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ABSTRACT
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The formation and maintenance of tissues in multicellular animals are crucially
dependent on cellular interactions with the extracellular matrix (ECM). Two different
studies on such interactions are presented herein.
Studies on expression of laminins in normal and dystrophic skeletal muscle, clarified a
much debated issue regarding discrepancies seen for laminin α1-chain expression
between human and mouse tissues. Lack of laminin α1-chain expression was verified in
both mouse and human skeletal muscle. Furthermore, the earlier discrepancies seen for
laminin α1-chain expression was explained by showing that an antibody-reagent,
commonly used in human studies, recognised the laminin α5-chain rather than the
laminin α1-chain
The integrin α11-chain (forming α11β1 integrin) is the latest addition to the integrin
receptor family, and belongs to the I domain-containing group of integrin α-chains.
Previous studies had shown that α11β1 is a collagen receptor. In the present study, the in
vitro and in vivo functions of the α11-chain were further characterised. Distribution
studies on embryonic human and mouse tissues showed that the α11-chain was
expressed on mesenchymal cells in the developing tendon, perichondrium, intervertebral
disc, and cornea. The interactions of α11β1 integrin with collagen type I and IV were
studied in vitro. The α11β1 bound to these collagens in a manner similar to integrin
α2β1 (with collagen type I being the preferred ligand for α11β1). Furthermore, α11β1
was shown to mediate migration on collagen type I coated surfaces, and to mediate
contraction of collagen type I gels. The in vivo functions of the α11-chain were
investigated by the generation of integrin α11-chain null-mice, using gene targeted
disruption of the itga11 in embryonic stem cells. Two independent lines of mice lacking
α11 protein were generated. Phenotypic analysis of these mice indicated a role for
α11β1 in the formation of the musculoskeletal system.
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1 Abbreviations

BM Basement membrane
cDNA Complementary deoxyribonucleic acid
DDR Discoidin domain receptor
DG Dystroglycan
DGC Dystrophin-glycoprotein-complex
E(x) Embryonic day (x) e.g. E14.5
ECM Extracellular matrix
FACIT Fibril-associated collagens with interrupted triple helices
GFOGER Gly-Phe-Hyp-Gly-Glu-Arg
GLOGER Gly-Leu-Hyp-Gly-Glu-Arg
GPVI Glycoprotein VI
I domain inserted, interactive domain
MIDAS Metal ion dependent adhesion site
mRNA Messenger ribonucleic acid
PDGF Platelet derived growth factor
RGD Arg-Gly-Asp
RT-PCR Reverse transcription - polymerase chain reaction
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2 Introduction

The organisation of cells into the tissues of the metazoan body is made possible by the
interactions of cells with their microenvironment. These interactions are mediated
through direct contact between different cells, and cellular interactions with the
extracellular matrix (ECM). Depending on the cell and type of tissue, the relative
contribution of cell-cell and cell-ECM interactions varies. Epithelial structures have a
high contribution of cell-cell interactions in addition to their interactions with the ECM.
In contrast, many mesenchymal cells, such as fibroblasts embedded in ECM, are less
dependent on cell-cell interactions.
The extracellular matrices are secreted and maintained by the adjacent cells and are very
heterogeneous in their biochemistry and structure. Apart from their structural role in the
tissue, the different ECMs are used by the cells for adhesion and migration, and
moreover this contact will regulate the phenotype and behaviour of the cells. Depending
on the cell type and the type of ECM they interact with, different signals will be initiated
in the cell. This will ultimately affect cellular processes such as gene expression, cell-
cycle progress, cell shape, anchorage versus migration etc. The cell-ECM interactions
play crucial roles during the embryonic formation of the different tissues, and for the
maintenance of the formed structures throughout the life of metazoans.

3. Extracellular matrices

The different ECMs are usually divided into two major groups, basement membranes
and interstitial matrices. These two groups and some of their constituents will be
presented below.

3.1 Basement membranes

Basement membranes (BMs) are highly specialised extracellular matrix sheets that are
found at the interfaces between mesenchyme and epithelia/endothelia. Basement
membranes also surround individual muscle cells, peripheral nerve, and fat cells.
Initially, basement membranes (and other types of ECM) were thought to have structural
roles only, but it has since then become evident that basement membranes and other
ECMs are major regulators of embryogenesis and tissue integrity (Aumailley and
Gayraud, 1998; Erickson and Couchman, 2000; Timpl, 1996). The latter functions reside
in the diverse and heterogeneous biochemistry of BMs (Erickson and Couchman, 2000).
The BM synthesis is both spatially and temporally strictly feedback-regulated by the
neighbouring cells. This gives the BM the ability to influence the phenotype of
contacting cells, resulting in regulation of cell shape, gene expression, proliferation,
migration and apoptosis (Aumailley and Gayraud, 1998). These regulatory functions are
mediated by cell-matrix receptors on the cells, which both mediate binding and cell
signalling. These ligand-interactions can further be regulated by the supramolecular
organisation of the ligands, which seems to affect the signalling  (e.g. uniform versus
structured ligand distribution). This regulation appears to be reciprocal since in vitro
studies on cells show that receptors are ordered in a pattern resembling the structural
pattern of the ligand, and vice versa (Colognato et al., 1999; Henry et al., 2001). The
basement membrane also binds a variety of growth factors (Aviezer et al., 1994; Gohring
et al., 1998; Roberts et al., 1988). This binding regulates the accessibility of these
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ligands through either retention or release from the BM. The local ion composition can
also be altered by binding to BM components (Lerner and Torchia, 1986). The structural
roles of basement membranes are manifold. In epithelia/endothelia the BM gives a stable
surface for firm anchorage which protects the cell-layer from shearing and detachment.
A similar role is found for cells that are surrounded by a BM (muscle, peripheral nerve
and fat cells) where the BM gives extra rigidity at the cell surface, and aids in
distribution of contraction force (muscle). In addition, basement membranes act as
selective barriers for macromolecular diffusion. Structurally, the basement membranes
are composed by two independent polymer networks, the laminin and collagen type IV
networks (Timpl and Brown, 1996; Yurchenco and O'Rear, 1994), which are thought to
be linked by nidogens (Aumailley et al., 1993; Aumailley et al., 1989; Kohfeldt et al.,
1998; Yurchenco and O'Rear, 1994). Within this combined network a group of other
glycoproteins and proteoglycans are associated, and act as both structural elements and
as cell receptor ligands. Proteoglycans also have additional functions. Through their
extended and charged carbohydrate-chains they act in the binding of soluble molecules
(such as growth factors and ions) and regulate the diffusion of macromolecules (e.g. the
selectivity in glomerular BM filtration (Groffen et al., 1998)). The cell interacting roles
of basement membranes have been investigated thoroughly for many of its components
and receptors. A major focus has been on the laminins and their receptors.

3.2 Interstitial matrix

The non-basement membrane part of the extracellular matrix is usually collectively
known as the interstitial matrix. The interstitial matrix is fibrillar in its structure, and
contains a large amount of collagens. The structure of the interstitial matrix is mainly
dependent on the type of fibrils, and the type and amount of proteoglycans. The
interstitial matrices together with their cells are also known under the name “connective
tissues“ and can be histologically/anatomically classified in five different major groups.
The main groups are; loose and dense connective tissues, cartilage, bone, and embryonic
connective tissues (blood is historically included as a sixth member). These groups are
usually further divided into more specific subgroups. Collagen type I is a major
constituent of most interstitial matrices other than cartilage (which contains mainly type
II collagen), and the various collagen fibrils can vary in thickness and association with
each other (Myllyharju and Kivirikko, 2001). Other major fibers are the elastic fibers
with elastin (Debelle and Tamburro, 1999) and fibrillin (Handford et al., 2000; Kielty
and Shuttleworth, 1995). Fibronectin is also an important structural element in several
interstitial matrices, where it forms a separate network, and interacts with cells
(Johansson et al., 1997; Schwarzbauer and Sechler, 1999). The proteoglycans of the
interstitial matrix, were initially thought simply to act as “gel formers“ (by water
adsorption) but have other important structural and cellular interactions as well (Iozzo,
1998). Like basement membranes, the interstitial matrix is much more diverse in it is
components than indicated above (Aumailley and Gayraud, 1998), and can likewise
influence the phenotype of contacting cells, such as cell shape, gene expression,
proliferation, migration and apoptosis. During embryogenesis all connective tissues arise
from undifferentiated mesenchyme, which resembles a type of loose connective tissue.
These are early on distinct in their biochemistry and constituent cell types. Later on, the
different types of connective tissues will be formed by a feedback-regulation between
the cells and the ECM, ending with the mature ECM and differentiated cells types. Cells
within interstitial matrices are thought to rely mainly on collagen and fibronectin
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receptors for adhesion and migration, as well as other responses (cell-cycle related, and
matrix modulation). The latter responses may also be influenced by other ligands (e.g.
proteoglycans) and/or other receptors. The importance of in vivo interactions with
fibronectin in the embryonic interstitial matrices has been verified both at the ligand
(George et al., 1993) and receptor levels (combinations of different integrin null-mice
(Yang et al., 1999)). These studies showed severe disorganisation of the early mesoderm
in the affected null-mice. In vivo regulation of collagen secretion and proliferation by
collagen binding receptors has been seen for skin-fibroblasts in integrin α1β1 null-mice
(Gardner et al., 1999; Pozzi et al., 1998). Reduced proliferation of chondrocytes (leading
to dwarfism) has been seen in discoidin domain receptor (DDR-1/2) null-mice (Labrador
et al., 2001; Vogel et al., 2001). So far no critical in vivo role of collagen receptors in
migration has been shown (integrin α1β1  and α2β1 null-mice develop normally
(Gardner et al., 1996; Holtkotter et al., 2002)).

3.3 ECM components

The two groups of ECM components relating to this thesis are briefly described here.
Other major components are mentioned in sections 3.1 and 3.2.

3.3.1 Collagens

The definition of the members of the collagen family is: “a structural protein of the
extracellular matrix, which contains one or more collagen triple helix domains“. After
meeting these criteria, the collagen family is still very heterogeneous regarding both
molecular structures and functions (Myllyharju and Kivirikko, 2001; Olsen, 1995; van
der Rest and Garrone, 1991). The collagen triple helix forms by the intertwining of
helical domains from three separate polypeptide chains (collagen α-chains) to form a
coiled-coil structure. The triple helix domain of the α-chains is built up by sequential
repeats of the triplet motif Gly-Xaa-Yaa, which forms a left-handed helix. The three α-
chains then twins into a right-handed superhelix (coiled-coil) where the small Gly-
residues reside in the center, and the residues Xaa and Yaa are on the outside where they
contribute to the stability of the helix, and present interacting motifs to other molecules.
There seem to be a general preference for prolyl and hydroxyprolyl residues in the X and
Y positions. As per definition, the triple helix domain is common for all collagens and
the heterogeneity resides in the length of this domain, and the amount of other domains
that may interrupt them (all collagens have non-helix domains at their ends, which take
part in triple helix formation intracellularly, although these are removed in the mature
fibrillar collagens, see below.). The three α-chains of the collagen molecule could all be
the same, or a combination of two or three different chains. With few exceptions, all
collagens have their own distinct α-chains, coded by separate genes. The collagens are
usually grouped on the basis of their supramolecular structure and other functions.

The Fibril-forming collagens (type I, II, III, V, XI), form large polymer fibrils
that are specialised for structural support. These collagens are the main building blocks
for vertebrate specific tissues such as cartilage, bone, tendons, ligaments and dermis, as
well as other interstitial matrices. All these structures contain various amounts of fibrillar
type I collagen. Tendon, ligaments, bone and dermis have a high content of type I
collagen, whereas type II collagen dominates in cartilage. The major function of type III,
V and XI collagen seems to be regulation of fibril size by incorporation into type I and II
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fibrils. Fibrillar collagens are less common in invertebrates, and are then much thinner
and show most homology to type XI collagen (D'Alessio et al., 1990; Exposito and
Garrone, 1990). The fibril-associated collagens with interrupted triple helices, FACIT,
(type IX, XII, XIV, XVI, XIX) are non-fibrillar collagens which are associated with (or
inserted into) the fibrils of fibril-forming collagens. By interaction with other matrix
proteins, the FACIT-collagens are thought to extend the functionality of the fibrillar
collagens. Recently the collagens type XX and XXI (Chou and Li, 2002; Fitzgerald and
Bateman, 2001; Koch et al., 2001) have been added to this group. The type IV collagens
are major constituents of basement membranes were they polymerise into a
heterogeneous network. Like the laminins, collagen type IV exists in several tissue-
specific isoforms. The other groups of collagens are the hexagonal network forming
collagens (type VIII, X), beaded filament collagens (type VI), anchoring fibril collagens
(type VII), transmembrane collagens (type XIII, XVII), and the multiplexin collagens
(type XV, XVIII). The multiplexins are shown to be proteoglycans (Halfter et al., 1998;
Li et al., 2000) and are abundant in basement membranes.

3.3.2 Laminins

The laminins are a family of large glycoproteins which are major constituents of all
basement membranes (reviewed in (Colognato and Yurchenco, 2000)), but have also
recently been found in some non-basement membranes matrices (at the apical surface of
some ciliated epithelia (Koch et al., 1999), and in retina (Libby et al., 2000)). Laminins
are heterotrimers formed by combinations of different α-, β- and γ-chains (e.g. laminin-1
= α1β1γ1 (Burgeson et al., 1994)). Currently five α-chains, three β-chains, and three γ-
chains have been described, and 15 different heterotrimer combinations have been
detected (Colognato and Yurchenco, 2000; Libby et al., 2000) (figure 1).

Figure 1. The laminin family.
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The heterotrimer is assembled intracellularly (Beck et al., 1993) before secretion into the
ECM. Glycosylation and proteolytic processing of chains and heterotrimers differ
between different laminins and tissues, and may affect receptor interaction (Champliaud
et al., 2000; Goldfinger et al., 1998; Talts et al., 2000; Talts and Timpl, 1999). The
laminins appear as cross- or T-shaped structures. They are formed by the joining of the
chains into a coiled-coil structure forming a long arm, with the individual N-termini
forming individual short arms. At the end of the long arm the α-chain C-terminus has
five globular repeats (G-domain) that protrudes from the coiled-coil. The length of the
short arms varies between different chains, and in some combinations the overall
structure is more T-shaped or rod like, due to shorter arms (figure 1).

Once outside the cell, laminins become important structural parts of basement
membranes through network formation and interactions with other BM components
(Timpl and Brown, 1996; Yurchenco and O'Rear, 1994). The laminin network is further
associated with the collagen type IV network of the BM via nidogens (Aumailley et al.,
1993; Aumailley et al., 1989; Kohfeldt et al., 1998; Yurchenco and O'Rear, 1994).
Laminin polymerisation is mediated by the “short arms“ (Yurchenco and Cheng, 1993),
and it is shown that only the “full“ cross-shaped (figure 1) laminins are able to
polymerise into networks (Cheng et al., 1997). The other laminins are then likely linked
to the BM through direct or indirect interactions with the polymer networks. Therefore
all BM contains at least one of these cross-shaped variants of laminin. This becomes
evident in the dy2j mouse, which has a truncation in the α2-chain (Sunada et al., 1995)
which is forming the major cross-shaped laminin (laminin-2) in muscle BM. The
truncated α2-chain cannot mediate polymerisation (Colognato and Yurchenco, 1999)
and the muscle ends up with a disturbed BM leading to muscular dystrophy. Although
such cross-shaped laminins are known to self-polymerise in solution (Yurchenco et al.,
1985), the ordered networks seen adjacent to living cells, needs to be mediated by cell-
receptor assisted polymerisation (Colognato et al., 1999; Henry and Campbell, 1998;
Henry et al., 2001; Lohikangas et al., 2001; Sasaki et al., 1998).

The major receptors for laminins are members of the integrin family and
dystroglycan. Dystroglycan and integrin α3β1, α6β1, α6β4 and α7β1 binds to the G-
domain, and integrin α1β1 and α2β1 have been shown to bind the N-terminal globular
domain of the α-chain (Colognato and Yurchenco, 2000). Recently, integrin αvβ3 has
also been found to mediate RGD-dependent binding to recombinant laminin-α5
fragments and intact laminin-10/11 (Sasaki and Timpl, 2001). Only certain combinations
of receptors and laminin isoforms allow binding, and the exact binding site varies
between the different combinations. Binding-sites on laminin to other BM components
also include regions with contribution from the laminin β- and γ-chains.

Most basement membranes contain combinations of more than one isoform
from the large laminin family. This enables a large variety in the laminin composition
between different basement membranes, and increases the number of different cellular
interactions mediated by these. A vast number of processes dependent on interactions
between laminins and their different receptors have been shown in both in vitro and in
vivo studies (reviewed in (Bouvard et al., 2001; Cohn and Campbell, 2000; Colognato
and Yurchenco, 2000)). Interactions related to muscle are further discussed in sections 5
and 7.
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4 ECM receptors

The interactions between the ECM and cells are mediated by cell-adhesion-receptors. In
this thesis the focus is on the integrin family and the dystroglycan complexes, which
both are major receptors for various ECM components. Other important groups are the
discoidin domain receptors (DDR) (Labrador et al., 2001; Vogel, 1999; Vogel et al.,
2001), transmembrane proteoglycans (such as syndecans) (Liu et al., 1998; Zimmermann
and David, 1999), and hyaluronan receptors (Day and Prestwich, 2002; Turley et al.,
2002).

4.1 Integrins

Integrins constitute a large family of heterodimeric transmembrane adhesion receptors,
which also act in cell signalling. The majority of the integrins mediate cell-ECM
interactions, whereas others mediate mainly cell-cell interactions through binding to
counter-receptors on other cells. Integrins can recognise several ligands, and the cell-cell
binding integrins usually recognise some ECM ligands as well. The name “integrin“
comes from the “integrating“ nature of these adhesions (Tamkun et al., 1986), and
currently 24 different integrins have been described (Gullberg and Lundgren-Åkerlund,
2002). These adhesive functions together with the ability of cell signalling, constitute the
basis for the critical role of integrins during tissue development and homeostasis, such as
cell anchorage, migration, differentiation, proliferation, apoptosis, and matrix
organisation. (See also section 4.1.2.)

Figure 2. Integrin structure.

4.1.1 Structure

Integrins are heterodimers of non-covalently bound α- and β-chains. The integrin chains
are single pass type I membrane proteins with a large extracellular domain and a shorter
cytoplasmic tail, joined by the transmembrane domain (figure 2). The extracellular
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domain is composed of a stalk region, ending in a globular head. The chains are
transcribed from individual genes, processed (glycosylation, and cleavage for some α-
chains), and joined by their globular heads into heterodimers intracellularly before
recruitment to the cell surface. The structure of the extracellular part of an intact integrin
heterodimer (αvβ3) has recently been solved through x-ray crystallography (Xiong et al.,
2001), which confirmed the majority of the earlier proposed models and low resolution
electron microscopy observations (Carrell et al., 1985; Nermut et al., 1988).

4.1.1.1 α-chain structure

The α-chains can structurally be divided in two distinct groups: those with, and those
without an inserted “I domain“ (also called “A domain“). A similar domain constitutes
the globular head in β-chains, see section 4.1.1.3). Both types have a globular head
formed by a 7-repeat structure which is shown to fold into a seven bladed β-propeller
(Springer, 1997; Xiong et al., 2001). Some of the repeats assemble EF-hand like Ca2+

binding sites (Leitinger et al., 2000) (repeats 4-7 in non I domain α-chains, and repeats
5-7 in I domain α-chains), which are important for correct folding. In the I domain-
containing α-chains, the I domain is inserted between blades 2-3 and is thought to
protrude from the β-propeller as an individual globular domain (Springer, 1997) (figure
2). Ligand binding sites are different between the two different groups of α-chains. In
the non-I domain α-chains, the ligand binding is confined to a region in the β-propeller
where the α- and β-chain are in close vicinity, and non I domain α-chains do not bind
ligands when lacking the interaction of the β-chain. In I domain containing α-chains, this
region is replaced with the insertion of the I domain, and the ligand binding is confined
to the I domain without interactions from the β-chain (and purified recombinant I
domains retain ligand binding capacity without the β-chain).

4.1.1.2 I domain

Half of the 18 known integrin α-chains, have an inserted I domain in the β-propeller.
The α1, α2, α10, and α11 subunits associate with β1 and form ECM binding integrins.
The αD, αM, αL, αX (β2 associated) and αE (β7 associated) mediate cell-cell binding
in cells of the immune system. The I domain is only found in vertebrate integrin α-
chains. The I domain shows homology to the A domains in von Willebrand factor
(Arnaout et al., 1988; Corbi et al., 1987; Larson et al., 1989), and a similar domain is
also found in the integrin β-chains (Springer, 1997; Xiong et al., 2001). The name “A
domain“ is also used for integrins, but here the name I domain (inserted domain) is used
to denote the “inserted“ nature of this domain in the α-chains, as well as to highlight that
the I domain have important differences compared to the von Willebrand factor A
domain (Bienkowska et al., 1997). The I domains from αM, αL, α1 and α2 have all
been crystallised and structurally characterised. This revealed a structure composed of a
central β-sheet surrounded by 7 α-helices which form a Rossman fold (Emsley et al.,
1997; Lee et al., 1995; Nolte et al., 1999; Qu and Leahy, 1995; Rich et al., 1999). The
ligand-binding site includes a crucial positioned Mg2+ ion, and this site has been named
metal ion dependent adhesion site (MIDAS). A MIDAS site is also found to be located at
the ligand binding site of the β-chain I domain (Lin et al., 1997; Xiong et al., 2001), but
is lacking in the A domain of von Willebrand factor (Bienkowska et al., 1997).
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4.1.1.3 β-chain structure

The extracellular head domain of the β-chains is very different from the α-chains.
Instead of a β-propeller, the β-chain head consists of an I domain (βI-domain) linked by
a hybrid domain to the stalk region. The N-termini also forms a small separate domain
(PSI domain) which folds back from the βI domain to the hybrid domain. As mentioned
in section 4.1.1.2, the βI domain is involved in ligand binding. The βI domain is also
involved in the folding of the α-chain β-propeller, which is shown for αM and αL
(Huang and Springer, 1997; Lu et al., 1998), and seen from the close interactions in the
crystallised αvβ3 heterodimer (Xiong et al., 2001). These interactions are also likely to
be involved in the selection between α- and β-chain partner when forming the
heterodimer. The β-chain cytoplasmic tail is longer compared to the α-chains (especially
in the β4-chain), and is involved in the anchorage to the cytoskeleton, and in interactions
with signalling molecules.

4.1.2 Integrin diversity

In mammals 18 α-chains and 8 β-chains, which combine into 24 integrins, have been
described (figure 3). The diversity is further enhanced by the existence of different splice
variants in some α- and β -chains, which could be in both the extracellular and
cytoplasmic domains. Furthermore, a given cell has more than one integrin expressed,
and both the activation of ligand binding and the responding signalling cascade is
dependent on the cell type. This opens up a wide spectrum of possible binding and
signalling events for integrin-mediated interactions. Several summaries and reviews
related to structure and function of the integrin family have recently been published
(Bouvard et al., 2001; De Arcangelis and Georges-Labouesse, 2000; van der Flier and
Sonnenberg, 2001).

Figure 3. The integrin familly.
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4.1.3 Collagen-binding integrins

Five integrin α-chains have been shown to mediate binding to collagens, and they all
belong to the I domain-containing α-chains. The collagen-binding receptors formed are
α1β1, α2β1, α10β1, α11β1 (reviewed in (Gullberg and Lundgren-Åkerlund, 2002)) and
αXβ2. The β1-chain associated I domain integrins are typical matrix receptors, whereas
the αXβ2 is a leukocyte integrin which mediates cell-cell adhesion in addition to its
recently shown ability to mediate collagen type I binding on invasive monocytes
(Garnotel et al., 2000).

4.1.3.1 Distribution and ligands

The best studied collagen-binding integrins are the α1β1 and α2β1 integrins. They both
have a rather wide tissue distribution and are found on many different cell types. Both
integrins are expressed on fibroblasts, but have additional non-overlapping expression in
other distinct cell types. The integrin α1-chain is expressed in smooth muscle, vascular
endothelial cells in many tissues and in several types of fibroblasts (Voigt et al., 1995).
The expression of the α2-chain is somewhat less restricted, and is found on several cell
types, often reflecting an up regulation during the later stages of differentiation of these
cells. During mouse development the α2-chain is expressed in cells of the placenta,
hypertrophic chondrocytes, mature ameloblasts and odontoblasts, endothelial cells,
collecting ducts of late gestation kidney, and in lens matrix producing cells in the eye
(Wu and Santoro, 1994). Expression studies in human (Zutter and Santoro, 1990)
revealed α2-chain expression on endothelial cells, fibroblasts, Schwann cells, neuroglia,
and on multiple epithelial cells in skin, tonsil, mammary and sweat glands, lung, bladder,
gastrointestinal tract, cervix and prostate. Expression was also seen in follicular dendritic
cells in lymph node, tonsil, spleen and thymus. Integrin α2β1 is also found on platelets.

The majority of the α1/α2  expressing cells are thus cells that adhere to
basement membranes rather than interstitial matrices. This is also reflected in the ligand
binding capacity of α1β1  and α2β2 . Both integrins adhere to several collagens
(Dickeson et al., 1999; Dickeson and Santoro, 1998; Nykvist et al., 2000; Tuckwell et
al., 1996), but also to laminins (Colognato et al., 1997; Ettner et al., 1998). For α1β1, the
basement membrane type IV collagen is even preferred over the interstitial type I
collagen. This could reflect a functional difference, with anchorage (type IV) versus
migration/remodelling (type I). However, α2β1 would then be expected to behave
similar, but in vitro binding studies instead indicate a preference for type I collagen over
type IV collagen. In addition two cartilage proteins have been shown to act as ligands,
matrilin-1 for α1β1 (Makihira et al., 1999) and chondroadherin for α2β1 (Camper et al.,
1997). Another striking difference in binding between α1β1 and α2β1 is seen for the
transmembrane collagen type XIII which is only bound by α1β1 (Nykvist et al., 2000).
Since this is a transmembrane collagen, it is even possible that this binding may mediate
a form of cell-cell binding. The binding sites to collagen types I & IV for α1β1 and
α2β1 have been further investigated. In collagen type I two different interacting motifs
have been found in the triple-helix. These are helical GFOGER and GLOGER
sequences, plus some minor binding to related sequences  (Knight et al., 1998; Knight et
al., 2000; Xu et al., 2000). The binding of the integrin α2-chain I domain to the
GFOGER motif has further been characterised in detail by co-crystallisation of the I
domain together with a synthetic GFOGER containing triple-helical fragment (Emsley et
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al., 2000). The GFOGER motif also mediates binding of α1β1 and α2β1 to collagen
type IV (Knight et al., 2000), and an additional independent site within collagen type IV
mediates further interaction with α1β1 (Golbik et al., 2000). It will be interesting to see
if these interactions are valid also for the α10- and α11-chains.

The expression of the integrin α 1 0-chain is much more restricted, with
expression mainly in chondrocytes in cartilage tissues, and in a subset of fibroblasts
(Camper et al., 2001). In developing bone, α10-chain is expressed in all stages of
chondrocyte differentiation, and later in osteoblastic cells in the ossification groove of
Ranvier. α10 is also expressed in cells in the perichondrium and periosteum. In the
vertebra α10-chain is expressed in the cartilage, and in the collagen type II rich inner
annulus fibrosus of the intervertebral discs. In addition to the cartilage related
expression, α10-chain is found in the fibrous sheets lining skeletal muscle and
tendons/ligaments, and in heart valves. Ligands for α10β1 include collagen type II
(Camper1998), and other cartilage collagens (type VI, IX and X) are likely candidates.
Since α10-chain expressing cells are found in interstitial matrices outside the cartilage,
collagen type I would also be a likely candidate. Distribution and ligand binding of α11-
chain are presented in the results-section (see section 8).

4.1.3.2 in vivo functions

Studies of the in vivo role of integrin α1β1 and α2β1 by ablation in gene-targeted mice
have given somewhat surprising results. Ablation of the non-I domain containing β1
associated α-chains (α3−α9 and αv) all give severe and lethal phenotypes, with the sole
exception of α7  null-mice which have a slow progressive muscular dystrophy
(summarised and reviewed in (Bouvard et al., 2001)). In contrast, the α1 and α2 null-
mice are viable and fertile, with only minor phenotype changes. Considering the wide
distribution of both integrin subunits, more severe embryonic defects were expected.
More detailed studies of cells from the α1  null-mice revealed impaired in vitro
spreading/migration of fibroblasts on collagen type IV and reduced in vivo proliferation
of skin fibroblasts (Gardner et al., 1996; Pozzi et al., 1998). The skin fibroblasts also
show increased collagen type I synthesis, but the overall amounts of collagen type I in
skin is still normal due to an increase in turn-over (Gardner et al., 1999). In the α2-chain
null-mice, studies on platelets revealed a delayed binding to collagen type I, but the
delayed binding did not result in bleeding anomalies (Holtkotter et al., 2002). This
confirmed the earlier suggestion that the GPVI receptor is the major mediator of platelet
activation/binding to collagen type I (Nieswandt et al., 2001). The most likely
explanation for the mild phenotypes is overlapping functions from other integrins, and/or
compensatory up-regulation of functionally equal integrins. To a large extent, the
overlapping distribution on many cells by α1  and α 2  themselves, could be the
explanation. Mice with both α1- and α2-chains deleted will resolve this matter.
Nevertheless, both null-mice gave important clues to some of the in vivo roles of the α1-
and α2-chains. It should be noted in cases like this, that even these subtle defects (and
possible other yet undiscovered) usually are enough for evolutionary disadvantages
when present in “wild-life“, and thus conserving the genes.
For α10-chain no in vivo function studies have yet been reported. The results from gene
ablation of α11-chain are presented in the results section (see section 8).
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4.2 Dystroglycan

Dystroglycan is a large glycoprotein which is distributed at the cell surface as two non-
covalently linked subunits (α- and β-dystroglycan). The two subunits are created by
post-translational modification of the same precursor protein, transcribed from a single
gene (Ibraghimov-Beskrovnaya et al., 1992; Ibraghimov-Beskrovnaya et al., 1993). β-
dystroglycan forms a transmembrane part for insertion into the plasma membrane, and
α-dystroglycan resides on the extracellular side, where it acts in ligand binding with
ECM components (Ervasti and Campbell, 1991; Ervasti and Campbell, 1993).
Dystroglycan further associate with other proteins into larger complexes, which are
linked to the cytoskeleton (Ervasti and Campbell, 1993; Winder, 2001). The resulting
receptor-complex forms a tight link between ECM ligands and the cytoskeleton, and
mediates cell anchorage to basement membranes. Dystroglycan is also involved in
receptor mediated laminin polymerisation during basement membrane formation (Henry
and Campbell, 1998; Henry et al., 2001). Dystroglycan is known to bind laminin-α1,
laminin-α2, agrin, perlecan and biglycan (Bowe et al., 2000; Hoch, 1999; Talts et al.,
1999). The dystroglycan complex itself does not seem to have any direct signalling
properties, and is instead linked to other signalling complexes, but this is still
incompletely understood (Bredt, 1999; Henry and Campbell, 1999).

The most studied dystroglycan-containing complex is the one from skeletal
muscle cells (from which most components originally were described), but similar
complexes do exist in other tissues as well (the more investigated being nerves and
epithelia (Durbeej and Campbell, 1999; Straub et al., 1999)). The large receptor-complex
in skeletal muscle is named the dystrophin-glycoprotein-complex (DGC) (Ervasti et al.,
1990). The DGC consist of dystroglycan (linked to the actin cytoskeleton via dystrophin)
and the sarcoglycan-sarcospan complex (α- ,β- ,γ-, δ-sarcoglycan and sarcospan), plus
several other associated proteins (syntrophins, dystrobrevin and others) (Cohn and
Campbell, 2000). The focused studies of these complexes in skeletal muscle go back to
the findings that a major part of muscular dystrophies are caused by disturbances in
components of the DGC or its ligands. Naturally occurring mutations affecting
dystroglycan itself have not been observed, which is explained by the critical functions
of dystroglycan during early embryogenesis. Dystroglycan null-mice embryos
deteriorate at E6.5 due to malformed Reichert’s membrane (Williamson et al., 1997),
and cultured DG-null embryonic stem cells do not form proper basement membranes
(Henry and Campbell, 1998), most likely due to the lack of dystroglycan mediated
laminin polymerisation (see section 3.3.2). However, chimeric mice which have a high
contribution of dystroglycan-null cells in skeletal muscle fibers, do develop muscular
dystrophy (Cote et al., 1999). Interestingly, the basement membranes in these muscle
fibers still forms normally. This is likely due to integrin-mediated assembly.
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5 Skeletal muscle

5.1 Development

Skeletal muscle is derived from the mesoderm and can, with exception of some muscles
found in the head (formed from locally differentiating prechordal head mesoderm), be
traced back to the somitic mesoderm (Christ and Ordahl, 1995). The somite will give rise
to two different myoblast populations, which form different skeletal muscles. The
myotome gives rise to the axial muscles (attached to the axial skeleton). Cells migrating
from the dermomytome form the hypaxial skeleton (shoulder, abdomen, trunk and limb
muscles) (Birchmeier and Brohmann, 2000; Cinnamon et al., 1999; Ordahl et al., 2001).
Once the migrating myoblasts are positioned correctly they proliferate, and later on fuse
into myotubes. The formation of myotubes comes in two waves, with primary myoblasts
forming primary myotubes, and secondary myoblasts forming secondary myotubes
(Duxson and Usson, 1989; Duxson et al., 1989; Stockdale, 1992). Some myoblast-like
cells will remain less differentiated, and forms resting satellite cells, which act as
myoblast stem cells and may be recruited later for muscle regeneration (Bischoff, 1990).
Recently, evidence of the existence of other adult myoblast stem-cells has also been
found, with stem-cells from bone marrow entering via blood-vessels (reviewed in Bailey
et al., 2001; Seale and Rudnicki, 2000).

As soon as myotubes have been formed they will become surrounded by a
basement membrane. During the formation and maturation of myotubes into mature
myofibers, their repertoire of matrix-receptors (Gullberg et al., 1998), and the
composition of the basement membrane (Gullberg et al., 1999) will enter distinct
differentiation-dependent stages. The basement membrane of muscle-cells is complex
and is structurally and functionally divided into regions with different composition. The
sarcolemmal region extends along the whole muscle-fiber and ends in the myotendinous
sub-region, and a third region is found at the neuromuscular junction. Laminin-2 is
found throughout the whole BM both during development and in adult. During
myogenesis several other laminins are temporarily present in the BM (these laminins are
mainly maintained in the adult neuromuscular sub-region (Gullberg et al., 1999; Patton
et al., 1997). In the case of muscle fiber damage, the damaged fiber will deteriorate, but
its basement remains. A new fiber will be formed within the old BM by proliferating and
fusing cells derived from the muscle stem cells (satellite cells and others) (Bailey et al.,
2001; Bischoff, 1990; Grounds and Yablonka-Reuveni, 1993; Seale and Rudnicki,
2000). The regenerating cells seem to reiterate similar processes as in the embryonic
secondary myogenesis, which is also reflected in the laminins expressed during
regeneration.

5.2 Muscular dystrophy

Muscular dystrophy is the term for a diverse group of inherited muscle disorders which
leads to progressive weakening and wasting of the muscle. The primary defect is in the
muscle tissue itself, but can be very diverse at the molecular level. In the major part of
muscular dystrophies, the molecular defect is found in the interactions between the
muscle cell and the ECM, which will affect the stability of the muscle (recently reviewed
in (Cohn and Campbell, 2000). Depending on the type of muscular dystrophy, the rate of
muscle cell breakdown versus regeneration will vary. In some types the regeneration is
sufficient for sustained (although weak) functions of the muscle. In others the
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breakdown takes over, leading to fibrosis which gives paralysis and premature death.
Most muscular dystrophies related to ECM-cell interactions are linked to disturbances in
component of the dystrophin-glycoprotein complex (DGC) (see section 4.2), but integrin
linked (α7β1) dystrophies are also found, and they share the same ligand (laminin α2-
chain).The two muscular dystrophies related to this thesis are both linked to the DGC.
The Duchenne muscular dystrophy is caused by defects in dystrophin, and the dy/dy
mouse lacks the laminin α2-chain (Xu et al., 1994a; Xu et al., 1994b) which is the major
ECM ligand of the DGC. Both are severe types of muscular dystrophy, with fibrosis and
prominent but insufficient regeneration.
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6 Present investigation

The studies presented herein are divided into two parts. The first part is studies of
laminin composition in the BM of normal and diseased muscle (section 7). The second
presents recent additions to the ongoing characterisation of the novel integrin α11-chain
(section 8).

7 Laminin in dystrophic muscle (papers I & II)

7.1 Introduction

At the time of this study (1996) the distribution data on laminins was still fragmentary.
New laminin chains had recently been discovered, and distribution data of these were
usually preliminary, and distribution was so far investigated in single species only (e.g.
laminin α5-chain in mouse and laminin α4-chain in human) (Durbeej et al., 1996;
Iivanainen et al., 1995; Miner et al., 1995). Even for the first laminins described (studied
for more than a decade) the distribution data were still in many ways incomplete.

One much debated issue at the time was the distribution on laminin-1 (α1β1γ1).
As being the first discovered laminin isoform, it was the most studied with distribution
data from several species. However, a significant discrepancy was seen when comparing
data between species, as well as the correlation between mRNA- and protein-
distribution. In rodents, where the investigations were done with extensively
characterised reagents, laminin α1-chain showed a restricted distribution confined to a
subset of different epithelia both on the mRNA and protein level. In other species
investigated (human, primates, rabbit, hamster and other) the laminin α1-chain protein
showed a much wider distribution in a majority of basement membranes, but there were
discrepancies in the overlap of mRNA and protein distribution (human) (Nissinen et al.,
1991; Vuolteenaho et al., 1994). These latter studies were performed using the same
laminin α1-chain reagent, the antibody 4C7, which dated back to the time before the
discovery of multiple laminin isoforms (Engvall et al., 1986). The 4C7 antibody was
raised against laminin extracts from human placenta, and shown to recognise a laminin
alpha chain, which was thus denoted as being the homologue of the mouse laminin A-
chain (later renamed to α1-chain). No tests for possible cross-reactivity with the later
discovered laminin alpha-chains had been done since then. The laminin α1-chain
distribution discrepancies had been explained as being species differences, or epitope
masking of antigen, but the above facts pointed to the more likely possibility that the
4C7 antibody recognised other laminin α-chains, thus explaining the wider distribution.

At the time several reports pointed to an extensive induction of laminin α1-
chain protein in dystrophic human muscle, using the 4C7 antibody (Hayashi et al., 1993;
Mundegar et al., 1995; Sewry et al., 1995). Since these muscular dystrophies were linked
to disturbances in the muscle cell-ECM interactions, it was proposed to be a possible
molecular compensation where the normal laminin α2-chain interactions could be
replaced or supported with laminin α1-chain interactions. Whether a similar induction
was present in the corresponding mouse models of muscular dystrophy had not yet been
investigated.
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7.2 Aims of this study

• Investigate possible up-regulation of laminin α1-chain in dystrophic mouse
muscle.

• Develop new polyclonal antibodies against human laminin α1-chain to give
new independent data on human laminin α1-chain protein distribution.

• Clarify the antigen/antigens recognised by the existing human laminin antibody
4C7.

7.3 Results

In the first study (paper I) we used a mouse model of congenital muscular dystrophy, the
dy/dy mouse, which has an almost total loss of laminin α2-chain expression, thus
lacking the major muscle cell basement membrane laminins-2/4 (Xu et al., 1994a).
Earlier analyses of β1- and γ1-chains had shown that these were present at fairly normal
levels, indicating that laminin α2-chain was replaced with other laminin α-chains to
form an alternative laminin heterotrimers. In analogy with the reports from human
muscular dystrophy, this induced laminin α-chain had been proposed to be laminin α1-
chain, but this had not been tested.
From the study in paper I we concluded that there were no detectable levels of laminin
α1-chain protein or mRNA in the dystrophic mouse muscle, which also applied to
normal developing and adult mouse muscle. This gave further support to the idea that the
discrepancies seen between rodent and human data were related to the 4C7 antibody
used for the human protein data.
The identity of the α-chains present in the dy/dy muscle basement membranes still
remained unknown since we did not have access to other laminin α-chain antibodies.

In parallel to the first study we set out to develop new antibodies to human laminin α1-
chain using a recombinantly expressed domain from laminin α1-chain as antigen in
immunisation. By using the known cDNA sequence from human laminin α1-chain we
produced a recombinantly expressed protein domain from the laminin α1-chain (domain
G4-G5). The amino-acid sequence in this domain has low degree of homology between
the α-chains, and antibodies against this protein should then be specific for laminin α1-
chain. In order to assure correct folding and glycosylation, a human cell line was chosen
as expression system for the recombinant fragment.
In paper II we could show that this new polyclonal antibody (anti-hLN-α1G4/G5)
reacted with human laminin α1-chain in immunoprecipitation, western blotting and
immunofluorescence. When performing similar stainings to those of the mouse tissues in
paper I on human tissues, the results where identical. No induction of laminin α1-chain
in dystrophic muscle could be seen, and there was no signal in developing foetal muscle.
The positive signal in kidney was also the same as in mouse, with only the epithelia of
the proximal tubuli stained (whereas 4C7 stained the majority of the human kidney
basement membranes).
When comparing the laminin chains precipitated by anti-hLN-α1G4/G5 with the ones
precipitated by 4C7, they clearly precipitated different α-chains. This implicated that the
4C7 antibody did not react with laminin α1-chain at all, but with another laminin α-
chain. During this study, data on the mouse laminin α5-chain distribution started to
accumulate, and interestingly, this distribution data seemed to be very much the same as
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the data obtained in human with the 4C7 antibody, thus making the laminin α5-chain a
likely antigen for 4C7 (Durbeej et al., 1996; Miner et al., 1995; Miner et al., 1997; Patton
et al., 1997).
When using a novel polyclonal antisera against human laminin α 5-chain in
immunoprecipitation, we showed that the precipitated α5-chain was of equal size as the
one precipitated by 4C7. Finally, when using the α5-antisera in western blotting on
laminin precipitated by 4C7, the α5-antisera recognised the 4C7-precipitated α-chain;
thus confirming that 4C7 reacted specifically with the laminin α5-chain.

The result from these two studies immediately implied that all studies performed with
the 4C7 antibody should be reinterpreted as being studies on laminin-α5 (laminin-
10/11). At the time, the majority of human studies performed had used 4C7 for detection
of laminin α1-chain, and several cell and receptor-binding studies had been done on
laminin purified using this antibody, thus being studies on laminin-10/11 rather than
laminin-1/3. The revaluation of the distribution-data showed that the distribution of
laminins in different mammals is very similar, and species differences seem to be rare.
For the studies on muscular dystrophies this meant that it is laminin α5-chain that is
present in the basement of embryonic muscle fibers, and is the α-chain re-induced in
regenerating fibers.

7.4 Follow-up

The unknown laminin α-chain present in the dy/dy mouse, and other laminin α2-chain
deficient muscular dystrophies, has since the publication of paper-I been shown to be the
laminin α4-chain. Whereas the laminin α4-chain seems to be generally up-regulated in
the dy/dy mouse muscle, the induction of laminin α5-chain is much more restricted in
the dy/dy mouse compared to the induction seen in human muscular dystrophy (Patton et
al., 1999; Patton et al., 1997; Ringelmann et al., 1999; Sorokin et al., 2000). The general
conclusions in both mouse and human are that the laminin α4-chain replaces laminin α2-
chain in the laminin α2-chain-deficient muscle, and the embryonic laminin α5-chain is
re-expressed around regenerating muscle fibers (both in diseased muscle and during
repair of injures in normal muscle (Patton et al., 1999)). For the muscular dystrophies
this is obviously still not enough to rescue the diseased muscle. This is most likely due to
the fact that laminin α4-chain does not seem to mediate polymerisation into laminin
networks (Colognato and Yurchenco, 2000). This may in part be compensated by
laminin α5-chain, but as noted above, the laminin α5-chain expression is low in these
mice, and the BM is still abnormal. Furthermore, both laminin α4- and α5-chains are
poor ligands for dystroglycan (Ferletta and Ekblom, 1999; Ferletta et al., 2002; Shimizu
et al., 1999; Talts et al., 2000), and thus firm DGC-mediated anchorage is still missing.
Recently a report on another laminin α2-chain deficient mouse model (dyw , which is a
lama2 “knockout“) showed that the compensatory function of laminin α4/α5-chain
could be enhanced by the expression of a truncated form of agrin (Moll et al., 2001)
which seems to form a bridge between laminins and dystroglycan. This restores a normal
BM and these mice regain most of their muscle function and have a normal life span.
Unfortunately this strategy will not work for humans, since these are transgenic animals,
with the minigene present in all muscle cells throughout development.
Finally, more precise studies of skeletal muscle have shown that the laminin α1-chain is
actually expressed locally in the myotendinous junctions of muscle where the fibers
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inserts into the tendon (Patton et al., 1997; Pedrosa-Domellöf et al., 2000). This
expression is however only seen during a short developmental window, and in a region
which is sometimes overlooked when studying muscle. It is still not clarified if the
laminin α1-chain is expressed and secreted by the muscle fibers, or by neighbouring
cells.

8 in vitro and in vivo functions of integrin α11-chain.

8.1 Background

The integrin α11-chain is the latest addition to the integrin family (Lehnert et al., 1999;
Velling et al., 1999), and its characterisation has just started. This study presents some of
the latest findings.

8.2 Aims of this study

Further investigate integrin α11β1 function through:

• Determination of the tissue distribution of α11-chain protein and mRNA.
• Determination of the ligand-binding preferences of α11β1.
• in vitro studies of α11β1 mediated functions.
• in vivo studies of α11β1 function during development (targeted gene knockout

in mouse).

8.3 Results

8.3.1 Distribution

Distribution studies were performed on human (paper III) and mouse (paper IV)
embryos.
In a 6-week human embryo, α11-chain mRNA was present around the cartilage anlagen
of ribs and limbs. Vertebrae were not present on the sections used, and could therefore
not be evaluated. In an 8-week human embryo the mRNA expression around cartilage of
rib and extremities persisted, and was also seen around vertebrae and intervertebral
discs. Immunohistochemistry on the 8-week human embryo showed a matching overlap
in distribution between the mRNA and protein data. On the immunostained section high
expression in corneal keratocytes was also observed (a region missing from sections
used for mRNA distribution staining). In the 8-week human embryo, sections were also
double stained against collagen type II which showed a non-overlapping distribution
compared to the α11-chain.
The non-overlap with collagen type II distribution together with the higher resolution of
immunohistochemistry, could further map the distribution around cartilage more exactly
to the outer perichondrium and the outer annulus fibrosus of intervertebral discs. A wider
distribution (extending out from the perichondrium) was also seen in the hand, but the
restricted set of sections did not allow further interpretation of this staining (although
tendon/ligament are likely candidates).
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In paper IV immunohistochemistry on mouse embryos (mouse E14.5 which is
comparable to the human 8-week sections) verified a similar distribution as seen in
human embryo. A similar non-overlap between collagen type II and α11-chain was also
seen in the mouse embryo. In addition, prominent staining was also seen in forming
tendons and ligaments throughout the analysed mouse embryo. The wider staining seen
in the human 8-week hand can thus likely be explained as being tendons/ligaments as
well. Analysis by Northern blotting and RT-PCR of mouse whole embryo mRNA-
extracts showed that α11-chain transcripts could be detected at E11, continuing with
higher expression through E15-E17 (later stages not investigated).
The initial reports on α11-chain (Gullberg et al., 1995; Lehnert et al., 1999; Velling et
al., 1999) suggested high expression of α11-chain in muscle. No such expression could
be seen in these studies, but it should be noted that these earlier reports were on cultured
cells and adult tissue extracts.

In summary these data show that the α11-chain is expressed embryonically in fibroblast-
like mesenchymal cells associated with a distinct set of collagenous matrices.
Expression was seen in the outer perichondrium, outer annulus fibrosus of intervertebral
discs, forming tendons / ligaments, and additional expression in corneal keratoctes. A
common feature of these structures is their highly ordered arrangements of fibrillar
collagen networks. Additionally, the postulated expression in muscle cells was not seen.

8.3.2 Ligand-binding (paper III)

A non-collagen binding mouse satellite cell line lacking detectable expression of
α1, α2, α10 and α11 integrin chains, was separately transfected with full-length human
integrin α11 and α2-chain cDNAs. The expressed human α-chains were shown to
dimerize with the endogenous mouse β1-chain into functional cell receptors. These cells
were used to investigate gain-of-functions from α11-chain expression (with the well-
characterised α2-chain as positive control).
Attachment assays showed that α11β1 mediated binding to collagen type I and IV in a
manner similar to α2β1. The preference for collagen type I binding was even more
prominent for α11β1 than α2β1. Both integrins showed a Mg2+-dependent binding.

8.3.3 in vitro studies of α11β1 mediated functions (paper III)

Immunohistochemical stainings of human fibroblasts seeded on collagen type I coated
glass showed recruitment of α11β1 to focal contacts, which verified collagen type I as a
ligand and showed that α11β1 mediated anchorage in a typical integrin manner.
The same transfected cells as used for attachment (section 8.3.2.) were used in migration
and collagen gel contraction assays. These two assays showed that α11β1 can recruit
cytoskeletal and signalling factors necessary for chemotactic migration on collagen type
I, and contraction of a fibrillar collagen type I matrix. The results on α11β1 were similar
to α2β1 with the exception of a difference in the stimulus between PDGF-BB and foetal
bovine serum, used for chemoattraction and induction of stronger contraction. This
indicates that α2β1 and α11β1 may use different signalling pathways when mediating
such functions.
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8.3.4 itga11 null-mice (paper IV)

In order to evaluate the functions of the integrin α11-chain in vivo, itga11-null mice
were generated using gene targeting in embryonic stem cells. The itga11 gene was
distorted at exon 3 by partial deletion and replacement with a reporter/resistance
cassette. Two independent clones of targeted embryonic stem cells were blastocyst
injected to form chimeric mice. The chimeric mice were bred to wild type C57Bl/6J
mice to form two different strains of itga11 null-mice. The lack of integrin α11-chain
protein in homozygous itga11 -/- mice was confirmed by immunohistochemistry on
sectioned embryos and immunoprecipitation of cultured embryonic primary fibroblasts.

Homozygous itga11 -/- mice were born at expected Mendelian ratio, and did
not show any obvious morphological changes. However, with increasing age a
significant difference in size between the -/- and the +/-, +/+ mice could be seen. Both
male and female itga11 -/- had a body weight of only 70-80% of their non-homozygous
litter-mates. The difference in body weight was confirmed from 3 weeks of age and
persisted in the adult mice (the difference is likely present prior to 3 weeks, but this has
not yet been properly measured). The decrease in body weight reflects a general
reduction in body size, resembling a delayed body growth with an otherwise normal
anatomy. Since the reduction in size persisted in full-grown adult mice, this should be
classified as a form of dwarfism. Adult itga11 -/- males are fertile, and older mice
(several aged 8 months per April 2002) do not show any signs of illness or shortened life
span. Both itga11-null mouse strains gave the same results.

8.3.5 α11-chain is highly conserved between human and mouse (paper IV)

Isolation and sequencing of full-length mouse itga11 cDNA showed an overall identity
with the human sequence of 86% at the nucleotide level, and 89% at the amino acid
level. In the I domain the amino acid identity was as high as 97%. The largest difference
was seen at the cytoplasmic tail, which was used for the generation of the mouse-specific
antibodies used in the distribution studies.

8.4 Discussion

After summarising the embryonic distribution and the in vitro function results, the data
suggest that α11β1 is an integrin specific for a set of fibroblast-like cells which are
possibly involved in the secretion and organisation of certain ordered fibrillar collagen
matrices (in tendon, ligaments, intervertebral discs, perichondrium and cornea). The
involvement of α11β1 in such processes is supported by the finding of fibrillar collagen
type I as a major α11β1 ligand, and the ability of α11β1 to mediate migration and
collagen matrix contraction. The in vivo data from itga11 null-mice indicate a less
critical role of integrin α11-chain for the initial formation of these structures during
development, but instead point to a later linkage between α11-expression and postnatal
growth. Whether the normal embryonic morphogenesis in itga11 null-mice reflects non-
critical involvement of the α11-chain during these processes, or compensation from
functionally similar integrins remains to be investigated. The existence of an adult
phenotypic alteration indicates that such compensations would not then be fully adequate
for normal postnatal growth.

Vertebrate animals generally regulate the growth of other tissues to fit the
general body plan defined by the skeleton (e.g. a shorter leg gets shorter muscle and
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tendons), and a smaller skeleton gives a smaller individual. Thus, local effects on the
skeleton could result in an overall smaller body. Histological sections from long-bones
and vertebra in adult itga11 -/- mice show normal positioning and differentiation of the
various cell types present in bone tissue (paper IV). Since the skeleton have a normal
morphology, aside from the delayed growth, the defect is most likely in some rate
limiting steps. The rate of growth of bone tissue can be affected at several levels. Cell
proliferation and differentiation, collagen matrix secretion and turn-over, calcification,
and recruitment of blood vessels could all be possible candidates. It is known from itga1
null-mice that integrin α1β1 is involved in proliferation signals and regulation of
collagen synthesis in skin (Gardner et al., 1999; Pozzi et al., 1998). However, the skin
morphology in these mice is still normal due to other compensating feedback
regulations, a similar but less compensated dysregulation could be possible in bone of
α11β1 deficient mice. The embryonic distribution pattern reported in paper III & IV
does not indicate any direct role of α11β1 inside the forming bone (it was not detected
there), but the distribution in later stages of development and in postnatal / adult mice
could be different. In order to address these possible explanations, data on the later
distribution of α11-chain needs to be added, as well as in vitro studies of the
signalling/regulatory roles of α11β1. The obvious regulatory processes to investigate
would be cell-cycle regulation and regulation of matrix synthesis / turn-over. Such in
vitro studies on α1β1 and α2β1 have shown that both these integrins take part in a co-
operative feedback regulation of collagen synthesis and collagen breakdown by matrix
metalloproteinases (Eckes et al., 2000; Heino, 2000).
The observed embryonic expression of α11-chain reported here indicate that the α11-
chain has a much more restricted distribution compared to the α1- and α2-chains. The
more restricted α10-chain is expressed in similar tissues as α11-chain, but closer
analysis showed that they do not overlap at the cellular level.

In paper III it was proposed that the basic helix-loop-helix transcription factor
scleraxis (Cserjesi1995) may be involved in the transcriptional regulation of the α11-
chain. This was based on the finding of several E-boxes in the promoter region of the
human ITGA11 gene (Zhang et al., 2002), and a similar expression pattern of scleraxis
and α11-chain in the forming skeleton. Interestingly, since the publication of paper III it
has been reported that scleraxis is also a specific marker for early developing tendons
and ligaments in chick and mouse embryos (Schweitzer et al., 2001). The expression
seen in the same regions in the mouse embryo (paper IV) lends further support to the
idea of a scleraxis-mediated regulation of α11-chain transcription.
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8.5 Future perspectives

The characterisation of integrin α11-chain has just started, and with this additional
access to itga11 null-mice, the number of possibilities are many.

Dynamics of expression pattern
The distribution of the α11-chain during earlier and later stages during embryogenesis,
as well as in the adult need to be more investigated. In particular the later embryonic
stages and the first postnatal weeks will be interesting to study since the observed
phenotype of the itga11 null-mice is most likely initiated during these stages. A more
detailed distribution study will also give guidance in selecting appropriate regions in the
itga11 null-mice when searching for more subtle effects which may be less apparent
when looking at the whole individual.
Phenotypic characterisation of itga11 null-mice
Further investigations on the adult mice will reveal if there are additional undiscovered
alterations. If the effect is indeed localised to certain cell types within the skeleton, these
should be possible to identify by comparing sections of wilt-type and itga11-null bone
throughout bone formation and maturation. Such studies will reveal if there are any
differences in the relative numbers of the matrix producing cells or delays in transition
between the different stages. The rate of cell proliferation in the skeletal tissue can also
easily be determined by standard methods such as incorporation of labelled nucleotides
in replicating cells etc. When the bone grows larger the overall rate of cell activities also
get more dependent on proper vascularisation for diffusion of nutrients etc. The entry of
these blood vessels close to the proliferation zone is dependent on proper maturation of
hypertrophic chondrocytes. Hypertrophic chondrocytes alter the cartilage matrix
composition to promote the invasion of capillaries and cells which enter via these (e.g.
osteoblasts). It will be important to determine the status of the hypertrophic
chondrocytes and other cells, the matrix composition, and the distance to capillaries.
Compensatory functions
Some integrin α 1 1-chain mediated functions may be compensated by similar
overlapping functions from other integrins. The preliminary distribution data do not
suggest overlap between integrin α1β1, α2β1  and α10β1 in wild-type mice in the
embryonic stages investigated, but this could change postnatally. Possible
compensations could be estimated from distribution studies of the other collagen binding
integrins in the itga11 null-mice tissues. Possible compensations can then be verified by
breeding the itga11 null-strains to null strains for other collagen binding integrins. This
will of course equally shed light on possible compensatory roles by the integrin α11-
chain in these other null-strains.
Molecular mechanisms
In order to understand the different possible roles of the integrin α11-chain, more data
need to be collected on ligand preferences and possible signalling consequences when
binding these ligands. The integrin α11-chain contribution to the signal-related processes
important in vivo (proliferation, differentiation, matrix secretion and breakdown etc.),
could be modelled from in vitro studies of cultured cells from wild-type and itga11-null
mice. These cells would then be compared under different conditions, and the integrin
α11-signalling pathways could be tracked down for activity.
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