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2. INTRODUCTION 

2.1. General structure of the extracellular matrix (ECM) 

The extracellular matrix (ECM) is a highly organized network of macromolecules secreted 

by the cells. The ECM plays a complex role in building up the architecture of tissues and 

maintaining their homeostasis. Its function is most important in the case of the connective tissues, 

where the highly extended ECM defines the main physical properties of the tissue essential for 

the normal life conditions of the whole organism. The ECM transmits nutrients to the cells, and 

stores and provides hormones, growth factors and various signaling molecules playing important 

role in morphogenesis and differentiation. The ECM also serves as a support for cell attachment, 

and it can influence the migration of the cells by altering the molecular nature of this attachment. 

It has a highly organized structure, composed of a fibrillar scaffold and a range of molecules 

attached or floating in this scaffold and fulfilling different biological functions. 

The different ECMs consist of three major types of macromolecular components: 1. 

fibrillar proteins; 2. hyaluronan and proteoglycans; and 3. multiadhesion proteins (1). 

1. The group of fibrillar proteins includes collagens and in some tissues elastin and fibrillin 

fibers. The 19 collagens (2) share the collagenous triple helix as the most characteristic molecular 

attribute. It is made up of (XYGly)n repeats and form triple right a-helices. The collagens are 

present in all types of connective tissues, where they form strong fibrils with large tearing 

strength, while other collagens form sheets or other supermolecular structures generating 

basement membranes and different contacts between ECM components. Collagens can be 

divided into different subgroups like: fibrillar collagens (collagens I—III, V, XI), network forming 

collagens (collagens IV, VIII, X), FACIT collagens (collagens IX, XII, XIV, XVI, XIX), 

transmembrane collagens (collagen XIII and XVII) etc. The other fibrillar protein, elastin, as a 

fibril forming polymer is a very elastic component of the skin, lung, blood vessels, ligaments and 

tendons. Glycoproteins fibrillin-1 and -2 are also components of elastic fibers, and of different 

lamellar structures and ligaments. 

2. Polysaccharides are also main ingredients of the ECM either existing alone like in 

hyaluronic acid or covalently bound to one protein core, like in the case of proteoglycans. 

Hyaluronic acid is built up of 1000-50000 disaccharide elements and able to attract a huge 

amount of water via its hydrophyl groups. It forms a hydrated gel together with aggregating 
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proteoglycans from the hyalectan group, thus providing the turgor pressure of tissues. The 

hyaluronan and proteoglycan aggregates are stabilized by the link protein (mulliadhesion 

protein). 

The proteoglycans (3) contain glycosaminoglycan side-chains covalently bound to the core 

protein. These side-chains are highly anionic and also able to attract a large hydrated coat. The 

major biological function of proteoglycans is fulfilled by the glycosaminoglycan component of 

the molecule, which provides hydration and swelling property to the tissue, enabling it to 

withstand large compressive forces. We distinguish matrix and cell surface proteoglycans. The 

first group includes the hyalectans, basement membrane proteoglycans and small leucine-rich 

proteoglycans. The hyalectans are large proteoglycans, which are able to form networks with 

lectins and hyaluronic acid and they can also interact with mulliadhesion proteins (for example in 

the cartilage with link protein and matrilins, see later) and collagen fibrils as well. The basement 

membrane proteoglycans and small leucine-rich proteoglycans represent divergent groups of 

proteins with various functions. The cell surface proteoglycans can be membrane bound proteins, 

or real transmenbrane proteins, which in some cases function in signaling processes. 

3. The multiadhesion proteins are mainly glycoproteins. They fulfill their cardinal function 

in the formation of matrix-matrix and cell-matrix connections. They are able to interact with 

various macromolecules of the ECM and the cell membrane, and serve as connective elements 

between the different components. For example, link protein connects proteoglycans and 

hyaluronic acid, while nidogen binds basement membrane components laminin and collagen IV. 

These mulliadhesion proteins mediate matrix-matrix connections. The matrilins are also 

considered to belong to this group of the ECM proteins, whereas they are able to bind collagens 

and other matrix components, as discussed later (see part 2.4.). The mulliadhesion proteins 

involved in cell-matrix contacts, generally contain RGD (Arg-Gly-Asp, or R-G-D) triplets, to 

which the integrins are able to bind. These molecules, like fibronectin and tenascin, are able to 

enhance cell adhesion. 

2.2. Importance of investigation of the ECM of connective tissues 

Connective tissues building up the skeletal system, have a vast ECM, which occupies much 

greater space in the tissues than the cells themselves. This ECM defines the physical attributes of 
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the tissue and affects the physiological behavior of the cells. It provides a stable scaffold 

important for maintaining the special architecture of tissues, and contributes to defined cellular 

functions such as migration, proliferation and differentiation. The complex role of ECM is mainly 

based on cell-matrix and matrix-matrix interactions. Many ECM components can bind to cellular 

receptors, like integrins and cell surface proteoglycans, and modify cell behavior by inducing 

intracellular signals and altering the gene expression. On the other hand, interactions between 

different matrix proteins are essential for proper ECM assembly and, hence, play crucial role in 

defining the structural integrity and physical properties of connective tissues. 

Heritable diseases affecting the skeletal system are frequently caused by mutations in the 

genes of ECM proteins. These diseases can often have very severe symptoms, moreover one part 

of them are inconsistent with life (4,5). Another group of skeletal disorders is acquired, but not 

independent of genetic background, such as diseases of autoimmune origin, like rheumathoid 

arthritis and osteoarthrosis. Even these latter diseases can strongly decrease the quality of life and 

the ability to work. The more frequent occurrence of this type of skeletal disorders by the 

increased average life expectancy represents an increasing burden on the society. Emphasizing 

the current importance of the problem the "Decade of Bone and Joint Disease: 2000-2010" 

program was launched by the WHO. 

Transgenic animal techniques serve as effective tools in defining the function of any ECM 

protein component in vivo, by eliminating or modifying the genes for ECM proteins. Thus 

transgenic animal models can reveal the genetic background of known human skeletal disorders 

and can be used to study the development and pathogenesis of these diseases. Furthermore, 

transgenic animal models for novel ECM genes may lead to the identification of previously 

unknown disease loci. 

2.3 Genome engineering via homologous recombination in mouse embryonic stem (ES) 
cells, a versatile tool for studying protein function in vivo 

The best approach to efficiently reveal the function of a given protein in complex 

organisms, like mammals, is to introduce genetic modifications in their germ line. The favorite 

model animal is the mouse for these genetic approaches. In the last decade, it became possible 

not only to add genes to the mouse genome like in the case of several other complex organisms, 
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but also to perform gene replacement and modification. These kinds of targeted mutations 

provided a good opportunity to reveal the in vivo function of the genes in the tissues, where they 

are produced. These approaches have been made possible via two technological breakthroughs: 1. 

the isolation and culture of embryonic stem (ES) cells, which have the unique ability to colonize 

all the tissues of the host embryo including its germ line; 2. the development of methods allowing 

homologous recombination in the ES cells between an incoming DNA and its cognate 

chromosomal sequence (gene "targeting"). As a result, it has become possible to create mice 

bearing null mutations in any cloned gene ("knockout mice"). In recent years, the scope of gene 

targeting has been widened even more, due to the refinement of the knockout technology, and, as 

a consequence, a range of other types of genetic modifications can also be created now (6). These 

approaches have evolved via the application of Cre/loxP or Flp/FRT site specific recombinase 

systems. The more frequently applied Cre protein is a recombinase identified in the PI 

bacteriophage. It recognizes a sequence of 34 base pairs (called loxP) in a segment of DNA. 

When two loxP sites are oriented in the same direction, the Cre recombinase induces the deletion 

of the DNA segment placed between them. DNA sequences located between two oppositely 

oriented loxP sites will be inverted. These modifications provide the opportunity for the detailed 

analysis of complex gene functions through the creation of subtle mutations (point mutations, 

micro deletions or insertions, etc.), or conditional mutations, allowing the study of gene function 

throughout the life of an animal, when the total inactivation of the gene entails embryonic 

lethality (6). After introduction of subtle mutations, the selection marker genes mainly the NeoR 

can be excised from the genom and in the case of conditional mutations, the genes between two 

loxP sites (floxed genes) can be eliminated in time- or tissue-specific manner, after crossing the 

mouse strain carrying the floxed allele and a specific Cre expressing strain. Via these new 

approaches, it has also become possible to create chromosomal rearrangements such as large 

deletions, duplications and translocations (6). 

The application of mutant mouse models gives insights into the in vivo function of 

proteins and makes it possible to create and study mouse models of human diseases. 

During the past decade, the transgenic technology has become one of the most important 

tools in molecular biology including the field of the ECM research. Mutations in a number of 

genes encoding ECM proteins in mice have provided new insights into their role during 

development and disease. Many mouse strains have helped to verify the link between gene 
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mutations and human diseases, and others have produced unexpected phenotypes and identified 

new functions for ECM proteins (reviewed in ref. 7 and 8). 

Gene targeting, however, not always leads to expected results, as reported for certain ECM 

proteins and other genes for the following reasons (8). First, mutations can be associated with 

mild or no phenotypic alterations. Such results are often explained by the presence of genes with 

similar function or by the frustrating inability to find the defect. To solve the problem of 

functional redundancy, many of the existing mutant mice are currently intercrossed. Second, gene 

targeting is sometimes unable to confirm functions that have been assigned to a given gene in 

biochemical or cell biological studies. Third, mutations can lead to complex phenotypic 

alterations making it difficult to determine the gene function. Fourth, mutations can cause a very 

early lethality during development, making it impossible to obtain functional information. To 

date, the latter two problems can be circumvented by using cell type-specific or inducible gene 

targeting via the application of the Cre/loxP or Flp/FRT site specific recombinase systems (6). 

Otherwise these approaches have specific problems. For example in the case of the more 

frequently applied Cre/loxP system, because of the quality of the Cre lines, the floxed genes are 

not completely deleted in the target tissues. The remaining wild-type cells may, at least partly, 

compensate for the defect of null cells. Similar difficulty lies in the slow execution of Cre-

mediated deletions. Finally, many matrix proteins have a long half-life and the relatively short 

life span of mice may not allow the study of protein loss by inducible gene targeting. 

2.4. The matrilin protein family 

The matrilins constitute a novel family of multiadhesion proteins (9,10). They function in 

the ECM assembly of various tissues by forming collagen-dependent and independent 

filamentous networks. The prototype member of this family is matrilin-1, which was earlier 

referred to as cartilage matrix protein (CMP), as it was initially identified as an abundant, 

proteoglycan-associated protein present in many forms of cartilage (11,12,13). Matrilin-1 is a 

homotrimeric glycoprotein of about 50-kDa subunits (12). To date, four members of the family 

have been identified. The matrilins are now defined as modular proteins containing the same 

domains in the same order as matrilin-1. Each tissue contains at least one or more matrilins, 
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indicating their essential function in the organization of the ECM. Matrilin-1 and -3 occur in 

skeletal tissues, while matrilin-2 and -4 function in other tissues as well. 

The domain structure of the matrilins are highly similar. They are composed of one or 

two von Willebrand factor A (vWFA) domains, varying number of epidermal growth factor-like 

(EGF) domains and a C-terminal coiled coil oligomerization domain (10) (Fig. 1.). 

The vWFA domains in the family fall into two groups: 1) the vWFAl domain occuring 

towards theN-terminus and 2) vWFA2 domain close to the C-terminus. In matrilin-3 the vWFA2 

domain, and in one of the splice variants of mouse matrilin-4, the vWFAl domain has been 

deleted (Fig. 1.). In the matrilin family, the vWFA domains have a classical a /p "Rossmann" 

fold structure containing a conserved metal ion-dependent adhesion site (MIDAS), which can be 

involved in binding protein ligands (see in chapter 2.4.2). The vWFA domains are found not only 

in von Willebrand factor and matrilins, but also in a large number of other, mainly extracellular, 

proteins. These proteins are collectively referred to as the vWFA domain superfamily. The 

vWFA domain consists of approximately 200 amino acids that is present in one or more copies in 

many proteins involved in cell-cell, cell-matrix and matrix-matrix interactions. Although the 

majority of vWFA-containing proteins are extracellular, the most ancient ones, present in 

eukaryotes, are intracellular proteins, involved in functions such as transcription, DNA repair, 

ribosomal and membrane transport and the proteasome. Later this ancient lineage of the domain 

was incorporated into other proteins and modified to mediate specific adhesion events critical for 

host survival (14). Many latter members of this superfamily mediate, through their vWFA 

domains, adhesion functions in important physiologic processes, like morphogenesis, cell 

migration, hemostasis, immunity and wound healing. 

The number of EGF repeats varies between 1 (in matrilin-1) and 10 (in matrilin-2). They 

are not of the Ca2+-binding type and even though they show an overall structural similarity to 

epidermal growth factor (EGF), there is no evidence that they retain growth factor activity. It is 

more likely that they serve as spacers between vWFA domains, which in many other proteins 

show ligand binding activities. The EGF-like domains are commonly found in extracellular 

proteins and when arranged in tandem, they give rise to flexible rods as seen in the short arms of 

laminin (15). 

The coiled coil domains of matrilins mediate the assembly of oligomers as a characteristic 

feature of the whole family. The coiled coil domain contains a heptad repeat of amino acids a-g 
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Figu re 1. Comparison of the domain stnictures of the matrilin family members. 
Matrilin-2 exists in two alternatively spliced variants in mouse and human. Mouse matrilin-4 
occurs in two and human matrilin-4 in three alternatively spliced forms. In addition to the 
domains discussed in the text, matrilin-2 and -3 contain a positively charged domain between 
the signal peptide and the vWFA 1 domain. 
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characterised by having hydrophobic residues in positions a and d and often polar residues in 

positions e and g. Positions a and d come into close contact in an a helical coiled coil and 

stabilise it by hydrophobic interactions. Further stabilization may occur through intrahelical ionic 

interactions between oppositely charged side chains. All matrilin subunits have two cystein 

residues immediately upstream of the coiled coil. In the case of matrilin-1, it was shown that they 

form a ring of interchain disulfide bridges, which covalently stabilize the assembly, even though 

the coiled coil domains of matrilin-1 and - 2 fold efficiently also without the contribution of the 

cysteines (16,17). 

The expression patterns of the matrilins are highly overlapping. Matrilins can be divided 

into two subgroups concerning their expression patterns. Matrilin-1 and -3 are abundant ECM 

components in skeletal elements. Matrilin-1 is present in hyaline cartilage in different organs (13) 

in zonal patterns of expression in the developing skeletal elements (18), while matrilin-3 has been 

found in every cartilage type studied and in bone as well (19,20), having a wider expression 

domain than matrilin-1. Interestingly the enhacement of matrilin-3 synthesis has been shown 

under arthrosis in human articular cartilage (21). 

Matrilin-2 and -4 form the other subgroup with a much broader tissue distribution. Matrilin-

2 seems to be an inherent component of all kinds of dense and loose connective tissues (see in 

chapter 2.4.1). Like matrilin-2, matrilin-4 also shows a broad expression in dense and loose 

connective tissues, bone, cartilage, nervous system and a variety of organs (22, 23, 24), in a 

partially overlapping pattern with matrilin-2. 

2.4.1. Matrilin-2 

The mouse cDNA encoding a novel member of the vWFA module superfamily was cloned 

in our laboratory (9). The sequence similarity search indicated that the novel protein is a relative 

of the cartilage matrix protein (CMP). They constitute a novel protein family, and our group 

introduced the name matrilin-2 (Matn2) for the new protein and suggested the new term matrilin-

1 as an alternative name for CMP, the first member of the family (9). 

Matrilin-2 has the most complex domain structure among matrilins. The mouse matrilin-2 

protein precursor consists of 956 amino acids including a signal peptide, two von Willebrand 

factor A (vWFA) domains, 10 epidermal growth factor-like (EGF) modules, a unique region and 
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a C-terminal coiled coil oligomerization domain (9), (Fig. 1.). The protein contains potential N-

glycosylation sites. The predicted minimum Mr of the mature matrilin-2 is 104.3 kDa, but SDS-

PAGE resolved different forms of the protein between 100 and 130 kDa, admitting glycosylation 

(9, 25). Another source of different matrilin-2 isoforms is the alternative splicing. It was shown 

that alternative splicing can affect the unique segment (Fig. 1.) via the alternative usage of 3'-

splice sites, when a part of the protein-coding sequence functions as a splice acceptor site (26, 

27). 

Northern analysis revealed the highest level of matrilin-2 expression in the uterus, heart, 

calvaria and brain, and lower level of expression in the kidney, skeletal muscle, and skin. 

Moreover, a lower level of the mRNA can be detected in all of the organs tested. Expression of 

the mouse matrilin-2 gene was detected by immunostaining in loose and dense connective 

tissues, subepithelial connective tissue of the skin and digestive tract, perichondrium, periosteum, 

zonally in the proliferating and upper hypertrophic zone of the growth plate, and in different 

basement membranes (9, 25, 28, 29). In situ hybridization revealed matrilin-2 mRNA expression 

in fibroblasts of dermis, tendon, ligaments, perichondrium, periosteum, connective tissue 

elements in the heart; smooth muscle cells; and certain epithelial cell types (25). 

In tissue extracts and cell line cultures, matrilin-2 was demonstrated to exist as a mixture of 

mono-, di-, tri-, and tetramers using SDS-polyacrylamide gel electrophoresis and electron 

microscopy (25). 

2.4.2. Matrilin-binding partners in the ECM 

Although this study emphasizes our current knowledge on matrilin-2, experimentally 

matrilin-1 is the best-characterized member of the protein family, and based on the structural 

similarities, we may extend some feature of matrilin-1 to matrilin-2 or even the whole matrilin 

family. Further on, experimental data on matrilin-1 and -2 will be presented in parallel manner to 

make comparisons between the two proteins easier and generalize features for the matrilin 

family. 

As reported for other members of the vWFA suprfamily, experimental data indicate that 

principally also the vWFA domains of matrilins determine their ability to bind different targets in 

the ECM. Accordingly, the vWFA domain is functionally important in the superfamily, it can 



Figure 2. Schematic structure of the "Rossmann" fold of the vWFA domain, and the 
MIDAS motif formed by the loops within it. a-helices are in yellow, fî-sheets are in brown 
and amino acids involved in cation binding are represented in red. 

F igure 3. Model of the matrilin-1 function in the cartilage matrix assembly. The three 
dimensional representation of the collagen fibril of cartilage showing that it is composed of 
collagen II and XI, and collagen IX is cross-linked to collagen II at the surface of the fibril. 
Matrilin-1 is shown in the gap regions between the ends of adjacent type II collagen molecules 
at the surface of the fibril. It is also shown to bind to aggrecan and potentially connect these 
two macromolecular networks of the cartilage. 
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bind to another vWFA domain and a wild range of various other targets. It is proven that, in the 

majority of cases, the molecular basis of this binding ability is the correct formation of the cation 

coordinating MIDAS structure within the domain (Fig. 2). Therefore, the vWFA domain has a 

broad binding capacity, furthermore the specificity of this binding can be easily modified by 

amino acid changes within the loops forming the MIDAS structure, in the vicinity of cation 

coordinating amino acids (30). 

Experimental data indicate that the matrilins are able to bind ECM targets and form 

filaments also via their vWFA domains. 

Self-assembly potential of matrilins forming filamentous network was shown in the 

case of matrilin-1 and -2. Potential of matrilin-1 to self-assembly and filament formation was 

examined in details. Recent data demonstrated that matrilin-1 can form collagen-dependent and 

collagen-independent filamentous network too (31). The collagene-independent network is more 

pericellularly localized than the collagen dependent one and at least partially derive from self-

assembly of matrilin-1. The vWFA domains of the protein are obviously needed for the filament 

formation. It was also demonstrated in cell culture systems that double mutations affecting both 

MIDAS motifs in vWFAl and vWFA2, interfered with the network formation (32), suggesting 

the involvement of an adhesion mechanism similar to that proposed for integrin-ligand 

interactions (33). 

Studies of matrilin-2, employing electron microscopy after negative staining, revealed a 

picture, where the subunits of the oligomers formed a looped structure. This observation 

indicated that the vWFAl and vWFA2 domains within a single subunit may bind to each other 

(25). Recent data demonstrate that similar interactions occur in vitro between two matrilin-2 

molecules that are close to each other (34). This results favour the potential of matrilin-2 for 

homotypic association, which may lead to filament formation. 

Matrilins are able to bind to different targets in the ECM. Matrilin-1 is an abundant 

component of cartilage. In the cartilaginous ECM, the type II collagen is the major fibril forming 

collagen. Matrilin-1 binds to type II collagen at both ends of the molecule and inside with a 

distinct frequency. On the native collagen fibrils, it binds with the 60-65 nm periodicity known to 

be characteristic of type II collagen (35). Experimental data indicate that in this binding process 

also the vWFA domains of the protein have an important role. The more detailed molecular 

background of collagen binding via the vWFA type domain was identified in the case of integrin 
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012P1. The vWFA type domain of the integrin <X2 chain, referred as (X2 I-domain turned to be 

essential for the collagen binding ability of the CI2P1 integrin. Furthermore, it was specified that 

the presence of functional MIDAS motif within the I-domain is critical for collagen binding (36). 

Experimental data showed that, matrilin-1 is able to bind to aggrecan as well, the major 

proteoglycan of the cartilaginous matrix. One fraction of matrilin-1 is noncovalently associated 

with aggrecan, another is covalently cross-linked to the aggrecan core protein, and this strongly 

bound pool of the protein increases with age (37). Matrilin-1 was also reported to interact with 

aiPi integrin (38) and this interaction enhanced the adhesion and spreading of chondrocytes. 

Similarly to matrilin-1, matrilin-2 was also shown to bind to collagen. The type I collagen 

is the most widespread among collagens found in a great variety of tissues. It is also the most 

abundant collagen component in tissues, where the matrilin-2 gene is expressed. Current data 

demonstrate that, matrilin-2 interacts with collagen I with preferential binding to sites close to the 

two termini's of the tropocollagen molecule and at some distinct points within it. Therefore, 

matrilin-2 can potentially be associated with the surface of collagen I-containing fibrils in a 

manner, analogous with that of matrilin-1 bound to cartilage collagen fibrils (34). The interaction 

of matrilin-2 with collagens II, III, IV and V was also demonstrated by surface plasmon 

resonance method (34). Matrilin-2 is localized to basement membranes and microfibrils, and its 

binding to some components of those structures have also been demonstrated. Both fibronectin 

and laminin-l-nidogen-1 complexes showed binding to a truncated form of the protein in surface 

plasmon resonance assay (34). All variants of matrilin-2 tested, strongly bind to fibrillin-2 a 

microfibrillar protein organized in 10-12 nm diameter microfibrils, which often intersect into the 

dermo-epidermal basement membrane. The role of this anchorage and the underlying molecular 

interactions are not known (34). 

2.4.3. Matrilin hetero-oligomerizalion 

It was shown recently that the four matrilin coiled-coil domains can fold into nine hetero-

oligomers, stabilized by disulfide-bridges (39). Specific hetero-oligomeric interactions of variable 

chain stoichiometrics were observed between matrilin-1 and matrilin-2, matrilin-1 and matrilin-3, 

matrilin-1 and matrilin-4, and matrilin2 and matrilin-4. One distinct heterotrimer consisting of 
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three different chains between matrilin-1, matrilin-2 and matrilin-4 was also shown. No 

interactions however, were observed between matrilin-2 and matrilin-3 or between matrilin-3 and 

matrilin-4. Two of these nine chain combinations were reported earlier for the full length 

matrilin-1 and matrilin-3 proteins (19, 40-42). These interactions, like the homophilic ones, are 

mediated by noncovalent forces and are not dependent on disulfid bridge formation via the 

cysteins present in the coiled-coil domains. Data indicate that these hetero-oligomers are 

thermodynamically stable and may be favored over homo-oligomers. 

2.4.4. Possible function of the matrilins 

A model was suggested by Winterbottom et al., (1992) (35), according to the specialities of 

matrilin-1 binding to collagen. This model was based on the following observations: 1) matrilin-1 

binds to the ends of individual triple helical collagen molecules 2) the matching periodicity of 

matrilin-1 binding on the surface of collagen fibrils of cultured chondrocytes and the periodicity 

of the collagen fibril banding pattern. The model proposed that matrilin-1 binds to the collagen 

fibril at the gap-zone, between two collagen molecules by binding to each of those (Fig. 3.). 

Collagen association is a property of both matrilin-1 and -2, which may be shared by all 

matrilins, and this binding may stabilizes the collagen fibril or affecting fibrillogenesis. Together 

with the fact that matrilin-1 also binds aggrecan, it was proposed to play a bridging role between 

the two main ECM networks of cartilage (37), (Fig. 3.). Other matrilins may also perform an 

adapter function in the ECM assembly of a variety of tissues. 

Matrilins may also have functions independent of collagen fibrils and ECM assembly. Data 

indicate that the pericellularly located matrilins may affect cell attachment, proliferation and 

spreading via modulation of cell-matrix contacts (38). 

In spite of the facts described above, ablation of the matrilin-1 gene failed to produce any 

obvious skeletal abnormalities (43), only a weak alteration in the type II collagen fibrillogenesis 

was shown (44). In contrast, missense mutations in the exons encoding the vWFA and EGF-like 

domains of the human matrilin-3 gene, have been identified in patients with multiple epiphyseal 

dysplasia (MED) (45, 46) and osteoarthritis (OA) (47) respectively. These dominant mutations in 

the vWFA domain of matrilin-3 are possibly affecting the integrity of the MIDAS motif or the 

normal folding of the vWFA domain (45, 46). While the same type of mutation in the first EGF 
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domain of the protein may alter the formation of the oligomers or also causes folding problems 

(47). It remains to be elucidated, whether the mutant matrilin-3 reaches the ECM and exerts its 

effect by disrupting important interactions or it is retained within the rough endoplasmic 

reticulum (RER) of chondrocytes, like the misfolded cartilage oligomeric matrix protein (COMP) 

(48-51). If the mutant protein reaches the ECM in the case of MED causing mutations in the 

vWFA domain, the dominant effect possibly takes place via the formation of oligomers, where 

fewer intact vWFA domains are present than it is needed for fulfilling the function, but these 

oligomers may partially occupy the binding sites. Furthermore, we can consider the ability of the 

matrilins forming hetero-oligomers as another argument explaining, how the dominant effect 

could develop at sites, where two or more matrilins are expressed parallely. Additionally, this fact 

indicates that the vWFA domain and the MIDAS motif within it, may have a key role in the 

matrilin function. Otherwise, based on the finding of OA causing mutation in the first EGF 

domain of matrilin-3, we have to consider that, EGF domains of the matrilins may also carry 

more important part of the protein function, than only serving as spacers between the vWFA 

domains. 
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3. AIM OF THE STUDY 

It has been demonstrated that matrilins form fibrillar extracellular networks, and they 

interact with other matrix components, indicating a bridging role in matrix assembly. However, 

their in vivo interacting partners, their exact function in the organization of the ECM and their 

overall contribution to tissue integrity during development has not been clearly defined yet. 

To understand the structure of the mouse matrilin-2 gene (Matn2), to get more information 

on the control of its expression, and to identify more clearly the function of the protein in the 

ECM, we aimed 1) at the isolation and characterization of Matn2, in order to examine the in vivo 

function of matrilin-2, we also aimed 2) the inactivation Maln2 in transgenic mice. 

1) Toward the isolation and characterization of the gene at first we planned to screen 

different mouse genomic libraries, then physically map the isolated genomic clones with 

restriction endonucleases and reveal the exon-intron structure of the gene by sequence analysis. 

The isolation and characterization of Matn2 give the possibility of studying its regulation and 

making structural comparisons between the matrilin family members. Further, we aimed to 

determine the promoter and transcription start sites of Maln2, and to examine the regulation of its 

expression. Moreover, the isolation and characterization of Maln2 is a prerequisite of its 

inactivation in transgenic mice. 

2) The "knockout" technology can provide one of the best approaches to efficiently reveal 

the function of a given protein in complex organisms, like mammals. We planned the targeted 

inactivation of Matn2, in cooperation with the laboratory of Dr. Attila Aszódi, (Department of 

Experimental Pathology, Lund University, Lund, Sweden; now Max Planck Institute for 

Biochemistry, Martinsried, Germany). We wanted to integrate into the gene targeting strategy the 

possibility of monitoring the Maln2 expression during the mouse ontogenetic development. To 

reach this aim we planned to design and create a targeting vector including the floxed 

phosphoglycerate kinase-neomycin casette, as a positive selection marker gene, and the |3-

galactosidase driven by the endogenous promoter of Maln2, as a reporter gene to observe Matn2 

expression. After the generation of Maln2 -/- mouse strains, we planned the detailed 

morphological, histological and histochemical analysis of their phenotype, and the careful 

analysis of the Maln2 expression over the mouse development using X-gal staining. 
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4. MATERIALS AND METHODS 

4.1. Tissue culture 

4.1.1. Cell lines 

The R1 embryonic stem cells [ES] originated from the 129 Sv mouse strain were cultured 

at 37 °C on the layer of subconfluent feeder cells, in Dulbecco's modified Eagle's medium 

(DMEM) high glucose + Na-pyruvate supplemented with 15-20 % FBS, 2 mM L-glutamine, 0.1 

mM 2-mercaptoethanol, 1* nonessential amino acids of 100* stock solution, and 1000 U/mL 

leukemia inhibitory factor (LIF). All the materials were obtained from Gibco Life Sciences. The 

cells had to be split always before they start to differentiate, with the exception of growing 

colonies for Southern analysis. 

All the other cell lines were routinely cultured at 37°C in DMEM supplemented with 10 % 

FBS 

4.1.2. Preparation of feeder cells 

Body walls of day 13.5 or 14.5 embryos were cut into small pieces, trypsinized and 

cultured in DMEM high glucose + Na-pyruvate supplemented with 10 % FBS, 2 mM L-

glutamine (Gibco). Cells derived from one embryo were seeded in two 750-mL tissue culture 

flasks. The cells were grown until confluency and 3 additional days. Then they were -/-irradiated 

with 40 gray for mitotical inactivation. The feeder cells can be frozen in DMEM with 10% 

DMSO and 20% FBS (three vials/750-mL flask). 

4.1.3. Embryoid bodies 

ES cells were cultured for embryoid body formation in ES medium without LIF. 20pL 

droplets containing approx 600 ES cells were pipetted to the inverted lid of a cell culture dish. 

The lids were put back to the dish containing 5 mL of PBS and the cells were incubated in 

„hanging drops" for 2 days. When the aggregates have formed, they were transferred to 

bacteriological dishes and grown in suspension for 3 more days. Then 5-day-old aggregates were 

plated on chamber slides and incubated until use, up to 30 days. 



1 8 

4.2. Molecular biological techniques 

4.2.1. Isolation and analysis of genomic clones 

Genomic clones encoding matrilin-2 were obtained from the mouse 129/Sv strain using 

different methods. First, seven different clones were isolated during the screening of a mouse 

129/Sv genomic library (Stratagene, La Jolla, CA) made in A,FixII vector with matrilin-2 cDNA 

probes. The genomic clone pExl carrying exon 1 was made by inverse PCR (52). Briefly, for 

creating sufficient template, £coRI digested mouse 129/Sv genomic DNA was religated at a final 

concentration of 20 ng/p.1. Two pairs of nested primers, pAr/pEn and pBr/pDn (Table 1) pointing 

out of the exon 1 sequence were used for PCR amplification. To isolate the genomic region 

covering the missing promoter and exon 4, the mouse 129/Sv genomic PAC (PI derived artificial 

chromosome) library RPCI21 (53) was screened with pExl as a hybridization probe. Out of the 

six positive PACs obtained from the HGMP (Human Genome Mapping Project Resource Centre, 

UK), PAC477-013 was characterized further. Restriction endonuclease mapping and Southern 

hybridization of phage DNA and subclones were performed according to standard methods. Sizes 

of some of the introns were determined by PCR analysis using exon-specific primers. Nucleotide 

sequences were determined on both strands of purified phage DNA or suitable fragments 

subcloned into pBluescript using an ABI373 automated DNA sequencer (Applied Biosystems), a 

Dye Terminator Cycle Sequencing Kit (Perkin-Elmer/Cetus, Norwalk, CT) and T7-, T3- or gene-

specific primers. 

4.2.2. Construction of promoter/reporter plasmids 

Two nested sets of mouse promoter fragments were fused to the luciferase reporter gene in 

several steps. First the 2419-bp Bgl\\-Sac\ and the 1020-bp BamH\-Sac\ fragments carrying the 

upstream promoter of Matn2 were ligated into the BglU site of pGL3-Basic vector (Promega 

Corp. Madison, WI) to yield constructs Pu(-2282) and Pu(-883), respectively. To generate a 

nested 5' deletion set, the promoter fragment of Pu(-883) was shortened using the ExolII/Sl 

nuclease kit (Promega Corp.). The positions are given from the strongest most upstream start site 

of Maln2 upstream promoter (Pu). 

To create the second nested 5' deletion set for the downstream promoter of Maln2 the 

2799bp Hindlll-Psll, the 1844bp EcoRV-Psl\, the 777bp Nhe\-Psl\, the 404bp Pvu\\-Pst\ and the 



1 9 

318bp EcoR\-Pst\ fragments carrying the downstream promoter and the exon 2A were ligated 

into the Hind\\\ site of pGL3-Basic vector to produce constructs Pd(-2737), Pd(-1782), Pd(-715), 

Pd(-342) and Pd(-256) respectively. Clone Pd(-342M), a point mutant form of Pd(-342) was 

created via PCR directed mutagenesis (QuikChange Site-Directed Mutagenesis Kit, Stratagene). 

The positions are given from the predicted start site of Maln2 downstream promoter (Pd). 

A 1.8-kb HindUl fragment from intron A was also inserted into the same vector to obtain 

the promoterless control plasmid MIA. The orientation and structure of all constructs were 

confirmed by restriction mapping and sequencing. 

4.2.3. Transfections, CAT and lucif erase assays 

Mammalian cells were transfected with the standard calcium phosphate coprecipitation 

method (54). 

The luciferase activity was measured using reagents from Promega Corp. according to the 

manufacturer's instructions. 5 pg of pTKCAT DNA was used as an internal control to normalize 

for the transfection efficiency. CAT-reporter assays were performed in the presence of acetyl 

coenzyme A and l4C-labelled chloramphenicol and analysed by thin layer chromatography. 

Parallel plates were transfected with pGL3-Control Vector (Promega Corp.) and the promoterless 

plasmid MIA as positive and negative controls, respectively. Duplicate plates were made for each 

DNA and the experiments were repeated 3 times with at least two independent plasmid 

preparations. Promoter activities were given in percentage of that of pGL3-Control Vector. 

4.2.4. Mapping of the transcription start sites 

For RT-PCR, total RNA aliquots were treated with RNase-free DNase (Roche Molecular 

Biochemicals, Indianapolis, IN). 0.7 pg of total RNA was reverse transcribed in 20 pi with 80 U of 

M-MuLV reverse transcriptase (Life Technologies) using gene specific primers. 2 pi of the 

cDNA was heated in 25 pi final volume at 95°C for 3 min and the appropriate fragments were 

amplified by AmpliTaq DNA polymerase (Perkin-Elmer/Cetus). 

RNA from NIH-3T3 cells was annealed to biotinylated oligo(dT), anchored to streptavidin-

coated paramagnetic beads (Amersham Pharmacia Biotech, Uppsala, Sweden) and eluted with 

distilled water to isolate poly(A)+ RNA. For primer extensions 0.1-0.5 pmoles of end-labeled 
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primers pBr or pCr were annealed with up to 30 pg of total RNA or 2 pg of poly(A)+ RNA, and 

elongated with 200 units of M-MuLV reverse transcriptase. 

4.2.5. Oligonucleotide overlay assay 

A nuclear protein extract was made of mouse primary embryonic fibroblasts as described 

at http://penguin.uchc.edu/~intron/Protocols/NuclearS100%20Extract.html, with changing the 

KCI to NaCl in „ buffer D". Approximately lmL nuclear extract was obtained /750-mL tissue 

culture flask. The extract was either stored deep frozen or the proteins were immediately 

separated by electrophoresis on SDS-polyacrylamide gels after addition of 'A volume reducing or 

nonreducing electrophoresis sample buffer. Aliquots containing approx. 10 pg protein/lane, after 

separation were blotted onto Trans-Blot nitrocellulose membranes (Bio-Rad). The membranes 

were blocked overnight in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl buffer, containing 2.5% BSA 

and 20 pg/mL tRNA at 4°C. Double stranded oligo binding was carried out in 20 mM Hepes, pH 

7.5, 100 mM NaCl buffer supplemented with 0.5% BSA, 0.25% gelatine, 1% Nonidet-P40, 0.1% 

P mercaptoethanol and 20 pg/mL tRNA at 30 °C for 1 hour, in the presence of 1 million cpm/mL 

end-labeled primers pNn, pPrxl/2 and pPrxl/2m already annealed to the unlabeled 

complementary oligonucleotide. (3-fold molar excess of the complementary strand was routinely 

added to the annealing reactions.) Then the membranes were washed in binding buffer two times 

for 5 min and autoradiographed. 

4.2.6. RNA isolation and Northern blot analysis 

Total RNA was isolated from soleus muscle of rats 10-12 week of age, various organs of 3 

and 9 months old mice, newborn mouse limb cartilage, primary culture of mouse embryonic 

fibroblast cells and several mouse cell lines according to standard methods (54). For Northern 

analysis 20pg of total RNA per lane was separated on 0.8% agarose-2.2 M formaldehyde gels, 

transferred to Hybond N+ membrane (Amersham), and consecutively hybridized with 32P-

labelled cDNA probes specific for rat matrilin-2, myogenin and Prxl, all cloned by RT-PCR (see 

details in text); and mouse matrilin-2 (nucleotides [nt] 767 to 2235), matrilin-1 (nt 856 to 1455), 

matrilin-3 (nt 308 to 823) matrilin-4 (nt 8 to 1275) and glyceraldehyde phosphodehydrogenase. 

The matrilin-3 and-4 probes were provided by Raimund Wagener, Cologne, Germany. In the case 

http://penguin.uchc.edu/~intron/Protocols/NuclearS100%20Extract.html
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of rat soleus muscle samples the amount ratio of different transcripts were specified by 

Phosphoimage Analyzer 445 SI (Molecular Dynamics). 

4.2.7. Protein extraction and Western blot analysis 

Various organs from 1 and 3 months old mice were homogenised in 0.25 M NaCI, 50 mM 

Tris-HCl (pH 7.4) and 10 mM EDTA buffer and extracted for 1.5 hour at 37°C after the addition 

of 2mg/ml collagenase type II (Worthington bioch. Comp.) with occasional agitation. 

Unextracted material was removed by centrifugation at 8000 x g 10 min at 4°C. 5 x nonreducing 

SDS-polyacrylamide gel electrophoresis sample buffer was added to the samples and the proteins 

were separeted on 7% SDS-polyacrylamide gels, then blotted onto Trans-Blot nitrocellulose 

membranes (Bio-Rad). The blots were subsequently hybridized with rabbit polyclonal antibodies 

specific for matrilin-2, -4 and tubulin or fibronectin as a control of protein amount. Bound 

antibodies were hybridized to horseradish peroxidase-conjugated swine anti-rabbit 

immunoglobulin G (Sigma) and detected by using the enhanced chemiluminescence (ECL) kit 

(Amersham). 

4.3. Generation of Matn2 deficient mice 

Genomic clones of Matn2 encoding matrilin-2 were isolated from a mouse 129/Sv genomic 

X,FixID and a PAC library as described above (26). Maln2 was disrupted by inserting the |3-

galactosidase and the floxed phosphoglycerate kinase-neomycin (IRES-NLS-LacZ-Loxp-

PGKneo-Loxp) casette into the Pstl-Hindlll sites. To construct the targeting vector, a 2.7 kb 

Hindlll- Psl\ fragment containing exon 2A and the complete 3' splice site between exon 2A and 

2B was used as the 5', and a 5.4 kb Hindlll fragment as the 3' homologous arm (Fig. 11 A). 

Integration of the vector by homologous recombination leads to deletion of a 1.2 kb fragment 

containing exon 2B carrying the ATG motif and the signal peptide of the protein. The 

electroporation of R1 embryonic stem cells with the linearized targeting vector DNA was 

performed using the Bio-Rad Gene Pulser with a setting of 0.8kV and 3pF at RT. Neomycin 

resistant clones were isolated and analyzed by Southern blot assay. Two individually targeted 

embryonic stem cell clones were injected into C57BL/6 blastocysts, then the blastocysts were 

implanted into pseudopregnant females to generate germline chimeras. Chimeric males were 
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mated with C57BL/6 and 129/Sv females to establish outbred and inbred strains of Maln2 null 

mice, respectively. 

4.4. Morphological analysis 

4.4.1. X-gal staining 

X-gal staining of whole-mount mouse embryos and adult organs and embryoid bodies were 

carryed out as previously described (55, 56). Briefly, samples were fixed in 2% 

paraformaldehyde (PFA)/0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.3, for 1-6 h at 

4°C. They were then washed in 0.1 M phosphate buffer containing 2 mM MgCb, 0.2% NP-40 

and 0.1 % Na-deoxycolate. The staining was carried out in the washing buffer supplemented with 

lmg/ml X-gal, 5 mM potassium ferrocyanide, and 5 mM potassium ferricyanide. Samples were 

subsequently embedded in paraffin and sectioned. 

4.4.2 Gross morphological analysis of skeleton 

Skeletal whole-mount analysis of newborn mice was performed on completely 

eviscerated animals with the skin removed. Corpses were fixed in 95% ethanol for 5 days and 

transferred to acetone for 2 days. Staining was performed in 0.005% alizarin red, 0.015% alcian 

blue in 5% acetic acid and 90% ethanol for 3 days at 37°C. Samples were washed in water and 

cleared for 48hr in 1% KOH followed by clearing steps in 0.8% KOH and 20% glycerol, in 0.5% 

KOH and 50% glycerol, and in 0.2% KOH and 80% glycerol for 1 week each. Cleared skeletons 

were stored in 100% glycerol. This procedure stains cartilage blue and calcium-containing tissue 

red. Skeletons of El7.5 embryos were stained following the same protocol. However, the 

embryos were not eviscerated, the skin was not removed, and the staining period was extended to 

5 days. 

For X-ray analysis 9 month old matrilin-2 null and control mice were anesthetized with 

Avertin, and X-ray images were taken with a Siemens Polymat 70 at 48kV, 0.2mA (Siemens, 

Germany). 

4.4.3. Histology and immunohistochemistry of embryonic and adult tissues 
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For histological analysis, E14.5, E15.5, and E16.5 embryos and various organs form 1-, 2-

, and 4-month-old mice were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline 

(PBS, pH 7.2), dehydrated in graded alcohol series and embedded in paraffin. Skeletal samples 

from mice analyzed after birth were decalcified in 10% EDTA-PBS for 1 week. After paraffin 

embedding, sections of 6 pm were cut and stained with hematoxylin-eosin (H&E) or safranin 

orange (SO). For immunohistochemistry, samples were fixed overnight at 4 °C in 95% ethanol-

5% glacial acetic acid, dehydrated in absolute ethanol, and embedded in paraffin. 

Immunostaining was performed by the avidin-biotin complex (ABC) procedure using a 

commercially available kit (Vectastain). Briefly: at first the paraffin embedded sections were 

deparaffinised in xylol (2x5 min), then rehydrated in 100-90-80-70-50% ethanol, in H2O and in 

PBS, 3 min. for each. To improve antibody penetration to the tissue, sections were routinely 

digested before immunostaining with protease XXIV (10 pg/ml in PBS, Sigma) for 20 min or 

hyaluronidase (Sigma H-3506, Type-S from bovine testis): 2 mg/ml, PBS pH=5, 30 min. or with 

collagenase (5 pg/ml, collagenase type II, Worthington) for 5 min at 37°C. After the digestions 

the endogenous peroxidases were inhibited using 2.5 ml H202+75 ml methanol, 30 min at RT. 

Next the sections were blokked in 1% BSA, 1.5% goat serum-PBS, 1 hour at RT and the primary 

antibodies were applied (for the dilutions see section 4.6.) in blokking solution for 1 hour at RT. 

The following application of the biotin-labeled secondary antibody and other reagents of the 

Vectastain kit were carried out according to the manufacturers instructions. 

4.4.4. Ultrastructural analysis 

For electron microscopy, tissue samples were fixed in 0.15 M sodium cacodylate buffer, 

pH 7.4, containing 2.5 % glutaraldehyde for 1 d at room temperature. They were subsequently 

rinsed three times in isotonic sodium cacodylate buffer for 30 min, and postfixed in 0.15 M 

sodium cacodylate, pH 7.4, containing 1% (wt/vol) osmium tetroxide for 2 hours. Samples were 

then rinsed in isotonic buffer solution, dehydrated in a graded series of ethanol, and embedded in 

Epon 812. Semithin (1 pm) and thin (60nm) sections were cut on a Leica Ultracut S Microtome 

(Deerfield, IL). Sections were stained in 5% uranyl acetate for 2 h and then in a saturated lead 

citrate solution for 7 min. All samples were viewed in aJeoll200 EX transmission electron 

microscope operated at 60-kV accelerating voltage. 
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4.5. Animal treatment to induce muscle regeneration, administration of notexin (NTX) 

Muscle injury was induced by the in situ injection of NTX, one component of the venom 

of the Australian tiger snake, Nolechis scutalus. Male about 300g Wistar rats at 10-12 week of 

age were narcotised by intraperitoneal injection of 1 ml 0.5% sodium pentobarbital per 100g 

body weight. An incision was made through the skin on the lateral side of the left hind leg, the m. 

gastrocnemius was gently pulled aside and the m. soleus was slightly lifted up from its bed. 

Twenty micrograms of NTX in 200pl of 0.9% NaCI was injected into the soleus. Finally, the 

wound in the skin was suture closed. At different time points following NTX administration the 

soleus muscles were removed together with their contralateral pairs for RNA purification or 

histology. Then the animals were sacrificed by an overdose of sodium pentobarbital. 

4.6. Antibodies (In parentheses the dilutions are represented as they were used for 

immunhistochemistry) 

Antiserum against matrilin-1 (1:400) is described in reference 18. Polyclonal antibodies 

against recombinant mouse matrilin-2 (1:400), matrilin-3 (1:400) and matrilin-4 (1:800) are kind 

gifts of Mats Paulsson and Raimund Wagener, Cologne, Germany. Polyclonal antibodies against 

collagen I (1:1500), collagen IV (1:400), laminin-1 (1:400), nidogen-1 (1:400) were kindly 

provided by Dr. Rupert Timpl, MPI, Martinsried, Germany, and against fibrillin-2 (1:200) by Dr. 

Dieter P. Reinhard, University of Lübeck, Lübeck, Germany. Commercial antibodies against 

tubulin (dilution used for Western blotting 1:1000) and fibronectin (dilution used for Western 

blotting 1:1000) were purchased from Amersham. 

4.7. Computer databasis and programs 

Additional genomic and EST sequence data were also obtained from the National Center 

for Biotechnology Information Database (http://www.ncbi.nlm.nih.gov/). Sequence similarity 

search was performed with the BLAST program. DNA sequences were analyzed using utility 

software available at "Search launcher" of the Human Genome Sequencing Center, Baylor 

College of Medicine (http://searchlauncher.bcm.tmc.edu/). Exons, transcription factor binding 

sites, promoters and CpG islands were predicted using programs GEN SCAN 

(http://genes.mit.edu/GENSCAN.html), Matinspector/TRANSFAC (http://www.gsf.de/cgi-

bin/matsearch.pl), NNPP (http://www.fruitfly.org/seq-tools/promoter.html) and CpG Plot 

(http://www.ebi.ac.uk/emboss/cpgplot/),respectively. 

http://www.ncbi.nlm.nih.gov/
http://searchlauncher.bcm.tmc.edu/
http://genes.mit.edu/GENSCAN.html
http://www.gsf.de/cgi-
http://www.fruitfly.org/seq-tools/promoter.html
http://www.ebi.ac.uk/emboss/cpgplot/),respectively
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5. RESULTS 

5.1. Isolation and analysis of the mouse gene encoding matrilin-2 (Main!) (P2) 

When I started my PhD. work in the Institute of Biochemistry of Biological Research 

Center of the Hungarian Academy of Sciences, the matrilin family consisted only of two 

members. The chicken and mouse matrilin-1 genes have been well characterised and the cDNA 

clones for mouse matrilin-2 protein have been isolated by our research group. 

To get insight into the regulation of gene expression and to provide a tool for functional 

studies using gene targeting, we isolated and characterized genomic clones for the mouse 

matrilin-2 gene (Matn2). In addition, we have identified the transcription start points and putative 

cis regulatory elements and provided evidence that the gene is transcribed from two alternative 

promoters. 

5.1.1. Molecular cloning and sequence analysis of the Matn2 gene 

To isolate Maln2, we screened a mouse 129/Sv genomic library with matrilin-2 cDNA 

probes covering the protein coding region and 250-bp 5'-untranslated region (UTR) (9) The 

screening yielded altogether 7 different X clones designated XgMTRl-X,gMTR5, A,gMTR8 and 

kgMTRl 1 (Fig. 4B). Restriction mapping, subcloning and Southern hybridization with various 

cDNA fragments and gene-specific oligonucleotides revealed the locations of exons within the 

clones (Fig. 4B). Finally, the exons were identified by sequencing and by making alignments of 

genomic and cDNA sequences. Even though the X clones overlapped with each other only at the 

16-kb 3' end of the locus, they carried the entire coding region with the exception of exon 4 and 

the untranslated exon 1 (Fig. 4B). To amplify and clone the 5' end of Maln2 (pExl in Fig. 4B), 

we performed inverse PCR with two exon 1-specific nested primer pairs, pAr/pEn and pBr/pDn 

(Table 1). 

Thereafter, we screened a PAC library with pExl probe and isolated 6 additional 

overlapping clones. Southern hybridization with various exon-specific probes and partial 

sequencing confirmed that PAC477-013 covers not only the 5' end, but the entire gene as well 

(Fig. 4B). 
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Figure 4. Organization of the mouse gene encoding matrilin-2 (Matn2). (A) Modular 
structure of the protein. (B) Exon-intron structure of Matn2. Location of genomic A. clones, 
recombinant plasmid and PAC clones is depicted below the map. 
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TABLE 1: Oligonucleotide primer sequences 
Name Sequence Position 
p A r C G G A C G C G A A C A A G A A T C 119 to 102 a 

pBr G C T C C T T G G G C A C C G A T C C 139 to 121 a 

pCr G C C C C G C A G A G G A C C G C A G A 159 to 140 a 

pDn G C G G A C C A C G G A G A C T G A 166 to 183 a 

pEn G C T G C T C C C C T G T C T C T C 192 to 209 a 

p F n C C C T G C C A G C T C A A G A G A A C 4667 to 4 6 8 6 b 

p G n C T G A A A A A T C A G G G C A A T G G 4762 to 4 7 8 1 b 

pHn A A C A T C A G G G A C A C C C A G A A A 4796 to 4 8 1 6 b 

pin C A G C C C T G C T C C T C T T G A A 241 to 259 a 

p J r C A G T G C A G T C T G C G G A T A C A 398 to 379 a 

p K r T C T G C C C G C T T A T T C T C A C A 420 to 40I e 

pLr GGAGCAGACC TACT C G G G T A A 548 to 528 e 

pMr C T T G A C C G T G C T G C C A T A T T 568 to 54 9 e 

p N n f G G G A C A T T A A T A A T T A A T T A 4 4 6 5 - 4 4 8 4 b 

p O n G A C C T G A T G G A G C TG TAT G A 2 9 - 4 9 d 

p P r A G A C A A T C T C A G T T G G G C A T 7 1 7 - 6 9 8 d 

p Q n T G T G T G A A C A G T G G C G A A T C 1991-2011° 

p R r C C T A C C C C A A C G G C A T A C 2635-2617° 

pSn C C C A C T C G G C T C C T C T C 9 2 - 1 0 8 e 

p T r C T C A G G T T G G C A A T G C T G T 9 3 5 - 9 1 7 e 

p U r C G G G A C A G A A C A G G A T A G G 1 0 4 3 - 1 0 6 1 e 

p P r x l / 2 f A T T A C C C A A T T A A C C T 

p P r x l / 2 m f A T G A C C C A A T G A A C C T 

"Positions are given from start of the longest transcript of Pu, and under Accession Numbers bAF358831 and 
CNM_016762. Further positions are given on the rat cDNA sequence for myogenin and the mouse cONA sequence 
for Prxl under Accession Numbers ''NVMMTl 15 and eL06502 respectively. fOligonucleotides used for oligo overlay 
assay together with their reverse complementers. 

The complete Matn2 contains 19 exons and spans more than 100 kb of genomic DNA (Fig. 

4B). Sequences of the analysed regions of the gene were deposited into the 

DDBJ/EMBL/GenBank Data Libraries under the Accession Numbers AF358830-AF358844. 

Exon 2 carries the translation start codon. The entire exon 1 and the major part of exon 19 consist 

of UTR. Exon 3 codes for the entire first vWFA domain, but the second vWFA domain is 

encoded by two exons (exons 14-15). Each of the EGF modules is encoded by separate exons, 

but also 2 exons code for each of the unique segment and the coiled coil oligomerization domain 

(Table 2). The exons range in length from 72 to 450 bp, while the introns range from 240 bp to 

more than 17 kb (Table 2). While the 3' end is relatively compact, the introns are generally larger 

at the 5' end. The length of introns B, C, D, F and J exceeded the value what we could determine 

by PCR. All the introns have phase I, and except for the last intron, they are bordered by 

consensus U2-type GT-AG splice sites (57). Interestingly, however, the last intron is bordered by 

motifs characteristic for the rare class of AT-AC introns (Table 2), which are excised by the 



2 7 

minor spliceosome utilizing U11 and U12 snRNA (58). Previously we showed mRNA 

heterogeneity at the C-terminal end of the coding region of Maln2 (25). Comparison of the cDNA 

and the genomic sequence revealed that usage of alternative 3' splice site resulted in the synthesis 

of a protein isoform, which lacked 19 amino acids from the unique segment. 

TABLE 2: Exon-intron organization of the mouse and human genes for matrilin-2 

Exon Size(bp) 5'splice site Intron Size(kb) 3'splice site 

1(5' UTR) 238 CAGgtgagcgccg A 9.0" ttgattatagCTG 
2A(5' UTR) 57 TAG - - CTG 

2B(5' UTR + 165 TGGgtgagtgaga B >17.0" ctttccccagAGA 

3(vWFAl) 570 GCAgtaagtctgt C >11.2" ccctttgcagCAG 

4 (EGF1) 123 GAAgtaaggccac D >8.0" tttgtctcagTCC 

5 (EGF2) 123 CCGgtaggtatct E 12.0° ttttcttcagCTG 

6 (EGF3) 123 CAAgtaagttaca F >8.0" ttctttccagAGA 

7(EGF4) 123 GAAgtaagtaacc G 3.5" ctctccttagGGA 

8(EGF5) 123 GCCgtgagtgtgc H 7.5" accattgcagGGG 

9(EGF6) 123 CCAgtgagttccc I 0.240 ggtctttcagGGG 

10(EGF7) 123 CAAgtgagtttca J >8.0* ttctaactagAAC 

11(EGF8) 123 GAAgtaagtttac K 1.3* ctctcctcagGGA 

12(EGF9) 123 GGAgtaagtagct L 2.3" ttttccctagGGA 

13(EGF10) 123 AGAgtaagtgacc M 2.3" attcctatagGAT 

14(VWFA2-1) 414 ATGgtaatgggat N 3.0" tgttgcttagGTA 

15(VWFA2-2) 153 AAGgtattataga 0 0.989 ttccattcagCTC 

16(U/l) 72 CAGgtgagtctta P 0.317 ctcttcacagAAC 

17(U/2) 135 CAGgtaattccaa Q 0.318 gctttctcagGAA 

18(CC/1) 99 GCTatatcctttt R 2.1" tgagatttacTAG 

19(CC/2 + 450 

Consensus KAGgtragt yagG 
sequence15 

alntron size was estimated with restriction mapping and PCR. bConsensus for U2-type GT-AG introns. R, 
purine; Y, pyrimidine; K, A or C; U, unique sequence; CC, coiled coil. 

The complete nucleotide sequence of the human MATN2 gene has also been determined 

based on sequence data from our and other laboratories, available in the data banks. Two BAC 

clones, KB1589B1 and KB1208A12 (Accession Nos. AP002906 and AP003352) are covering 

the whole MATN2. The complete MATN2 is 167167 bp long and has the same exon-intron 

structure as the mouse orthologue (26) (data not shown). Phase I introns are located in conserved 

positions in both genes, and the exon-intron junction sequences are also highly conserved, 

including all the GT-AG and the last AT-AC (Table 3) splice sites. 
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The chromosome location of Maln2 has been identified by single strand conformation 

polymorphisms analysis in collaboration with the laboratory of David R. Beier, Boston, USA. 

Maln2 was found to map to chromosome 15 (26). The position of Maln2 with respect to flanking 

microsatellite markers is: D15MU10, D15MU13 - 4.26 ± 2.08 cM - Semci5a, Matn2 - 18.08 ± 

3.97 cM - D15MU3 (data not shown). 

5.1.2. Identification of alternative promoters 

To map the Maln2 upstream promoter (Pu) in transient expression assays, we shortened 

gradually at the 5' end the 2419-bp Bglll-Sacl fragment carrying exon 1 and the 5'-flanking 

region of the gene, and fused the resulting fragments to the luciferase reporter gene (Fig. 5A). 

Construct Pu(+56) had as low activity as the promoterless MIA carrying a fragment from intron 

A. In NIH-3T3 cells expressing Matn2 at high level (24), construct Pu(-39) exhibited 18±0.4% 

luciferase activity relative to the pGL3-Control Vector carrying the SV40 promoter. Therefore, 

we concluded that the minimal promoter was located between positions -39 and +56. The relative 

promoter activity increased to around 80% between positions -219 and -517, indicating the 

presence of a positive control region (Fig. 5A). The promoter region and the entire exon 1 were 

situated in a CpG island. To define the transcription start point more precisely, we performed 

primer extension analysis using several primers. Two major start sites and several weaker ones 

between them were mapped in a GC-rich region in four independent experiments using primers 

pBr and pCr (Fig. 5B). The region was not preceded by a TATA motif, but carried several 

putative Spl recognition sites characteristic of housekeeping promoters. Furthermore, the mouse 

RACE clones pCRP207 and pCRP233 as well as 14 mouse EST clones also started between the 

two major start sites (Fig. 6A). Thus, our primer extension and transient expression data 

unequivocally defined a housekeeping promoter with multiple initiation sites between positions -

39 and +56 relative to the most upstream strong start site. 

The human gene showed a high degree of sequence conservation not only within exon 1, 

but in the promoter region as well. Using the NNPP program, a putative transcription start site 

designated as +1 in the human sequence was predicted one nt downstream as compared to the 

upstream major start site of the mouse gene. The human EST entry BF347123 started close to the 

predicted start point (Fig. 6A). The MATN2 promoter also lacked a TATA motif and carried 

putative Spl sites in conserved positions. 
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Figure 5. Mapping of the upstream promoter and transcription start sites of Matn2. (A) 
Functional analysis of the promoter region. Left panel depicts the schematic drawing of Matn2 
promoter-luciferase reporter gene fusion constructs. Positions are indicated in bp with 
reference to the start site of the longest transcript defined in Fig. 5B. Plasmids were 
transfected into NIH-3T3 cells. MIA carrying a promoterless intronic fragment served as a 
negative control. Luciferase activities are expressed in percentage of that of pGL3-Control 
vector (SV40 promoter) transfected in parallel plates. Data in the right panel represent 
means±SE. (B) Mapping of the transcription start points in primer extension experiments. 
Lanes 1 and 2 include primer extension products made on NIH-3T3 RNA as a template using 
primers (Table 1) indicated below. The products were run along with a sequencing ladder 
generated from the same primer. Start sites determined using primers pBr and pCr are 
indicated by open and closed asterisks, respectively, at both sides on the sequence. 
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human TGGGAGGTCCATCTCTAGGGGCAGACACGCTCGGACCCACCCGCAGACGGCCCTTCTGGgtg ag t g g +298 

pMTNh-5 

F i g u r e 6. Comparison of the promoter regions of Matn2 and MATN2. (A) Alignment of exon 1 and the 5 '-f lanking sequences. RNA 
synthesis start points determined in four independent experiments are denoted by asterisks (B) Nucleotide sequence of exon 2 and the 
surrounding regions. Translation initiation sites, TATA-like motifs and putative transcription start sites are boldfaced. The highlighted letters 
indicate matching bases. Putative binding sites for transcription factors Spl and Prx l /2 are boxed. The oligonucleotide pNn (Table 1) used for the 
oligonucleotide overlay assay (Fig. 8) contains the putative binding site for Prx l /2 boxed in red. Locations of EST and RACE clones and 
positions of primers used to map the start sites are delineated. 
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The difference between the human and mouse cDNA sequences within exon 2 suggested an 

mRNA heterogeneity arising from alternative splicing or usage of alternative promoters. 

Sequence analysis did not reveal the occurrence of an alternative acceptor splice site in the 

corresponding region (Fig. 6B). However, motifs CACCCT and CATTTT were found nearby in 

the mouse and human sequences, respectively, matching to the CANYYY canonical transcription 

start site of eukaryotic genes (59), and both motifs were preceded by a TATA-like sequence. To 

address the question whether the gene is also transcribed from an alternative downstream 

promoter functional only in certain tissues, we carried out RT-PCR analysis. A set of 

oligonucleotide primers was designed to investigate how far into 5' direction the transcribed 

region protrudes (Table 1 and Fig. 7A). Selecting reverse primers from exon 3 and forward 

primers from exon 2B (pin) or further upstream (pHn and pGn), we detected downstream 

promoter activity in RNA samples prepared from mouse embryos at E7.5 and El 1.5 (data not 

shown). In mouse primary embryo fibroblast samples, RT-PCR product of expected size and 

sequence was also generated with pHn starting 5 nt downstream of the putative start site, but no 

fragment was amplified using pGn selected close upstream of the CACCCT motif (Fig. 7B, Fig. 

6B). Therefore, we designated A as the initiating nucleotide for the downstream promoter (Pd). 

Computer analysis using the NNPP program also placed the transcription start site within the 

hexanucleotide motif and predicted a promoter within the region, in congruence with the 

hypothesis that GAAAAAT, a non-canonical TATA box located 27 bp upstream can function as 

a promoter for Maln2 (Fig. 6B). A similar motif drives the transcription of Rpsl6 (60). Detection 

of artifacts was excluded, as no fragments appeared in the control PCR assays performed without 

reverse transcription in this and all other experiments described. 

Samples from various adult tissues and mouse cell lines were tested by RT-PCR to reveal 

the tissue-specificity of Pd. The activity of Pd remained below a detectable level in adult tissues, 

as well as in C2/7 myoblasts and SVEC endothelial cells, which expressed the gene at high level 

from the upstream promoter (Pu) (Fig. 7D). However, Pd was functional in primary embryo 

fibroblasts and the NIH-3T3 embryo fibroblast cell line (Fig. 1A and D). 
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Figure 7. Identification and tissue specificity of the downstream promoter of 
Matn2 and MATN2 by RT-PCR analysis. (A) Schematic drawing of the PCR primers 
(Table 1) and products with respect to the positions of exons and the two promoters. Open 
bars indicate the UTR. (B-D), RT-PCR analysis of RNA samples derived from mouse 
tissues, primary cell culture and permanent mouse cell lines. RT-PCR products were 
electrophoresed in agarose (B and C) and polyacrylamide (D) gels. M, Mspl digest of 
pUC12. 
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5.1.3. Identification of transcription factors possibly controlling the upstream (PJ and 

downstream (Pd) promoters ofMatnl. 

Both the human and the mouse sequences at the region of Pu carry several putative Spl 

recognition sites characteristic of housekeeping promoters (Fig. 6A). The putative function of the 

Spl factor in the control of Matn2 Pu in vivo, is in accordance with the ubiquitous activity of Pu, 

revealed by our RT-PCR and transient transfection experiments. However, the direct evidence for 

protein binding to this DNA region remains to be demonstrated. 

The human and the mouse sequences showed high degree of similarity even at the Pd 

promoter region, upstream of exon 2A. We searched for the presence of putative binding sites of 

known transcription factors in this region, and found several motifs in conserved positions in both 

species for Prx2 (S8), a paired-related homeobox protein (Fig. 6B). It belongs to the family of 

transcription factors, which bind to the DNA via a homeodomain. The majority of these 

homeodomains characterized thus far recognize the core sequence 5' TAATXX 3', where XX 

represent the different binding site specificity of the different homeodomain containing 

transcription factors (61). The Prx2 DNA-binding specificity (62), probably stands for its closest 

relative Prxl, because the two proteins are 97% identical within their DNA binding 

homeodomains. The core of their binding site is C/TAATTA, which is similar but subtly differs 

from the recognition sequences of Antp-type homeodomains. The Prxl/2 factors are 

predominantly expressed in undifferentiated mesenchyme (63, 64) and Prxl is present in two 

alternative splice variants Prxl a and Prxlb. 

To test whether the putative binding sites for Prxl/2 on the Pd region of Matn2 are indeed 

potential target sites for sequence-specific DNA binding proteins, we performed oligonucleotide 

overlay assay (Fig. 8). We used the oligonucleotide pNn (Table I and Fig. 8A), carrying the 

putative binding site from the Pd region best fitting to the consensus Prxl/2 recognition site (Fig. 

6B, Prx motif in red) and the consensus Prxl/2 binding site together with its mutant version 

pPrxl/2 and pPrxl/2m respectively (Fig. 8A). The assays were performed with nuclear extract 

obtained from primary embryonic fibroblast cell line, in which the Matn2 Pd was shown to be 

active in RT-PCR experiments (Fig. 7B). Using oligonucleotide pPrxl/2, three bands appeared 

between 30 and 35 kDa, possibly representing the three different Prx forms (Fig. 8B, lane2). The 

Prxl a consists of 245AA (NM_011127, NM_022716), while Prxlb and Prx2 contain 217AA 

(NM 006902) and 247AA (NM 009116) respectively. Their predicted molecular weights are 
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F i g u r e 8. Oligonucleotide overlay assay to test the presence of sequence specific 
D N A binding proteins able, to bind to a specific region of Matn2 Pd , in nuclear protein 
extract. (A) Descriptions and sequences of oligonucleotides used in the experiment. (B) 
Equal aliquots of nuclear protein extract made of mouse primary embryonic fibroblasts 
were separated by electrophoresis on SDS-polyacrylamide gels then blotted onto 
nitrocellulose membranes. After blotting the membranes were blocked and the proteins 
were partially re-natured then double stranded oligonucleotide binding was carried out 
using pNn represented on lane 1, pP rx l / 2 represented on lane 2 and without its 
complementary strand represented on lane 3 and p P r x l / 2 m represented on lane 4. Standard 
for protein sizes are shown at the left side of the panel. (C) Coomassie blue staining of the 
nuclear protein extract (lane 2) and the protein size marker (lane 1) after SDS-
polyacrylamide gel electrophoresis. 
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F i g u r e 9. Functional analysis of the downstream promoter of Matn2. Lef t panel 
depicts the schematic drawing of Matn2 promoter-luciferase reporter gene fusion 
constructs. Positions are indicated in bp with reference to the predicted start site of Pd 

def ined in Fig. 6B. P d ( -342M) is a point mutant version of Pd(-342), the sequence at the 
bot tom of the panel represents the introduced point mutations. The P rx l /2 motif boxed in 
red is a part of pNn used for the oligonucleotide overlay assay. Plasmids were transfected 
into the primary embryonic fibroblasts cells. MIA carrying a promoterless intronic 
f ragment served as a negative control. Luciferase activities are expressed in percentage of 
that of pGL3-Control vector (SV40 promoter) transfected in parallel plates. 
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27.3 kDa, 24.4kDa and 26.4 kDa, respectively, a bit lower than the bands appeared by using 

oligonucleotide pPrxl/2. Otherwise it has been demonstrated that the full length Prxl in vitro 

translation products initiated from two in-frame AUGs are 35 and 32 kOa, representing slightly 

larger sizes than, their predicted Mw (64). Moreover, in the region downstream of the 

homeodomain, they contain a target site for proline-directed serine/treonine protein kinase, and 

the phosphorylation here can increase their Mw (64). Another weaker band was visible at 50kDa, 

which may represent another homeodomain containing protein with a different binding 

specificity or one nonspecific dsDNA binding protein. No binding was seen without adding the 

complementary strand of pPrxl/2 (Fig. 8B, lane3), and only the nonspecific band of 50 kDa was 

seen, when we used the point mutant version of the characterized binding site pPrxl/2m (Fig. 8B, 

lane4). Using oligonucleotide pNn that carries the putative binding site from the Maln2 Pd region, 

a very strong reactive band was seen at about 35 kDa (Fig. 8B, lanel), which may represent the 

upper band or bands seen in the case of the oligonucleotide pPrxl/2. 

Taken together these facts, we can conclude that in the mouse primary embryonic fibroblast 

cell line used for the oligonucleotide overlay assay, three different proteins or protein isoforms 

are expressed, having similar binding specificity to the Prx proteins and a molecular mass close 

to their predicted molecular masses. Possibly some of these proteins bind to the Matn2 Pd region 

with an even higher affinity, than to the characterized Prxl/2 binding site. 

To test the effect of this putative Prxl/2 binding motif on the Maln2 downstream promoter, 

we made transient transfection experiments with constructs containing a partially overlapping 

series of Pd fragments fused to the Luciferase reporter gene (Fig. 9), and Pd(-342M), a point 

mutant version of construct Pd(-342) disrupting the predicted Prxl/2 sites in bulk from position -

321 to -283 (Fig. 9). The transfection experiments were also performed in the mouse primary 

embryonic fibroblast cell line. Based on preliminary experiments, the luciferase activity of the 

mutant construct Pd(-342M) decreased about 3-fold as compared to that of construct Pd(-342) 

(Fig. 9), showing the importance of these putative Prxl/2 binding sites in the control of the 

Matn2 Pd. Similar experiments were made in L929 adult mouse skin fibroblast cell line (data not 

shown), but even the overall activity of the promoter-reporter constructs were very low or 

undetectable in accordance with the restricted tissue specificity of Pd demonstrated by the RT-

PCR experiments. 
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Thus, we conclude that Maln2 is transcribed from two alternative promoters. The upstream 

housekeeping-type promoter is functional in fibroblasts and in a great variety of other cell types 

expressing the gene. However, the downstream TATA-like promoter has a restricted tissue-

specificity, being active in mice only in primary embryonic fibroblasts and in NIH-3T3 embryo 

fibroblast cell line, and its expression is possibly controlled by the Prxl/2 factors. 

5.2. Comparative analysis of the reactivation of Matn2 and Prxl under the regeneration 

process of skeletal muscle 

Adult mammalian skeletal muscle is a stable tissue with little turnover of nuclei (65, 66), 

nonetheless, it has the ability to complete a rapid and extensive regeneration in response to severe 

damage. Briefly the regeneration starts with the necrosis of muscle fibers followed by the 

activation and fusion of mononucleated precursor cells (67). The process shows some minor 

differences among different types of muscles, and different types of damages taken. 

Recently several macromolecular components of the ECM turned out to play important role 

in this phenomenon. For example heparan sulfate proteoglycans are increased during skeletal 

muscle regeneration and the absence of syndecan-3 was shown to decrease the capacity of C2C12 

myoblast cells to fuse and form myotubes (68). Another ECM macromolecule tenascin-C, also 

belonging to the multiadhesion proteins group like matrilins, was shown to be upregulated in the 

regenerating myofibers of the injured skeletal muscle (69). 

We hypothesized that matrilin-2 plays a role in the muscle regeneration process (see details 

in discussion). To check this hypothesis we initiated experiments together with the laboratory of 

Prof. László Dux (Medical Biochemistry Department of the University of Szeged), based on an in 

vivo model system of muscle regeneration, using NTX toxin to trigger regeneration in rat soleus 

muscles. The regeneration of rat soleus muscle from NTX induced necrosis is well described (70, 

71). Its regeneration is extensive and totally complete along one month of period of time. Albeit 

the new muscle fibers are already formed at the end of the first week. 

Here we present preliminary results assaying the reactivation of Maln2 and Prxl under this 

regeneration process by using Northern blot analysis (Fig. 10). Total RNAs were isolated from 

the injected soleus muscles and from their contralateral pairs at days 1 to 5 following NTX 

administration (Fig. 10A; lanes 3-18). At the first three days of regeneration two animals were 
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used parallely. Two untreated animals were used as absolute controls (Fig. 10A; lanes 1, 2). We 

cloned the corresponding rat cDNA fragments, for labeling and hybridization, by RT-PCR using 

gene specific oligonucleotides, originally designed for mouse, but having a few or no mismatches 

on the available rat sequences. The sequences of the oligonucleotides used are listed in Table 1. 

pOn and pPr were used for cloning one part of the rat myogenin, and pQn and pRr; and pSn, pTr 

and pUr for partial cloning of the rat matrilin-2 and Prxl respectively. 

Myogenin probe was used to monitor the progression of the process. We found that the 

myogenin mRNA level reached the maximum at days 2 and 3 (Fig. 10A and B), in accordance 

with a series of published observations (72). The Maln2 mRNA is represented at very low level 

in the muscles of control animals, but the amount of the transcript starts to rise at day 2 and 

follow this tendency until the last time point of the experiment (Fig. 10A and C). The Prxl 

mRNA composed of two well distinguishable splice variants, a longer one (mouse, AK089006) 

with the shorter ORF and a shorter one (mouse, L06502; rat, NM_153821) with the longer ORF. 

The shorter ORF is coding for a transcriptional repressor (Prxlb), while the longer one, for a 

transcriptional activator (Prxl a) form of the protein (73). These two forms of the Prxl mRNA are 

showing surprisingly different characteristics under the regeneration process. The Prxlb 

transcript is already present in the control animals and its amount is only duplicated until days 4 

and 5 (Fig. 1 OA and D). Contrary, the Prxl a transcript is present at very low, undetectable level 

in the soleus of the control animals, while it is rapidly upregulated already at day 1 and reaches 

its maximum level around day 4 (Fig. 10A and E). 
i 

It is a remarkable fact that the amounts of transcripts are also growing in the contralateral 

soleus muscles. The possible reason for this is the compensatory overload of this muscle that can 

result similar but not so intense effect like NTX administration (67). 

To summarize our observations, Maln2 shows a strong 10-fold upregulation during the first 

5 days of skeletal muscle regeneration and the upregulation of the activator form of Prxl 

precedes that of Matn2, in consistance with the potential role of Prxl to activate Maln2 

expression during this process. 
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5.3. Generation and analysis of Matn2-deficient mice (P3) 

5.3.1. Generation of Matn2-deficient mice 

To clarify the biological role of matrilin-2 during mammalian development, we have 

inactivated Maln2 in transgenic mouse model system, in cooperation with the laboratory of Dr. 

Attila Aszódi, (Department of Experimental Pathology, Lund University, Lund, Sweden). Deep 

insight into the genomic organization of Maln2 discussed in part 5.2. (27), was a prerequisite to 

start the inactivation process. 

The strategy for disrupting the mouse matrilin-2 gene is shown in Fig. 11A. We 

planned at one step both, the inactivation of Matn2 and monitoring its spatial and temporal 

expression pattern in transgenic mice by inserting the P-galactosidase and the floxed 

phosphoglycerate kinase-neomycin (I RES-N LS-LacZ-LoxP-PGK/NeoR-LoxP) casette into the 

Pstl-Hindlll sites (Fig. 11 A). To increase the signal quality, we used the internal ribosomal entry 

site (IRES) element to enhance the expression of the LacZ reporter gene (74) and the nuclear 

localisation signal (NLS) to guide the LacZ mRNA to the nucleus of matrilin-2 expressing cells. 

The neomycine resistance gene (NeoR) driven by the ubiquitous phosphoglycerate kinase (PGK) 

promoter was used as a positive selection marker gene. The targeting construct was 

electroporated into R1 ES cells originated from the 129Sv mouse strain. Homologous 

recombination with the targeting vector results in deletion of the transcription start site and exon 

2B, encoding the signal peptide and the positively charged region of the protein, but the complete 

3' splice site between exon 2A and 2B remains intact. Such a deletion is predicted to abolish the 

synthesis of both matrilin-2 mRNA and protein and placing the IRES-NLS-LacZ reporter gene 

immediately downstream of exon 2A, under the controll of the intact Pu and Pd of Matn2 (Fig. 

11 A). Out of 335 ES cell clones surviving G418 (Geneticin) selection, 18 correctly targeted 

clones were identified by Southern blot analysis of Bglll digested genomic DNA, with an 

external probe, which detected a 12-kb mutant band and a 9-kb wildtype band (Fig. 11 A,C). Two 

of these clones were used to produce germline chimeric males by injecting them into C57BL/6 

blastocysts, then the chimeric males were crossed with C57BL/6 and 129/Sv females to generate 

outbred and inbred strains, respectively. 

Southern blot analysis of offsprings from heterozygous intercrosses (Fig. 11D,E) indicated 

a normal Mendelian ratio of the genotypes. The hybridization analysis of the Rg/II-digested tail 

DNAs with the external probe, revealed a background-dependent polymorphism of the wildtype 
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allele, showing a 9-kb band of 129/Sv origin in the inbred strain, and a 6-kb band of C57BL/6 

origin in the outbred strain (Fig. 11A,B,D,E). 

The null mutation of Matn2 was confirmed at both RNA and protein level. Northern 

blot analysis of total RNA isolated from different wildtype (+/+) and mutant (-/-) organs revealed 

the complete absence of Matn2 mRNA from homozygous mutant mice (Fig. 12A). Using 

immunohistochemisty, matrilin-2 deposition was detected in various tissues of 16 days old 

wildtype embryos and no matrilin-2 was detected in mutant embryos (Fig 12B). 

To check the absence of the protein more carefully, we performed Western blot analysis of 

different mouse organs. However, the extraction of matrilins from the ECM of skeletal tissues is 

a difficult problem to solve, possibly because of the interaction of these proteins with the 

insoluble collagens (data not shown). Matrilin-1 and - 2 were shown to bind strongly to collagens 

type II and I (33, 34) respectively. To solve this problem we used physiological circumstances 

and collagenase digestion for extracting the matrilins. This approach was successful to perform 

Western blot assays, and we were able to prove the complete absence of the matrilin-2 protein in 

homozygous mutant mice (F/g.13) 

The collagenase treatment turned to be useful to enhance the signal given by the matrilins 

in immunohistochemical assays made on tissue sections. The application of collagenase is more 

effectively exposing the matrilins than the commonly used hyaluronidase digestion, by making 

them available for the antibodies (Fig. 14). 

5.3.2. Analysis of the Matn2 deficient mice. 

Matrilin-2 deficient mice showed no obvious abnormalities during embryonic and adult 

development, were fertile, and had a normal lifespan. A possible explanation of the lack of the 

obvious phenotype in matrilin-2-deficient mice could be that its function is redundant or 

compensated by other matrilins (see in part 2.8.). Since matrilin-4 displays a very similar 

expression pattern as matrilin-2, we investigated the possible upregulation of the expression of 

Matn4 in Matn2 null mice. Northern and Western blot analyses of various tissues demonstrated 

that the expression levels of matrilin-4 mRNA and protein in the mutant were comparable to 

those of the control (Fig. 15). 

The LacZ activity were not detectable in Matn2 deficient mice, just like the expression 

of the LacZ directly by Northern analysis with a specific cDNA probe (data not shown). As we 

could not identify the reason for this deficiency by more careful sequencing analysis of the IRES-



Figure 12. Confirmation of the absence of matrilin-2 in Matn2 null mutant animals. 
(A) Northern blot analysis at 2-months of age demonstrate the expression of matrilin-2 in 
all investigated organs of wild-type (+/+) mice, whereas no Matn2 transcript was 
detectable in mutant (-/-) samples. (B) Immunostaining at E l6 .5 shows the complete lack 
of matrilin-2 protein in homozygous mutant (-/-) mice as compared to wild type (+/+). 
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Figure 13. Western blot analyses at 2-months of age demonstrates the lack of 
matrilin-2 protein in all investigated mutant (-/-) organs. 



Figure 14. Comparison of the effect of hyaluronidase and collagenase treatments of 
tissue sections on the signal quality of matrilin-2 immunostaining of different organs, like 
vertebrae (A), paw (B) and intestine (C). 

Hyaluronidase Collagenase 

Figure 15. Northern and Western blot analyses show no upregulation of matrilin-4 
mRNA or protein levels in Matn2 null extracts. 
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NLS-LacZ region of the targeting construct, it seemed to be possible that the LacZ sequence had 

a negative effect on the GC rich and methylation sensitive Matn2 Pu promoter, as this kind of 

effect was reported already in many cases (75). To test this alternative we prepared embryoid 

bodies of the +/- ES cell lines, because it was shown in some cases that the silencing methylation 

event takes place after mating the chimeric mice, not in the ES cells and in the chimeric mice 

themselves (75). Embryoid bodies were grown in chamber slides up to 30 days, where they 

already formed various differentiated cell types and structures, including blood vessels, nervous 

system and heart like structures. The embryoid bodies were stained for LacZ activity at different 

time stages, but their activity was undetectable, and unfortunately the reason for the missing 

LacZ signal remained unclear. 

As the matrilin-2 deficient mice showed no obvious abnormalities we proceeded to their 

detailed analysis, and at first concluded that the embryonic development is normal in the 

absence of matrilin-2. Immunohistochemical analysis at El6.5 revealed that all matrilins were 

expressed in the developing skeletal system in wild-type embryos (Fig. 16A). In mutant embryos, 

no matrilin-2 protein could be detected (Fig. 16H). Analysis of control sections treated with 

collagenase or protease XXIV before immunostaining showed the overlapping distribution of 

matrilin-2 and matrilin-4 in various non-skeletal dense and loose connective tissues including 

those of tendons and ligaments (Fig. 16B and B'), dermis of the skin (Fig. 16C and C'), mucosa 

and submucosa of the intestine (Fig. 16D and D'), valves of the heart (Fig. 16E and E'), basement 

membranes around the main bronchus and terminal bronchioli of the lung (Fig. 16F and F'), and 

in the perineurium of the spinal nerves (Fig. 16G and G'). Hematoxylin-eosin (H&E) staining of 

sections from mutant embryos showed a normal embryonic tissue architecture, which was 

indistinguishable from control littermates (Fig. 161), indicating that matrilin-2 plays no essential 

role during embryonic development. 

The non-skeletal tissues in Matn2-deficient mice develop normally. Our previous 

studies revealed that matrilin-2 is expressed in various adult non-skeletal mouse tissues mainly 

associated with basement membrane-like structures (9, 25). In this study, the wide-ranging 

expression of the Maln2 was further confirmed by Northern blot hybridization indicating the 

presence of the matrilin-2 transcripts in all investigated organs (Fig. 12A). A careful histological 

analysis of different non-skeletal tissues such as brain, skin, kidney, heart, lung, intestine, uterus, 

spleen and eye, however, showed no obvious abnormalities in mutants compared with wild-type 
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Figu re 16. Immunostaining of E16.5 mouse embryo. (A) Immunohistochemical 
detection of matrilin-1, -2, -3 and -4 in wild-type E l6 .5 embryo. All matrilins are 
expressed in the developing skeleton. (B-G' ) Comparative immunostaining for matrilin-2 
and matrilin-4 in various tissues of E16.5 wild-type mouse embryo. Matrilin-2 and -4 are 
co-localized in tendons (tn) (B and B') , dermis (d) (C and C ' ) , mucosa of the intestine (D 
and D'), valves (v) of the heart (E and E ' ) , basement membranes around the main 
bronchus (b) and terminal bronchioli (arrows) of the lung (F and F ' ) , and spinal nerves (sn; 
G and G' ) . Abbreviations: c, cartilage; e, epidermis; ep, epithelium. (H) Immunostaining 
at E16.5 shows the complete lack of matrilin-2 protein in homozygous mutant mice. The 
section was counterstained with hematoxylin. (I) Hematoxylin-eosin (H&E) staining of 
E16.5 embryos shows no obvious differences between wild-type (+/+) and homozygous 
mutant (-/-). 
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mice (Fig. 17B, and data not shown). Similarly, electron microscopic analysis of selected organs 

including kidney, where the matrilin-2 is strongly expressed in the region of glomeruli and tubuli 

in a non-overlapping manner with matriIin-4 and the other matrilins (Fig. 17A), revealed no 

ultrastructural abnormalities in Matn2-deficient mice (Fig. 17C). 

Otherwise, professing that matrilin-2 is dispensable for the development of non-skeletal 

tissues, there is a raising demand to check whether the distribution of its potential binding 

partners is normal or changed in non-skeletal organs of homozygous mutant mice. This can be 

tested in mutant skin compared to wild-type, because all the putative binding partners of the 

matrilin-2 protein are present in the skin. It has previously been shown that recombinantly 

expressed matrilin-2 binds various collagenous (collagens I and IV) and non-collagenous 

(fibronectin, laminin-l-nidogen-1 complex, fibrillin-2) components of the ECM (33) and that 

matrilin-2, at least partially, co-localizes with collagens I and IV, fibronectin, and fibrillin-1 in 

the skin in vivo (28). In wild-type mice, matrilin-2 was strongly deposited at the epidermal-

dermal junction, around hair follicles, vessels, and sebaceous glands, whereas a very weak 

expression was observed in the upper part of the dermis (Fig. 18A). Matrilin-4 displayed similar 

tissue distribution with additional strong expression in the whole epidermis and the upper dermis 

(Fig. 18C). Mutant skin lacked matrilin-2 expression (Fig. 18B) and showed normal matrilin-4 

immunostaining (Fig. 18D). The expression of the potential ligands for matrilin-2, like the 

basement membrane components laminin-1 (Fig. 18K and L), nidogen-1 (Fig. 18M and N), 

collagen IV (Fig. 180 and P), the microfibrillar constituent fibrillin-2 (Fig. 181 and J), and the 

major dermal ECM proteins collagen I and fibronectin, was also indistinguishable between wild-

type and mutant animals. 

Furthermore, ultrastructural analysis indicated intact basement membrane at the epidermal-

dermal junction and normal organization of dermal collagen fibrils in mutant skin (Fig. 19A and 

B). 

The endochondral bone formation and intervertebral disc development in Matn-2 null 

mice are normal as well. Since matrilin-2 is expressed during endochondral bone formation 

(Fig. 16A; and in refs. 28, 76), we analyzed the development of axial and appendicular skeleton 

in detail at various stages. Whole-skeleton staining with alcian blue (for cartilaginous tissues) and 

alizarin red (for bony tissues) at newborn stage showed no size reduction or skeletal 

malformation in the mutant compared with the control (Fig. 20A). X-ray analysis of 9-month-oId 



Figure 17. Gross morphological and ulrtastructural analysis of the kidney in Matn2 
deficient animals. (A) Immunlocalization of matrilin-2 and -4 in the regions of kidney 
glomeruli and tubuli shows that only matrilin-2 is present in these regions. Hematoxilin-
eosin staining (B) and ultrastructural analysis (C) of the kidney reveals no morphological 
changes in Matn2 defitient mice as compared to wild type. 

F igu re 18. Deposition of matrilin-2 ligands is normal in mutant skin. Sections of 
wild-type (+/+) and mutant (-/-) adult skin were immunostained with antibodies 
specifically recognizing matrilin-2 and its various binding partners. The sections were 
counterstained with hematoxylin. Abbreviations: d, dermis; e, epidermis, h, hair follicle; g, 
gland; arrows indicate the epidermal-dermal junction. 



Figu re 19. Ultrastructural analysis of adult skin. Transmission electron 
micrographs of back skin of wild type (+/+) and mutant (-/-) mice indicate that the 
appearance of epidermal-dermal junction (arrow, A) and the morphology and density of 
dermal collagen fibrils (B) are normal in Matn2 null mice. 
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mice revealed approximately normal bone density and no abnormalities of ribs, vertebral bodies, 

or long bones in mutant mice (Fig. 20B). Using immunohistochemistry at El6.5, matrilin-2 was 

detected in the perichondrium/periosteum, at the joint surface, and weekly in the proliferative and 

upper hypertrophic zones of the wild type growth plate (Fig. 20C). In contrast, matrilin-1, -3 and 

-4 were strongly deposited throughout the cartilage. In addition, matrilin-4 expression was 

observed in the perichondrium/periosteum (Fig. 20C). The deposition of matrilin-1, -3, -4 (Fig. 

20C) and other cartilage-specific proteins including collagen type II and aggrecan (not shown) 

were unchanged in the matrilin-2-deficient cartilage. Northern blot analysis of newborn limb 

cartilage samples revealed no compensatory upregulation of Malnl, -3 and -4 gene expression 

(data not shown). Histological analysis of the epiphyseal and growth plate cartilages during long 

bone development at El6.5, newborn and various adult stages showed no differences between 

control and homozygous mutant mice (Fig. 20D data not shown). Finally, safranin orange 

staining of the cartilage matrix for proteoglycans at 8 months of age showed no sign of 

degenerative changes at the articular surfaces (Fig. 19E). 

Matrilin-2 displays strong expression during embryonic intervertebral disc (IVD) 

development (ref. 24, 27 and Fig. 16A) and in the annulus fibrosus and nucleus pulposus of adult 

IVDs (10). Therefore, we examined IVD development on histological sections at various 

embryonic and adult stages. No apparent differences between wild-type and mutant IVD 

development were observed (Fig. 20F and data not shown). 

In spite of the lack of phenotypic alterations in the case of long bones, we were able to 

detect increased cavitation in the parietal bones of mice lacking matrilin-2 (unpublished 

observation). Careful histological analysis revealed that the distribution of matrilins is not as 

redundant in the calvaria then in the developing long bones. In calvarial development, the 

expression of matrilin-2 and matrilin-4 was detected in the osteogenic mesenchymal cell layers at 

the area of future parietal bone at embryonic days 16.5 (Fig. 21 A). In the two weeks old calvaria, 

matrilin-2 together with matrilin-4 are expressed in the osteogenic connective tissue, which is the 

major site of the lateral bone growth and localized at the cranial sutures, while matrilin-4 also 

shows strong expression in the periosteum (data not shown). In adult calvaria, matrilin-2 and 

matrilin-4 display non-overlapping expression pattern. Strong immunoreactivity for matrilin-2 

was observed in the osteogenic connective tissue (Fig. 21C). The osteogenic connective tissue is 

arisen from the periosteum and well supplied by blood vessels. Matrilin-4 deposition is restricted 



F i g u r e 20. Analysis of skeletal development in wild-type (+/+) and matrilin-2-
deficient (-/-) mice. (A) No gross abnormalities are detectable by skeletal staining of 
newborn mice or by X-ray examination (B) of 9-month-old mice. (C) Hematoxilin-eosin 
(H&E) staining of E l 6 . 5 tibias indicates no altered cartilage morphology. Immunostaining 
shows matrilin-2 (Matn2) expression in the perichondrium/periosteum, at the joint surface 
and in the cartilage of wild-type, but not mutant tissues. The deposition of matrilin-1 
(Matn l ) , matrilin-3 (Matn3) and matrilin-4 (Matn4) is comparable in wild-type and mutant 
cartilage. (D) H&E staining and Safranin orange staining (E) indicate no degeneration or 
altered proteoglycan content of the articular cartilage (ac) at 8-months of age; gp, growth 
plate. (F). H&E staining shows normal intervertebral disc formation in 4-month-old 
mutant. Abbreviations: af, annulus fibrosus; np, nucleus pulposus. 
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formation in the mutant. Abbreviations: b, bone; oc, osteogenic connective tissue; p, periosteum. 
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to the periosteum (Fig. 21C), while matrilin-1 and matrilin-3 is not expressed in calvarial bone 

(data not shown). Skeletal analysis of newborn wild type and mutant skulls showed that the 

parietal bone contains significantly more cavities (Fig. 2ID, and 22A), and this phenotype is 

apparent at about 4 months of age. Quantitative measurements of the thickness and bone/cavity 

ratio of the parietal bones in wildtype and mutant mice at 4 months of age revealed that, whereas 

no significant difference was found in thickness, the bone/cavity ratio is significantly reduced in 

matrilin-2-deficient mice (Fig. 22B). These data suggest that in the mutant animals the parietal 

bones have lover bone density as compared with wildtype. The ossification of frontal and parietal 

bones appear normal in mutant by using alcian blue and alizarin red staining for cartilage and 

mineralized tissue respectively (Fig. 22C). 

Interestingly, the phenotype has a high, more than 80% penetrance in the outbred Maln2 

deficient mouse strain, while it is not observable in the inbred strain. This fact suggests that the 

development of the phenotype is dependent on the genetic background. 

Experiments are currently in progress to clarify the role of the genetic background in the 

development of the calvarial phenotype. Furthermore we have started to establish double and 

multiple matrilin "knockout" strains to more clearly define the function of Matn2 in the 

elaborated structure of the ECM. 



F i g u r e 22. Morphometric analysis of the parietal bones, and skeletal staining of 
newborn skulls. (A) Cross sections trough the parietal bones of 4-month-old mice shown in 
higher magnification more clearly demonstrate the enhanced cavity formation in the 
mutant. (B) Quantification of the thickness and bone/cavity ratio of the mutant parietal 
bones as compared to that of the wild type. (C) Alcian blue and alizarin red staining for 
cartilage and mineralized tissues show normal ossification of frontal and parietal bones in 
mutant animals. 
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6. D I S C U S S I O N 

6.1. Isolat ion a n d analysis of the mouse matr i l in-2 gene 

Unlike Maln2, the other matrilin genes are rather compact (21, 77-79). Matrilin-2 differs from 

the other matrilins in the presence of the unique segment and the large number of EGF modules. In 

the protein-coding region of Matn2, alternative splicing affects the unique segment, but no variations 

in the number of EGF and vWFA modules were observed. In all the matrilin genes, phase 1 introns 

are located at the domain borders, lining up with the hypothesis that exon duplication and exon 

shuffling within phase 1 introns played an important role in the evolution of the matrilin family. The 

most remarkable common feature of all four matrilin genes is that a phase 1, U-12-type AT-AC 

intron, in a strictly conserved position, separates from each other the two exons of the coiled coil 

domain (Table 3.) (10). This reflects that the AT-AC intron was present in the common ancestor of 

matrilin genes. Furthermore, this conservation strongly indicates that the minor spliceosome, which 

occurs in the cells in 100-fold lower amount than the major spliceosome (58), may have an 

important regulatory role in the coordinated expression of the matrilin genes. 

T A B L E 3: U12-type AT-AC introns in the matrilin gene family 

Genes 5 ' splice site Branch site 3 ' splice site 

M a t r i l i n - 1 / C M P 
Mouse Y13902a AGCatatccttt gcccttaactcc tacTGG 
Human M55682a AACatatccctt ctccttaactct cacTGG 

Chicken X12352-3a AATatatccttt ctccttaactct cacTGG 
Matrilin-2 

Mouse AF3588433 GCTatatccttt ttccttaatttg tacTAG 
AF3588443 

Human AC0192363 GCTatatccttt ttccttaatttg tacTAG 
Matrilin-3 

Mouse AJ2429353 AACatatccttt ctccttaaccgc cacTTG 
Human AC0791453 ACCatatccttt ggccttaacaac cacTTG 

Matrilin-4 
Mouse AJ2917003 ACCatatccttt ttccttaaccgc cacTGG 
Human AL0215783 ACCatatccttt ggccttaacatc cacTGG 

Consensus13 atatccttt ttccttracycy yac 
aGenBank Accession Number. 
bConsensus for U12-type AT-AC introns. 
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Matn2 was localized to mouse chromosome 15 using SSCP analysis, linked to the genes 

Trhr and Sntbl. The human orthologues of these genes have been mapped to 8q23-24. Therefore, 

all the three mouse genes were mapped to the region synthenic to human chromosome 8q22-24. 

Sema5a and ank are also closely linked to Maln2 on the mouse chromosome 15 (80). As the ank 

mutation causes progressive ankylosis, we performed PCR analysis on DNA isolated from 

ank/ank mice to check the possibility that this phenotype is due to a mutation in Maln2. Sequence 

analysis of the PCR products covering the entire coding region and all exon-intron borders of 

Maln2, however, revealed no alterations compared to the wild type sequence suggesting that 

matrilin-2 is not causative for progressive ankylosis. While this work was in progress, 

characterization of mouse and human mutations confirmed that ank codes for a multipass 

transmembran protein (81, 82). The Cohen syndrome characterized by face, oral, ocular and limb 

deformities, hypotonia, and mental deficiency, however, was also mapped at human chromosome 

8q22-23 (83). Further analysis will reveal, whether mutations in MATN2 cause this disease. 

We determined that two alternative promoters control the broad tissue-specific expression 

of Matn2. While a single promoter drives the transcription from Malnl and Matn3 (77, 78), the 

broad tissue-specificity of Maln4 is also achieved by the usage of alternative promoters (79). 

Contrary to Matn4, the upstream promoter of Maln2 (Pu) works as a major promoter in most tissues, 

while the downstream promoter (Pa) seems to have a very narrow tissue-specificity. 

Our data indicate that the Matn2 P„, which exhibits the characteristics of housekeeping 

promoters, is used much more frequently than Pa. Thus, active transcription was observed from 

Pu in all the samples, but transcription from Pd was below the level of detection in any of 9 

distinct adult mouse organs tested (Fig. 7B and 7C, and data not shown). On the other hand, in 

samples from whole embryos, primary fibroblasts derived from El4.5 embryos and NIH-3T3 

embryo fibroblast cell line, we detected transcription from Pd by RT-PCR. Previously, Maln2 

expression was found by RT-PCR, in situ and Northern hybridization in all mouse, rat and human 

samples of fibroblastic, smooth muscle, epithelial, endothelial and Schwann-cell origin (9, 24). In 

fact, there was no RNA sample studied, where Matn2 expression was below the detectability 

threshold. Therefore, we may conclude that there is a basic level of transcription of Maln2 in the 

various cell types, most probably from the Pu promoter. The Spl-binding motifs found in multiple 

copies in conserved positions between mouse and human may have a role in the ubiquitous activity 

of Pu, as Spl was demonstrated to contribute to the activity of many genes with broad expression 
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pattern (84). To confirm the in vivo role of the putative Spl recognition sites controlling the 

transcription from Matn2 Pu, we are currently making in vivo footprint analysis on the 

corresponding promoter region. 

On the other hand, Pd seems to be regulated more strictly having a preference in mouse 

embryo for fibroblasts. This promoter has a TATA-like motif, and contains several putative 

binding sites for paired-related homeobox containing transcription factors (Prxl/2). Interestingly, 

potential motifs recognized by the same transcription factor precede the promoter of Matn3 and the 

weaker upstream promoter of Maln4. This observation raises the possibility that Prxl/2 may be an 

important regulator of matrilin genes coordinating their expression. 

We performed experiments to prove binding of the Prxl/2 factors to the corresponding 

region of Matn2 Pd via oligonucleotide overlay assay. Using primary embryonic fibroblast 

nuclear extract, we provided evidence for the specific binding of proteins having a molecular 

weight in the range of Prxl/2 to the Matn2 promoter element in question (Fig. 9). The bound 

proteins possibly had the homeodomain with the sequence specificity identical to that of Prxl/2 

proteins, as the oligonucleotide pPrxl/2m harboring a point mutation in the fifth nucleotide of the 

6-mer core recognition sequence did not show any binding activity (Fig. 9). The affinity of 

Prxl/2 proteins to interact with the last two (TA) nucleotide of the core binding site (TAATTA) 

is mainly dependent on the Q50 and A54 amino acids of the homeodomain (61). Alteration of 

these amino acids does not interfere with the binding of the homeodomain to the TAAT core 

binding site, but changes the sequence specificity of the different homeodomain containing 

transcription factors (85). We are planning further experiments to prove the role of Prxl/2 factors 

in the transcriptional regulation of Matn2 more directly. 

Data from other laboratories also support the hyphotesis that Prxl/2 may control our gene. 

The Prxl/2 factors are predominantly expressed in undifferentiated mesenchyme (63, 64), where 

the Maln2 Pd was proven to be active by RT-PCR analysis. Prxl transcripts are detectable in a 

variety of cell lines like in C2 myoblasts, and are most abundant among adult mouse tissues in 

skeletal muscle heart and uterus (63). Transcripts of the Prx2 gene are relatively abundant in NIH-

3T3 fibroblasts, pluripotent embryonic carcinoma and embryonic stem cells. Its expression could be 

induced upon differentiation by different means, but among terminally differentiated cells, only 

fibroblasts expressed Prx2 (86). The potential role of Prxl/2 in the control of Maln2 is also 

supported by the remarkable overlap between the embryonic expression patterns of the two genes, 



4 3 

and by the fact that, their expression can be reinduced later. The reinduction happens cocomitant to 

differentiation of some types of resting cells or by certain type of stress. 

6.2. Comparative analysis of the reactivation of Matn2 and Prxl under the regeneration 

process of skeletal muscle 

The adult skeletal muscle is not among the tissues most enriched in matrilin2 (Fig. 12A and 

Fig. 13). However, a careful collection of the scientific literatures data gave us the idea to monitor 

the upregulation of Matn2 under muscle regeneration. The following data illustrate, how this 

hypothesis emerged, and promoted us to imagine the possible physiological role of matrilin-2 during 

this process. 

Tenascin-C is another collagen associated multiadhesion protein of the ECM, which is 

prominent in embryonic tissues, but present only at low levels in normal adult tissues. It is a six-

armed hexabrachion-shaped molecule initially discovered at the myotendonous juction (MTJ), 

where myofibers are attached to the tendons (87). Otherwise, it is present in all musculoskeletal 

regions, in which high mechanical forces are transmitted from one tissue component to.another, 

like from muscle to tendon and from tendon to bone, in accordance with the finding that it is an 

elastic protein (88). Recent studies implicated that the expression of tenascin-C responds to 

mechanical load (89-92). Moreover, the protein is strongly re-expressed in actively remodeling 

tissues not only subjected to mechanical stress, but during wound healing, fibrotic diseases and in 

cancer. In the injured skeletal muscle, tenascin-C is expressed abundantly not only in the scar 

tissue, but along the sides of the myofibers, possibly to reinforce the adhesion to the surrounding 

endomysium (69). 

A series of in vitro studies revealed that tenascin-C is a vascular smooth muscle cell 

survival factor as well, and its expression is upregulated in vivo in Pulmonary Vascular Disease 

(93-95). The tenascin-C upregulation results in increased proliferation of smooth muscle cells via 

its binding to the collagen and to integrin avfc, as opposed to the base situation, where (X2P1 

integrin binds to the normal type I collagen. Additionally, it has been reported that, the tenascin-

C upregulation is controlled by the Prxl/2 paired-related homeobox containing transcription 

factors, which are also upregulated in this situation in vitro and in vivo as well (96). Moreover, a 
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series of studies underlying the idea that extracellular tenascin-C promotes the cell migration via 

disassembling stable focal adhesions (97, 98). In connection with this process, a recent study has 

demonstrated that focal adhesin kinase (FAK) controls tenascin-C dependent cell migration via 

its ability to regulate the function of Prxl on tenascin-C promoter (99). Albeit tenascin-C-null 

mice exhibit minor wound healing defects (100), it is presumable that other matrix molecules 

with similar function can at least partially compensate the effect of the missing tenascin-C in such 

important processes, like cell migration and proliferation. 

We considered that matrilins are also collagen associated ECM components. Furthermore, 

matrilin-1 was shown to bind aiPi integrin (38) and to enhance cell adhesion and spreading 

possibly via this interaction. In connection, matrilin-2 is likely to be controlled by Prxl/2 factors, 

and possible Prxl/2 binding sites has been found in the promoter of Matn3 and in the upstream 

promoter of Maln4 (78, 79). Based on the facts above, we hypothesized that matrilins may also 

influence the migration, the differentiation or the proliferation of cells via modulation of cell-

matrix contacts, and the necessary changes of the expression level in the particular case of Matn2, 

maybe achieved by the assistance of Prxl/2 factors. 

Moreover, one recent study directed our attention toward muscle regeneration, implicating 

matrilin-2 in the differentiation of myoblast cells in vitro. It was found that anchorage deprivation 

of C2C12 mouse myoblast cells leads to reversible arrest in GO without activating the 

differentiation program (101). Matn2 was upregulated 1 hour after reactivation of the arrested 

cells, and it was suppressed later in G l . Otherwise, it was not expressed either in asynchronously 

growing or in differentiated cells. Maln2 is not expressed in terminally differentiated myotubes, 

but its expression in activated myoblasts shows that it is induced upon differentiation. It is also 

relevant to mention that, Prxl has already been implicated in the expressional regulation of 

muscle-specific genes. It has been shown to bind the muscle-specific enhancer of the muscle 

creatine kinase (MCK) gene (63). 

To investigate muscle regeneration in vivo, we assayed the reactivation of Maln2 and Prxl 

under the NTX induced regeneration process of rat soleus muscles, using Northern blot analysis 

(Fig. 10). We were able to prove the upregulation of both Matn2 and Prxl at early of muscle 

regeneration (Fig. 10A, C, D and E). Interestingly, the upregulation of the two mRNA forms of 

Prxl show distinct characteristics. The amount of mRNA coding for the repressor (Prxlb) form 

of Prxl (73) is balanced under the time course of regeneration (Fig. 10A and D). The other form 
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of the mRNA however, which codes for the transcriptional activator (Prxla) form of the protein 

(73), is undetectable in the soleus of the control animals, but it is rapidly upregulated already at 

day 1 and reaches its maximum level around day 4 (Fig. 10A and E). Certainly, it is possible that 

the two forms of the mRNA are present in different types of cells, which are coexisting under the 

course of regeneration (67). The upregulation of the activator form of Prxl precedes that of 

Matn2, in consistance with the potential role of Prxl to activate Matn2 expression during this 

process. 

In muscle tissues in vivo, the resting muscle satellite cells and other types of stem cells are 

waiting for signals to start the differentiation process (67). The upregulation of Matn2 expression 

after induction of these myoblast cells possibly enhance their attachment or migration, or even 

their proliferation via modification the cell-matrix interactions. It is also possible that matrilin-2 

has a temporary mechanical role in the remodelling ECM of the regenerating muscle. The muscle 

regeneration, following a wild range of damages like extensive physical exercise, starts with an 

increased myofiber permeability, resulting in increased serum levels of muscle proteins like 

MCK (102). An interesting coincidence with this fact is that, the upregulation of the 

transcriptional activator form of prxl is a very early event and it was also shown to bind the 

MCKs muscle specific enhancer (63). 

To identify the correct cell types expressing Main2 and Prxl, we will carry out double 

labeling using antibodies against laminin, different markers of muscle satellite cells and other 

stem cell populations (67), and fluorescent in situ hybridization against Matn2 and Prxl 

transcripts. To show a more complete picture of the upregulation of matrilins and Prxl/2 

transcripts over the course of regeneration, we plan to monitor a longer period of time, and the 

possible upregulation of Prx2, the homologue of Prxl. We will also monitor the Matn4 

expression in this system. Immunostainings and Western blot analysis with antibody against 

matrilin-2 is also planned to confirm the Matn2 upregulation at protein level. Finally, we are 

planning the in vivo investigation of the potential importance of Matn2 upregulation, by 

comparing the muscle regeneration of the Maln2 -/- mice with that of their wild-type littermates. 

Interestingly, the amounts of transcripts are also growing in the contralateral soleus muscles 

(Fig. 10). The possible reason for that is the compensatory mechanical overload of this muscle 

(67). To prove this theory, we are planning mechanical overload experiments on rat muscles by 
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the kind support of Dr. Ernő Zádor (Medical Biochemistry Department of the University of 

Szeged). 

6.3. Generation and analysis of matrilin-2 deficient mice 

We disrupted Matn2 by inserting the p-galactosidase and the floxed phosphoglycerate 

kinase-neomycin (IRES-NLS-LacZ-Loxp-PGK/NeoR-Loxp) casette into the Psll-HindlU sites 

of exon 2B and intron B, respectively (Fig. 11 A). Homologous recombination with the targeting 

vector resulted the deletion of the transcription start site and the exon 2B coding sequence, which 

contains the signal peptide and a positively charged region of the protein. Such a deletion is 

predicted to abolish the synthesis of both matrilin-2 mRNA and protein. We created inbred 

129/Sv and outbred 129/Sv/C57BL/6 Matn2 deficient mouse strains to examine later the effect of 

genetic background on the severity of the consequences of gene ablation. We were able to prove 

the complete absence of both matrilin-2 mRNA and protein in the mutant animals by 

immunohistochemistry, Northern and Western blot assays (Fig. 12, 13). 

We had to use physiological conditions together with collagenase digestion, for the 

extraction of matrilin proteins from different organs. Only in brain extracts was not necessary 

to apply collagenase treatment (data not shown), where fibrillar collagens are not present. This 

fact suggests that the majority of matrilins are bound to collagens or they are associated to the 

collagenous network of the ECM. This supports the theory that the matrilins function by 

stabilizing collagen fibrils or having a bridging role between the collagens and other 

macromolecular network of the ECM (34, 36) (see in part 2.8.). 

We designed the targeting vector for the ablation of Matn2 in such way that it could be 

utilized for monitoring Matn2 expression after its correct homologous recombination into the 

mouse chromosome 15. Surprisingly however, we were unable to detect LacZ expression by 

LacZ staining or directly by Northern analysis with a LacZ specific cDNA probe (data not 

shown). Our assumption was that the LacZ sequence may have a negative effect on the 

ubiquitously active upstream promoter of Maln2 (Pu). This GC-rich TATA-less promoter, with 

the repeated Spl recognition sites, represents a typical methylation sensitive promoter (103). The 

development of the silencing methylation effect is not an instant action. It is linked to the 

appearance of new methylation pattern in a new organism. The new methylation pattern of the 
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new organism starts to form after the generalized loss of methylation initiated in the eight-cell 

stage and finished in the blastocyst stage of the embryo. Further erasing of the genomic 

methylation pattern continues from this stage in the germline cells (103, 104). This massive 

demethylation process provides a mechanism for erasure of gametic epigenetic programming 

before the derivation of somatic lineages, and the even stronger demethylation in the germline 

may clear the DNA of parental methylation to build the new garnet-specific imprints. After the 

blastocyst stage, a strong de novo methylation occurs (103, 104). This process can be modified by 

the CpG-rich LacZ sequence, and therefore some methylation sensitive promoters can be silenced 

in the vicinity of the LacZ via the extra methylation event guided by it (75). According to the 

facts discussed above, the silencing methylation event is taking place during transgenesis after 

mating the chimeric mice, not in the ES cells and not effectively in the chimeric mice themselves 

(75). To test whether this is the reason for the missing LacZ signal, we prepared embryoid bodies 

using the +/- ES cell lines. Unfortunately, we were unable to detect their LacZ activity, and we 

may exclude the methylation effect as a reason of the problem. Although sequence analysis of the 

exon2A-3'splice site-IRES-NLS-LacZ region of the targeting construct did not reveal the reason 

for the missing LacZ signal, we may conclude that the improper IRES function caused that LacZ 

was not expressed from the transgene. Whereas the IRES element has a highly organized and 

sensitive secondary structure (74), which may be interfered by the other parts of the artificial 

mRNA created by the homologous recombination. 

Matrilin-2 deficient mice showed no obvious abnormalities during embryonic and adult 

development, they were fertile, and had a normal lifespan. The lack of phenotypic alterations 

as compared to the wild type during endochondral bone formation and in non-skeletal 

tissues could be explained by the overlapping expression (10, 27) and, therefore, redundant 

function of matrilins. Their ability to form different hetero oligomers (39-42) supports this 

hypothesis. During endochondral bone formation, matrilin-2 is weakly deposited in the 

proliferative and upper hypertrophic zones of the cartilaginous growth plate, where all other 

matrilins (matrilin-1, -3 and -4) are also present (27). Matrilin-2 displays strong expression and 

co-localization with matrilin-4 in the perichondrium, periosteum and at the articular surface of 

the joints (ref. 27 and Fig. 20C). In consistence with previous studies (9, 24), we have 

demonstrated that matrilin-2 is present outside of the skeleton in nearly all organs. It is primarily 

expressed by cells of mesodermal origin and deposited into various dense and loose connective 
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tissues (24). Matrilin-2 mRNA can also be expressed by epithelial cells, but the protein is always 

found in subepithelial tissues, such as basement membranes (24). Since matrilin-4 is expressed 

and partially colocalized with matrilin-2 in most tissues during embryonic and adult development 

making it a primary candidate to compensate for the absence of matrilin-2, we investigated if 

matrilin-4 is upregulated in matrilin-2 null mice. Northern and Western blot analyses of various 

tissues demonstrated that the expression levels of matrilin-4 mRNA and protein did not change in 

the mutant mice as compared to controls (Fig. 15). One possible explanation is that because 

matrilin-4 is both structurally and evolutionarily the closest relative of matrilin-2 (10), it may 

have similar or identical function to that of matrilin-2, thereby compensating for its absence at 

wild-type level. Although the binding partners of matrilin-4 are less well characterized than those 

of matrilin-2, the common molecular architecture of these proteins predicts similar types of 

molecular interactions. 

Otherwise the colocalization of matrilin-2 and -4 is not always obvious, but at the majority 

of these areas, no phenotypical changes are visible. In some cases the coexpression however, is 

more prominent at embryonic stages, which seems to be able mask the developmental 

consequences of the lack of matrilin-2 (data not shown). Moreover, we have to exclude the 

functional redundancy within the matrilin family members as a compensatory effect of the 

phenotype in particular areas, because there is no significant expressional overlap during 

development and later in adulthood. For example, the development of kidney is not affected even 

at ultrastructural level, despite matrilin-2 is the only matrilin known to be expressed there (Fig. 

17). 

Otherwise, to profess that matrilin-2 is really dispensable for the development of 

nonskeletal tissues, we had to check the consequences of its ablation upon the distribution of its 

potential binding partners. The best tissue to examine that was the skin. The localization of 

matrilin-2 in embryonic and adult skin suggests that, under embryonic and early postnatal stages, 

matrilin-2 might play roles in the establishment and the correct assembly of the dermal basement 

membrane and/or basement membrane associated connective tissues, while in adult skin, its 

function is more likely related to the stabilization of the epidermal-dermal junction. Such a 

function of matrilin-2 in the skin is supported by the possible interaction and the partial 

colocalization of matrilin-2 with collagen I and fibronectin (the major ECM components of the 

dermis), basement membrane constituents, such as laminin-l-nidogen-1 complexes and collagen 
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type IV, and with the microfibrillar components fibrillin-1 and - 2 (28, 33). Since we observed 

normal skin ultrastructure (Fig. 19) and deposition of matrilin-2 ligands (Fig. 18) in the Maln2 

null mice, we concluded that the hypothetic role of matrilin-2 is not essential for skin 

development and function. However, we could identify phenotypical alteration in the 

calvarial bone, which develops via intramembranous ossification. The calvarial phenotype 

suggests that matrilin-2 modulates the structure of membranous bones and it might be involved in 

mechanisms controlling bone remodelling. The possible explanation for the rise of phenotypical 

changes at this region is that the expression of matrilin-2 is separated from other matrilins in the 

osteogenic connective tissue of the cranial sutures (Fig. 21B), and that this area is very important 

as the major site of lateral growth of the parietal bone. The cavities start to form already in the 

region of the osteogenic connective tissue of the sutures, where matrilin-2 is normally expressed, 

and finally the mutant parietal bone contains significantly more cavities as compared to the wild-

type (Fig. 22). The phenotype is prominent at about 4 mounts of age, which correlates well with 

the fact that, by that time the matrilin-4 expression restricted to the periosteum, and the matrilin-2 

remains the only matrilin expressing in the osteogenic connective tissue. In this area, the lack of 

matrilin-2 seems to be really compensated by wild-type levels of matrilin-4, until its expression is 

down-regulated in osteogenic connective tissue. However, the precise definition of the molecular 

background of the observed phenotype needs further investigation. Important connections may be 

interrupted between matrix components or cell-matrix contacts could be changed. Otherwise, we 

can speculate whether matrilin-2 is able to enhance the attachment or proliferative features of 

some cell types at certain developmental stages (see chapter 6.2.), a weaker proliferation could be 

the causative of a less dense and more cavitated calvarial bone structure in its absence. 

Interestingly, the phenotype has more than 80% penetrance in the outbred Maln2 deficient 

mouse strain, while it is not prominent in the inbred strain. The inbred strain has 129/Sv, while 

the outbred line has a mixed C57BL/6 and 129/Sv genetic background. This fact suggests that the 

phenotype is multigene dependent and conncted to the genetic background, thereby making more 

complicated the precise analysis of the molecular mechanism of its development. The connection 

between the phenotype and the strain genetic background is of peculiar interest, because the 

129/Sv strain has a high, while the C57BL/6 itself has a low bone density (Fig. 23) (105). 

Matrilin-2 deficiency seems to influence positively the materialization of genetic taint of 

C57BL/6 strain for low bone density. It would be important to better understand the genetic 
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background of variations represented by current inbred mouse strains for a series of "knockout" 

studies. The inbred mouse strains developed over the past century comprise a wide variety of 

phenotypic characteristics (Fig. 23), in some cases having influence on the phenotypic changes 

observed after genetic modifications (106). Unfortunately, little is known about the genetic 

background of these alterations. However, toward this goal, the firm Celera has assembled their 

version of the mouse genome from a whole genome shotgun of three common strains, rather than 

deeper coverage of a single strain. Possibly, these data are not sufficient to solve individual 

problems and the final resolution may lies in getting complete genome sequences from the 

different mouse strains. 

The apparently normal development and mild alterations in of tissue architecture of the 

Matn2 null mice do not exclude the possibility that matrilin-2 plays a more obvious role in mice 

under challenging conditions. To assess the possible function of matrilin-2 in skin wounding, 

bone fracture healing, muscle regeneration or in tissues under excess mechanical loading, further 

studies are required. An especially promising approach would be to adopt the rat extensive 

muscle regeneration model (see in chapters 5.2. and 6.2.) to mice, and then to monitor the 

possible alterations between the muscle regeneration processes of Maln2 deficient mice and their 

wild type littermates. 

Very recently it is turned out that matrilin-3 is also dispensable for mouse development, 

and the lack of the protein failed to cause any phenotypical changes (107). The ablation of the 

Malnl and Maln3 genes produced even less phenotypical alterations than the removal of Main2 

(43, 44, 107), only a week alteration in the type II collagen fibrillogenesis was shown in the case 

of Malnl null mice (44). The reason for the mild phenotypical changes following the single gene 

removals, can be the functional redundancy within the matrilin family. The matrilins can fulfill 

similar role, their expression patterns are also partially overlapping and they are able to form 

hetero-oligomers. 

However, missense mutations in the vWFA and EGF domains of MATN3, led to the 

formation of dominant form of MED (46, 47) and hand OA (48), respectively, in human. One 

alternative explanation for the dominant effect of mutation affecting the vWFA domain is that the 

dominant effect takes place via the formation of oligomers. The oligomers via their vWFA 

domains can connect different targets in the ECM, like collagens etc., and the presence of the 

nonfunctional vWFA mutant monomers in the oligomer may interrupt its connector function. 
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These oligomers however, may occupy some binding sites that are no longer available for other 

intact matrilin oligomers present, resulting that the mutation can not be compensated by other 

matrilins, like in the case of single gene "knockouts". Certainly, these mutations theoretically can 

take a lot of different actions to achieve the phenothypical changes, for example the protein can 

be retained already within the RER, like in the case of misfolded COMP (49-52). Taken together, 

these facts indicating the functional redundancy between matrilins seem to effectively mask the 

consequences of single gene removal. 

Accordingly, we are planning for the future to avoid the masking effect by creating double 

or multiple matrilin "knock out" lines. This could make it possible to determine how these 

structurally so closely related proteins functionally complement each other, or how they 

contribute to the elaborated structure of the cartilaginous ECM. Malnl and Matn3 "knock-out" 

mouse strains have already been created, and the remaining Matn4 deficient strain is also under 

construction in the laboratory of Dr. Attila Aszódi, Max Planck Institute for Biochemistry, 

Martinsried, Germany. Since the introduction of the point mutations discussed above can also 

cause more severe effects, than single gene removals, as an alternative approach we will design 

targeting vectors to introduce mutations, that were already demonstrated to cause MED and hand 

OA in case of matrilin-3, into the Matnl and Maln2 genes of transgenic mice. The desired 

experiments may reveal a deeper insight into the role of matrilins in the structure of ECM, in the 

process of endochondral and intramembranous bone formation and maybe in the differentiation 

and remodelling of other tissues. In case the observed fenotypes will be similar to known human 

diseases, the animals can also be used as animal models for studying the development of these 

diseases and testing therapeutic drugs. 

6.4. Summary of our novel results 

1. We isolated Matn2 genomic clones by hybridizing mouse 129/Sv genomic X and PAC 

libraries with labeled cDNA and genomic DNA fragments and by using inverse PCR strategies. 

We identified that Matn2 spans over 100 kb and consist of 19 exons. We also confirmed that it is a 

common feature of Maln2/MATN2 and all four matrilin genes that a phase I, U-12-type AT-AC 

intron separates the two exons for the coiled coil domain in a strictly conserved position. 
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2. We further identified that Matn2 is transcribed from two alternative promoters. 

Our data indicate that the Matn2 upstream promoter (Pu), which exhibits the characteristics of 

housekeeping promoters, is used much more frequently than the downstream promoter (Pd). 

Active transcription was observed from Pu in all the samples, but transcription from Pd was below 

the level of detection in any of 9 distinct adult mouse organs tested. On the other hand, Pd seems 

to be regulated more strictly and have a preference in mouse embryo for fibroblasts. In samples 

from whole embryos, primary fibroblasts derived from E14.5 embryos and the NIH-3T3 embryo 

fibroblast cell line, we detected transcription from Pd by RT-PCR. This promoter has a TATA-like 

motif, and contains several putative binding sites for paired-related homeobox containing 

transcription factors (Prxl/2). Using nuclear extract obtained from primary embryonic fibroblast, 

the specific binding of proteins at the range of Prxl/2 molecular weight was proven to the 

corresponding promoter element of Maln2 Pd. 

3. We have inactivated Matn2 in transgenic mouse model system, and proved the 

complete absence of both matrilin-2 mRNA and protein in homozygous mutant mice. 

4. Matn2 null mice are viable, have normal life spans and show no serious 

abnormalities. The lack of phenotypic alterations as compared to the wild type during 

embryonic development endochondral bone formation and in non-skeletal tissues could be 

explained by the overlapping expression and, therefore, redundant function of matrilins. 

5. The level of matriIin-4 mRNA and protein did not show compensatory upregulation 

in the mutant mice as compared to controls. 

6. We could identify phenotypical alteration in the calvarial bone, which develops via 

intramembranous ossification. The mutant parietal bone contains significantly more cavities as 

compared to the wild type. The phenotype is prominent at about 4 mounts of age, which 

correlates well with the fact that, by that time the matrilin-4 expression restricted to the 

periosteum, and the matrilin-2 remains the only matrilin expressed in the osteogenic connective 

tissue. In this area, the lack of matrilin-2 seems to be compensated by wild-type levels of 

matrilin-4, until its expression is down-regulated in osteogenic connective tissue. The phenotype 

has more than 80% penetrance in the outbred Maln2 deficient mouse strain, while it is not 

prominent in the inbred strain. This fact suggests that the phenotype is dependent on the genetic 

background. 
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7. We discovered the upregulation of both Matn2 and Prxl at early stages, during the 

course of muscle regeneration. The upregulation of Prxl a precedes of that of Ma(n2, in 

consistence with its potential role in the activation of Maln2 expression during this process. 
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