formed a significantly thinner top cell 

layer than the Ctrl-HSC cells, with prominent membranous E-cadherin staining. 

5.4.4 Arresten overexpression promotes an epithelial morphology 
and E-cadherin at cell-cell contacts  

Apart from the observed non-migratory and less invasive phenotype of the Arr-

HSC cells, a prominent change was also noticed in their cell morphology. 

Compared with the Ctrl-HSC, and Ctrl-MDA cells, the Arr-HSC and Arr-MDA 

clones displayed a flatter, less spindle-shaped phenotype and grew in aggregated, 

cobblestone-like clusters. We hypothesized that that arresten may affect the 

epithelial plasticity of the HSC-3 cells and induce a mesenchymal-to-epithelial 

switch from the mesenchymal carcinoma cell phenotype to one resembling 

normal epithelial cells. Accordingly, the Arr-HSC cells growing in tightly packed 

clusters expressed more epithelial marker E-cadherin on their cell surfaces than 

did the Ctrl-HSC cells, which is likely to have contributed to their epithelial-like 

morphology and reduced motility. Besides increased membranous levels of E-

cadherin, the expression of E-cadherin was increased in the Arr-HSC cells relative 

to the Ctrl-HSC cells at both the mRNA and the protein level. Nevertheless, no 

obvious differences in the mRNA or protein levels of the mesenchymal marker 

vimentin were detected between the Ctrl-HSC and Arr-HSC cell lines. 

5.4.5 Arresten affects the proliferation and apoptosis of HSC-3 cells 

in vitro 

We set out next to determine the reason why the Arr-HSC cells formed a thin top 

cell layer in the organotypic model by comparison with the Ctrl-HSC cells, and to 

study tumour cell proliferation and apoptosis in this model. The fact that the Arr-

HSC cells cultured in the 3D model showed slightly lower levels of Ki-67-

positive cells than did the Ctrl-HSC cells coincided with an observed reduction in 

tumour cell proliferation in the Arr-HSC xenografts, and interestingly, the Arr-

HSC cells underwent apoptosis more often than did the control cells in the 3D 

model when quantified by the number of TUNEL-positive cells in the top cell 
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layer. As the TUNEL assay also detects other types of cell death in addition to 

apoptosis, we confirmed our finding by caspase-3 staining, which pointed to a 

similar significant trend for increased apoptosis in Arr-HSC cells. By comparison, 

only a few TUNEL-positive cells were detected in the HSC-3 xenografts, and 

these resided mainly in the keratinized central tumour areas. It has been shown 

previously that recombinant arresten increases apoptosis in endothelia by 

reducing the numbers of anti-apoptotic molecules of the Bcl family (Nyberg et al. 
2008). In the case of the Arr-HSC cells, the balance between pro-apoptotic and 

anti-apoptotic signals was also shifted in favour of apoptosis, since the level of 

the pro-apoptotic Bax protein was increased and that of the anti-apoptotic Bcl-xL 

protein decreased relative to the situation in the Ctrl-HSC cells. 

5.4.6 Electric cell-substrate impedance sensing reveals alterations in 
Arr-HSC cell spreading and cell-cell contacts 

ECIS, a method that provides quantitative data on cell attachment, spreading and 

the strength of cell-cell contacts by monitoring changes in the system impedance 

(Giaever & Keese 1984), was employed to elucidate the mechanisms underlying 

the altered behaviour and morphology of the Arr-HSC cells. The results indicated 

that the intercellular junctions were tighter in the Arr-HSC cells and that these 

adhered better to the substratum. Differences in cell morphology and cell 

membrane properties were also detected in the Arr-HSC cells by this method. The 

ECIS results were in line with our other observations on altered cell morphology 

and an increased level of E-cadherin in the Arr-HSC cells. 

Signalling through β1 integrin is known to affect the dynamics of E-cadherin, 

and cell motility and EMT are abrogated by integrin knockdown (Avizienyte et al. 
2002, Canel et al. 2010, Zhang et al. 2006). α1β1 integrin is a functional receptor 

for arresten on endothelial cells (Colorado et al. 2000, Nyberg et al. 2008, 

Sudhakar et al. 2005), and HSC-3 cells express several integrin receptors, 

including α1β1 and α2β1 (unpublished FACS data). We performed ECIS 

experiments with Arr-HSC cells in the presence of function-blocking antibodies 

for the collagen-binding integrins α1 and α2, but only the integrin α1 antibody 

had any specific influence on cell behaviour, reducing the spread of Arr-HSC 

cells. These data suggest that integrin α1β1 is also able to bind arresten on oral 

squamous carcinoma cells, resulting in changes in cell morphology and motility. 
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6 Discussion 

6.1 The isoform-specific functions of collagen XVIII in eye 

development and the effects of overexpression of theTsp-1 
domain common to all variants 

Eye defects are the hallmark of collagen XVIII deficiency in both humans and 

mice (Marneros & Olsen 2005). In the present work we investigated the specific 

roles of the collagen XVIII isoforms in the mouse eye using our novel genetically 

modified mouse lines expressing exclusively either the short form or the two 

longer forms of the molecule. In addition, based on our previous findings of 

broadened BMs and eye abnormalities in transgenic mice overexpressing 

monomeric endostatin (Elamaa et al. 2005), we studied the effects of similar 

overexpression of the N-terminal Tsp-1–like domain, which is common to all 

three isoforms of collagen XVIII. 

Our data indicate that the short variant is the sole isoform in the ILM, an 

observation that probably in itself explains our other finding, namely that absence 

of the short isoform was sufficient to cause the abnormal retinal vascularisation 

previously reported in mice lacking all the isoforms of collagen XVIII (Fukai et 
al. 2002). Conversely, mice lacking the medium/long isoforms showed normal 

retinal vascularisation, indicating that these isoforms are not crucial for normal 

development of the posterior eye structures. However, the fact that the 

medium/long isoforms were found in the anterior eye structures and Bruch´s 

membrane suggests that they may have some role in eye function. The notion that 

mutations affecting all the isoforms, as found in most Knobloch cases, lead to a 

more severe disorder supports this interpretation (Passos-Bueno et al. 2006). 

Moreover, no mutations affecting the medium/long isoform-specific third 

exon of COL18A1 have been reported in Knobloch patients, and the present 

findings in Col18a1P2/P2 mice suggest that if any such mutations were to exist, the 

patients might not be characterized by sufficiently severe eye abnormalities to be 

clinically recognised as suffering from the Knobloch disorder. 

When we extended our characterization of the eyes of the Col18a1-/- mice to 

include analyses in the FVB/N background, which is known to harbour a retinal 

deficiency (Gimenez & Montoliu 2001), we observed a phenotype including 

buphthalmos and phthisis that was significantly more severe than had previously 

been reported for the same genetic modification in the C57BL/6J background 
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(Fukai et al. 2002). This may indicate that there are many functional or structural 

abnormalities in Col18a1-/- mice that are not obvious and become apparent only 

when tissue function is challenged or influenced by additional genetic alterations, 

as seen in the appearance of hydrocephalus in Col18a1-/- mice only in a certain 

background (Utriainen et al. 2004). Collagen XVIII deficiency in the FVB/N 

background also resulted in larger eyes and a tendency for a lower IOP. This 

result is in line with our previous finding of reduced IOP in Col18a1-/- mice in the 

C57BL/6J background. 

Overexpression of the Tsp-1 domain also resulted in serious eye 

abnormalities, with high incidences of cataract and phthisis. In addition, transgene 

expression resulted in eye enlargement combined with peripheral thinning of the 

retina and its peripheral or total ablation, both hallmarks of myopia (Saw et al. 
2005). A high incidence of total retinal ablation or phthisis was also seen in the 

FVB/N-Col18a1-/- mice. 

Although not identical, the transgene phenotypes were similar in many 

respects to those observed for Col18a1-/- in the FVB/N background. We consider 

it possible that the excess amount of the collagen XVIII Tsp-1 domain produced 

in the transgenic mice could interfere with the deleterious effects on the functions 

of the full-length collagen XVIII produced in these mice. Altogether, our findings 

demonstrate the critical role of the short collagen XVIII isoform in the eye, and 

the findings in the transgenic mice – including cataract, lens luxation/subluxation, 

retinal degeneration and detachment and phthisis – coincide well with the eye 

abnormalities observed in Knobloch syndrome in humans. 

6.2 Isoform-specific functions of collagen XVIII in adipogenesis 
and fat deposition 

By means of the novel genetically modified mouse lines, we demonstrated in the 

present study that lack of the medium/long isoforms of collagen XVIII led to 

reduced adiposity, increased fat deposition in the liver and elevated serum VLDL 

triglycerides. The size of the adipocytes in the adult mice was not affected, 

however, indicating that individually committed Col18a1-/- and Col18a1P2/P2 

preadipocytes exhibit the same capacity to accumulate lipid as do committed WT 

preadipocytes. Instead, loss of the medium/long isoforms of collagen XVIII 

during adipogenesis reduces the numbers of preadipocytes making a timely 

transition to a terminally differentiated state. Our finding of continuously elevated 

expression of medium/long isoforms of collagen XVIII in parallel with a decrease 
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in the expression of the short isoform during 3T3-L1 preadipocyte differentiation, 

and of the significantly reduced adipogenic differentiation capacity of MEFs from 
Col18a1-/- and Col18a1P2/P2 mice relative to MEFs from WT and Col18a1P1/P1 

animals, further support our impression of the importance of the role of the 

collagen XVIII medium/long isoforms in regulating the multistep adipogenesis 

programme. Moreover, Wnt3a-induced de-differentiation of 3T3-L1 adipocytes 

led to a dramatic fall in the level of medium/long transcripts and a rise in short 

mRNA, pointing to tight regulation of the two Col18a1 promoters during 

adipogenic differentiation and de-differentiation. 

It is possible that the abnormal adiposity seen in the Col18a1-/- and 

Col18a1P2/P2 mouse lines may be related to alterations in Wnt signalling. Wnt/β-

catenin signalling promotes progenitor cell commitment towards the osteoblast 

lineage at the expense of adipogenesis. In addition to its capacity for binding 

Wnt3a in vitro, the Fz domain of collagen XVIII was shown here in vitro to bind 

the potent adipogenic inhibitor Wnt10b. These considerations, combined with our 

data on the increased level of the early adipocyte progenitor cell population (i.e. 

Lin-/CD29+/CD34+/Sca-1+/CD24) present in the eWAT of Col18a1-/- and 

Col18a1P2/P2 mice, suggest the possibility that the DUF/Fz sequences found solely 

in medium/long collagen XVIII serve as an extracellular decoy receptor that helps 

direct adipocyte precursor cells towards becoming preadipocytes and promote the 

subsequent conversion of preadipocytes to committed preadipocytes. 

Thus our data suggest collectively that the decreased adiposity found in 

Col18a1-/- and Col18a1P2/P2 mice is complex, involving both defects at the 

adipocyte progenitor cell level and a delay in the enrolment of preadipocytes into 

the adipogenic differentiation programme (Fig. 8), and at the same time that high 

medium/long collagen XVIII expression could reinforce the intracellular positive 

feedback loops (Park et al. 2012a) that irreversibly lock individual preadipocytes 

into a high PPARg state and hence lead to a rise in the number of preadipocytes 

committing to terminal differentiation, thereby predisposing the individual to 

increased adiposity. 

It should be noted that aberrant preadipocyte differentiation has been 

associated with elevated serum triglyceride levels, ectopic storage of triglycerides 

in the liver and muscle, and, by extrapolation, insulin resistance (Isakson et al. 
2009, Kim et al. 2007, Kotronen et al. 2011, Meex et al. 2005, Park et al. 2012b). 

Indeed, human genetic linkage studies have returned statistical evidence of a 

linkage between the chromosome 21 interval housing COL18A1 and both 

hypertriglyceridaemia in Familial Combined Hyperlipidaemia, as we showed in 
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this study, and elevated serum triglyceride and LDL-C in hypertensive pedigrees 

(North et al. 2005). Our findings of a positive correlation between expression of 

the medium/long variants of collagen XVIII in visceral fat and serum FFA levels 

suggest that COL18A1 is an important regulator of adipose tissue metabolism in 

visceral obesity. Interestingly, impaired FFA metabolism has been observed in 

Familial Combined Hyperlipidaemia (Pihlajamäki et al. 2000). 
 

Fig. 8. Working model for the role(s) of the basement membrane protein collagen XVIII 

in adipogenesis. The white adipose tissue of Col18a1-/-and Col18a1P2/P2 mice contained 

a larger population of cells enriched in early adipocyte progenitors than that of wild 

type mice, suggesting that the N-terminal sequences unique to medium/long collagen 

XVIII (namely DUF and Fz) facilitate the conversion of early adipocyte progenitor cells 

to preadipocytes. The ECM of uncommitted preadipocytes is enriched in short 

collagen XVIII. Ablation of short collagen XVIII in vivo (as in Col18a1P1/P1 mice) 

produces no reduction in adiposity, and ex vivo murine embryonic fibroblasts from 

Col18a1P1/P1 mice showed no impairment of adipogenesis. The commitment of 

preadipocytes to terminal differentiation is characterised by striking increases in 

medium/long collagen XVIII expression and precipitous falls in short Col18a1 and 

Wnt10b mRNA. It is lipid availability (rather than collagen XVIII) that determines the 

dimensions of the mature adipocytes. The downstream consequences of reduced 

adiposity in Col18a1P2/P2 mice include increased fat deposition in the liver and high 

circulating VLDL triglycerides. 

6.3 Effects of collagen IV-derived matricryptin arresten on tumour 

growth and invasion 

This is the first time that the direct effects of arresten on cell types other than 

endothelial cells have been studied in detail. We demonstrated here that, in 

addition to the expected anti-angiogenic effect of arresten on mouse xenograft 
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tumours, an excess of arresten altered the behaviour of oral carcinoma cells, 

giving rise to a less aggressive phenotype. Arresten inhibited carcinoma cell 

proliferation, survival, motility and invasion in vitro and reduced tumour growth 

in vivo. 

Although arresten induced carcinoma cell apoptosis in 2D and 3D cultures, in 

subcutaneous xenografts, only a few apoptotic cells were detected, located mainly 

in dyskeratotic areas. Thus the composition of the cell surroundings seems to 

affect whether the cells respond to an excess of arresten by reducing their 

proliferation or increasing apoptosis. The end result in both experimental set-ups 

was the same, however: smaller xenografts in the mice and a thin top cell layer in 

the 3D model. Taken together, these results suggest that besides inducing 

apoptosis, arresten can also reduce the proliferation of HSC-3 cells, and that a 

reduction in tumour growth can be achieved by combining these two routes. 

Arresten overexpression prompted the carcinoma cells to alter their 

morphology from mesenchymal-like cells to more epithelial-like clusters with 

increased E-cadherin accumulation at the cell-cell contacts. Subcutaneous Arr-

HSC xenografts showed an increased number of keratinized areas and keratin 

pearls with clear membranous E-cadherin staining, suggesting that an excess of 

arresten can modify the carcinoma cell differentiation status in vivo as well. A 

loss or down-regulation of cell-cell adhesion is crucial for the metastatic process, 

and this is considered to be one of the key features of EMT, partly through 

decreased E-cadherin levels (Berx et al. 2007). EMT-like changes are reversible, 

and thus the cells can regain their non-motile epithelial characteristics in the MET 

process. Approximately a 2-fold excess of E-cadherin in A431 human epidermoid 

carcinoma cells has been shown to inhibit their invasion (Canel et al. 2010), a 

proportion which is in line with the degree of E-cadherin up-regulation induced 

by arresten in our experiments. Our data therefore suggest that carcinoma cells 

undergo changes resembling MET in the presence of arresten. 

Manipulation of β1 integrin and subsequent signalling pathways can lead to a 

reversal of the malignant phenotype (Wang et al. 1999, Weaver et al. 1997). The 

ECM proteoglycan versican, known to interact and signal through β1integrin (Wu 
et al. 2002), has recently been shown to induce MET in MDA-MB-231 cells (Gao 
et al. 2012a), further supporting the concept that alterations in the ECM can 

regulate epithelial plasticity. It is also possible that an excess of arresten may 

disturb the cell-matrix interactions in the collagen I-based 3D organotypic model, 

resulting in the induction of cell death. 
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A recent study has shown that p53 can induce an anti-angiogenic programme 

whereby expression of the α1(IV) chain is upregulated, stabilized by prolyl-4-

hydroxylase and efficiently processed by MMPs to an arresten-containing peptide 

(Assadian et al. 2012). It was then suggested that this p53-dependent ECM 

remodelling may destabilize the vascular collagen IV network and thereby 

prevent endothelial cell adhesion and migration, leading to reduced angiogenesis 

and tumour growth in vivo and in vitro. Our observations on the inhibition of 

tumour angiogenesis and growth by arresten are in line with these observations, 

but in addition, our data suggest that arresten reduces proliferation, induces 

apoptosis and facilitates epithelial plasticity in tumour cells. 
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7 Conclusions and future perspectives 

Although collagen XVIII is highly conserved in bilaterian genomes and is likely 

to perform structural roles in BMs in addition to cell-signalling roles through its 

cryptic domains and HS moieties, the individual in vivo roles of the different 

variant polypeptides have remained largely unknown. Our novel mutant mouse 

lines have helped to broaden the general understanding of the physiological in 
vivo roles of the collagen XVIII isoforms. The present work was focused on the 

eye, of which collagen XVIII is a crucial component, and, in view of our new 

macroscopic findings with regard to mutant mice, on adipogenesis. Since collagen 

XVIII occurs widely in the body in association with endothelial and epithelial 

BMs, these new mutant mouse lines could serve as important tools for studying 

the function of the collagen XVIII isoforms in other organs as well. 

Our present findings further support the existing understanding of the distinct 

expression patterns and functions of the collagen XVIII isoforms. In the mouse 

eye both isoforms of collagen XVIII were expressed in the epithelia of the CB 

and the iris, in the TVL and in the retinal Bruch’s membrane. The short form of 

collagen XVIII was the sole isoform in the lens capsule and the ILM, and absence 

of this short isoform was sufficient to cause the aberrant vascularisation of the 

retina previously reported in mice lacking all the isoforms of collagen XVIII 

(Fukai et al. 2002). In addition, overexpression of the Tsp-1 domain resulted in 

several other eye abnormalities, including cataract, lens luxation/subluxation, 

retinal degeneration and detachment and phthisis, features which coincide well 

with those observed in human cases of Knobloch syndrome. This result combined 

with the finding that total lack of collagen XVIII in the same FVB/N background 

leads to a similar eye phenotype suggests that the excess amount of the collagen 

XVIII Tsp-1 domain produced in the transgenic mice could interfere with the 

functions of the full-length collagen XVIII produced in these mice by competing 

for the binding activities of the endogenous protein, with deleterious effects on its 

functions. By contrast with the situation in the eye, where the short isoform was 

shown to have a critical role, the medium/long isoforms of collagen XVIII 

contributed to the accumulation of adipose tissue in mice by accelerating 

adipogenesis. The highly interesting observation of the opposite regulation 

patterns of the promoter 1 and promoter 2-derived transcripts during 3T3-L1 

preadipocyte differentiation is encouraging with respect to further studies on the 

regulation of collagen XVIII expression, an issue that has been only marginally 

investigated. Thus it would be of interest to ascertain which transcription factor 
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and epigenetic factors regulate the expression of collagen XVIII isoforms in 

normal situations, in various diseases and during differentiation. 

In addition to reduced fat deposition, the mice that were deficient in the 

medium/long isoforms of collagen XVIII showed increased deposition of the 

adipocyte progenitor population (Lin-/CD29+/CD34+/Sca-1+/CD24+) in eWAT. 

Moreover, fewer MEFs from Col18a1P2/P2 mice displayed an adipogenic capacity 

ex vivo. Our discovery of a new ECM-directed mechanism contributing to the 

control of the multistep adipogenesis programme opens up several avenues for 

further exploration. These include establishing the adipogenic outcomes of ESCs 

isolated from mutant and WT mice and progenitor cell populations from WAT 

depots of Col18a1P2/P2 mice transplanted into specific WAT niches in WT and 

Col18a1P1/P1 mice. 

In addition to AT, collagen XVIII may also contribute to the maintenance and 

differentiation of stem cells and progenitor cells in other tissues. Within the ECM, 

collagen XVIII may, in addition to its structural roles and the Wnt-binding 

capability of the long isoform, provide via its HS side chains binding sites for 

signalling molecules that affect cell fate decisions. This aspect also remains to be 

elucidated further in the future. The possibility of producing and purifying 

recombinant collagen XVIII or its fragments in mammalian cells could enable us 

to test their capacity to facilitate preadipocyte differentiation in culture models, 

which in turn could open up new possibilities for using this collagen for tissue 

therapy purposes to improve the microenvironment and provide appropriate cues 

and signals for adipocyte growth and adipose tissue formation. Although we show 

here that the medium/long isoforms of collagen XVIII are important for 

adipogenesis and fat deposition, the exact mechanism of action of collagen XVIII 

in AT is not fully understood. Thus WAT and progenitor cells derived from mutant 

mice could be subjected to microarray profiling in order to identify the molecules 

and signalling pathways affected by a lack of collagen XVIII or its isoforms. 

Mutations in COL18A1 have been associated with hypertriglyceridaemia in 

FCHL (in the present work), and with raised serum triglyceride and low density 

lipoprotein C in hypertensive pedigrees (North et al. 2005). Further analyses 

should nevertheless be performed to test whether single nucleotide polymorphism 

variants of collagen XVIII might be associated with altered metabolic phenotypes 

in human population-based cohorts and patients. 

It is shown here for the first time that collagen IV-derived arresten directly 

modulates the behaviour and properties of carcinoma cells, and it is proposed that 

this may occur at least partially via binding to integrin α1β1. Oral squamous cell 
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carcinoma and breast carcinoma cells overexpressing arresten were altered to a 

more epithelial-like phenotype, possibly reflecting ongoing MET-like events, and 

subsequently became less motile and more apoptotic. Such MET-like events may 

not always be beneficial, however, as they have also been reported to occur 

during the establishment of metastases and to help carcinoma cells to colonize 

distant organs. MET in disseminating tumour cells appears to be strongly 

influenced by the tumour microenvironment, and certain ECM molecules, 

including collagen IV (Erler et al. 2009), have been found to contribute to the 

formation of premetastatic niches (Fazilaty et al. 2013). Thus the arresten-induced 

alterations in invasive oral squamous carcinoma cells reported here are in line 

with the existing data and suggest that collagen IV or its proteolytic fragments 

may contribute to MET in metastasizing cells. In summary, since arresten is a 

potent inhibitor of angiogenesis and also exerts strong anti-invasive effects on 

carcinoma cells, it could be considered a candidate for drug development efforts. 

However, the MET-inducing property of arresten and its role in primary tumours 

and metastases should first be characterized in detail using other in vitro and in 
vivo model systems, e.g. madin darby canine kidney (MDCK) cells, which are 

widely used as a model for studying epithelial cell biology (Dukes et al. 2011). It 

would also be intriguing to determine whether any other collagens or collagen-

derived matricryptins have roles in EMT and MET or in the formation of 

premetastatic niches. 
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