
 

FAKULTÄT FÜR NATURWISSENSCHAFTEN 

UNIVERSITÄT ULM 

 
 

From loss of merlin to tumorigenesis: 

evidence for  

pathological integrin-dependent adhesion,  

altered migration and decreased apoptosis rates 

 

 

 

Dissertation 

Zur Erlangung des Doktorgrades (Dr. rer. nat.) 

an der Fakultät für Naturwissenschaften 

der Universität Ulm 

 

 

vorgelegt von 

Tamara Utermark 

geboren in Ulm 

 

2002 



 



 

Amtierender Dekan der Fakultät für Naturwissenschaften: 

Prof. Dr. Wolfgang Witschel 

 

 

 

Erstgutachter: 

Prof. Dr. Klaus-Dieter Spindler, Allgemeine Zoologie und Endokrinologie, Universität 

Ulm 

 

 

 

Zweitgutachter: 

Prof. Dr. Harald Wolf, Neurobiologie, Universität Ulm 

 

 

Tag der Promotion: 

28.03.2003 

 

 

 

Die Arbeiten im Rahmen der vorliegenden Dissertation wurden in der Abteilung 

Neurologie der Universität Ulm durchgeführt und von Herrn PD Dr. C.O. Hanemann 

betreut. 

 

Ulm, den 16.12.2002 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    If a man will begin with certainties, 
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1 Introduction 

1.1 Neurofibromatosis type 2 

 

The neurofibromatoses consist of two distinct inherited disorders, Neurofibromatosis 

type 1 (NF1), and Neurofibromatosis type 2 (NF2). For many years, these disorders 

were both considered as von Recklinghausen disease, NF2 being first described in 

1822 by Wishart and NF1 in the late nineteenth century by von Recklinghausen. 

Finally, the localization of the respective genes to chromosome 17 and 22 (Seizinger 

et al., 1987b; Rouleau et al., 1987) permitted the definition of two distinct disorders. 

The presented thesis was planned to investigate the pathogenesis of 

Neurofibromatosis type 2.  

The Neurofibromatosis type 2 (NF2) is an autosomal dominant inherited disease with 

an incidence of 1:37000 and is caused by mutations in the NF2 gene on the long arm 

of chromosome 22. The hallmark of NF2 is the development of schwannomas, 

affecting particularly the superior vestibular branch of the 8th cranial nerve, usually 

bilaterally, but also other cranial nerves, spinal roots, or peripheral nerves. 

Meningiomas, both intracranial and intraspinal and some low grade central nervous 

system (CNS) malignancies like ependymomas and gliomas are other common 

features. The diagnostic criteria for NF2, based on the US National Institutes of 

Health (NIH) consensus statement, are shown in the table below. 

 

Table 1: Diagnostic criteria for Neurofibromatosis type 2  

 from “Neurofibromatosis type 2” by Evans et al., 2000 

 
Diagnostic criteria for NF2 (including the NIH criteria and others) 
Bilateral vestibular schwannomas (VS) or family history of NF2 plus 
(1) Unilateral VS or 
(2) Any two of: meningioma, glioma, neurofibroma, schwannoma, posterior 
subcapsular lenticular opacities 

Additional criteria: 
Unilateral VS plus any two of: meningioma, glioma, neurofibroma, 
schwannoma, posterior subcapsular lenticular opacities 
Or 
Multiple meningioma (two or more) plus unilateral VS or any two of: 
meningioma, glioma, neurofibroma, schwannoma, posterior subcapsular 
lenticular opacities 
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Even though the vast majority of the tumors arising in NF2 patients are non-

malignant, the outcome of this disorder is very severe. Most of the patients become 

completely deaf, and may also be severely disabled by a combination of poor 

balance, visual problems, and weakness owing to spinal tumors. Patients have 

reduced life expectancy.  

1.2 The Neurofibromatosis type 2 gene and its product: Merlin 

In situ hybridization and RT-PCR analyses of rats demonstrated that merlin is widely 

expressed during embryogenesis and early postnatal life in most tissues but 

becomes restricted to the brain stem, cerebellum, dorsal root ganglia, spinal cord, 

adrenal gland and testis in adult animal (Gutmann et al., 1995), suggesting merlin to 

play an important role during early development. 

The NF2 gene on chromosome 22q11.2 was cloned in 1993 by Rouleau et al. 

(Rouleau et al., 1993) and Trofatter et al. (Trofatter et al., 1993). The NF2 cDNA was 

found to encode a protein with an open reading frame of 1785 nucleotides or 595 

amino acids, termed merlin or schwannomin. The name merlin was chosen because 

of a striking sequence homology between merlin and the ERM proteins ezrin, radixin, 

and moesin (moesin, ezrin, radixin like protein), which act as molecular linkers 

between the cytoskeleton and the plasmamembrane.  

The NF2 gene is composed of at least 16 exons with two alternatively spliced exons 

(1a and 16).  

 

1 3 4 5 76 982 10 11 12 13 14 15 17

161a

 

Figure 1: The NF2 gene is composed of 16 exons with 2 variably inserted exons 
(exon 1a and 16).  

  Exon 1a is inserted between exon 1 and 2, whereas exon 16 is inserted 
between exon 15 and 17. The insertion of exon 16 results in a novel carboxyl 
terminus of merlin with 11 unique amino acid residues and a premature 
termination codon, eliminating exon 17 sequence. From Molecular Insights 
into Neurofibromatosis 2 by Gutmann, 1997  

 

Due to those alternative splicing events, the NF2 gene product, merlin, exists in two 

main isoforms. Merlin isoform I (so called NF2-17) consists of the exons 1-15 and 17, 
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whereas the isoform II includes exon 16 instead of exon 17 (NF2-16), thus differing in 

the C-terminus. An intramolecular association of the N-terminal and C-terminal 

domains, previously described for the ERM proteins, has been demonstrated  

(Sherman et al., 1997).  

Since the identification of the NF2 gene, a large number of mutations have been 

identified in individuals affected by NF2. These germline mutations include nonsense, 

missense, and frameshift mutations without significant clustering in any one region of 

the gene. Interestingly, no mutations have been found in the exons 16 and 17 (Mia 

MacCollin, NF2 mutation database, http://neuro-trials1.mgh.harvard.edu/nf2/), and 

only a small number in exon 9. The latter is part of the highly conserved protein 4.1 

homology domain. However, whether these findings are of any relevance remains to 

be elucidated.  

Genotype-phenotype relationships for NF2, which are of great importance both for 

characterizing the protein’s function as well as counseling NF2 patients, have been 

established on the basis of several studies (Parry et al., 1996; Ruttledge et al., 1996; 

Kluwe and Mautner, 1996). 

(1) Nonsense and frameshift mutations cause severe phenotypes. 

(2) Splice site mutations produce a phenotype that varies both intra- and inter-

familiar. 

(3) The phenotype associated with non-truncating mutations has not yet been 

determined as it is very rare phenomenon. 

(4) Patients whose mutations are not found by exon scanning are usually mildly 

affected.   

However, only about 60% of all mutations are to be identified by standard mutational 

screening techniques and exceptions of the above listed correlations have also been 

reported. Moreover, it has recently been reported that aside from NF2 mutations, 

cleavage of merlin by calpains, calcium-dependent neutral cystein proteases, might 

closely be related to the development of a certain subset of NF2-related tumors 

(Kimura et al., 1998; Kimura et al., 2000; Kaneko et al., 2001). 

1.3 Merlin – a tumor suppressor 

The finding that an ERM-related protein, such as merlin, could have tumor-

suppressor functions was unexpected as neither other family members nor other 

proteins that are associated with the cytoskeleton had yet been shown to play a role 
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in the regulation of cell proliferation. However, loss of another ERM protein, protein 

4.1B or DAL-1 located on chromosome 18p11.3, has recently been implicated in the 

molecular pathogenesis of breast, lung, and brain cancers (Gutmann et al., 2000), 

and demonstrated to suppress cell proliferation in meningioma cells (Gutmann et al., 

2001). 

The NF2 gene is suggested to act as a tumor suppressor according to the Knudson´s 

“two-hit” model (figure 2) (Knudson, 1971; Rouleau et al., 1987; Seizinger et al., 

1987a; Twist et al., 1994; Sainz et al., 1994), as loss of heterozygosity (LOH) for 

polymorphic markers flanking or located within the NF2 locus and a high frequency of 

inactivating mutations of the NF2 gene are to be found in NF2 tumors.  

CANCER

increased cell
proliferatiom

loss of tumor 
suppressor gene 

functionsporadic cancer

cancer predisposition 
syndrome

 

Figure 2: “Two-hit” hypothesis for tumor formation.   

 In sporadic cancer, functional inactivation of a specific tumor suppressor gene 
requires two separate mutational events. In contrast, in individuals affected by 
a cancer predisposition syndrome, only one additional genetic event is 
required for inactivation. The wild-type (functional) allele is indicated in green, 
the inactivated (non-functional or mutated) allele in red. From “The 
neurofibromatoses: when less is more”, Gutmann, 2001 

 

The Knudson´s model predicts that individuals with NF2 will demonstrate a germline 

(inherited) mutation in all cells of the body, and that the tumors will present both the 

germline as well as the acquired (somatic) mutation. Accordingly, NF2 gene 
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mutations have been identified in tumors from individuals with NF2 on both the DNA 

and protein level (Wolff et al., 1992; Bijisma et al., 1992; Sainz et al., 1994; Jacoby et 

al., 1996), however, loss of functional merlin can be caused either by loss of 

heterozygosity (LOH, no protein synthesized) or by the degradation of mutated 

protein (Gutmann et al., 1998; Kimura et al., 1998; Kimura et al., 2000; Kaneko et al., 

2001).  

Numerous studies indicate that merlin is indeed a negative growth regulator. 

LaJeunesse and co-workers described Drosophila chimeras, in which the cells 

lacking merlin hyperproliferate compared to those with normal expression 

(LaJeunesse et al., 2001). Accordingly, Rosenbaum et al. (Rosenbaum et al., 1998) 

reported hyperproliferation for primary human NF2 schwannoma cells compared to 

normal Schwann cells, and Schulze and colleagues were able to demonstrate a 

reduction in proliferation rates by re-introducing wildtype merlin into schwannoma 

cells (Schulze et al., 2002). Moreover, Giovannini et al. generated a mouse model 

which is conditionally heterozygous for NF2 mutations and develops schwannomas, 

Schwann cell hyperplasia, cataracts, and osseous metaplasia (Giovannini et al., 

2000), and which therefore quite good resembles the situation in human patients. 

The germline NF2 mutant mice, however, show a broad spectrum of highly malignant 

tumors not seen in man (McClatchey et al., 1998).  

Accumulating evidence also implicates the NF2 gene in the development of sporadic 

schwannomas (nearly 100%) and meningiomas (50-70%) from individuals not 

affected by NF2, suggesting that the NF2 gene product is an indispensable negative 

growth regulator for Schwann cells and leptomeningeal cells. Sporadic schwannomas 

and meningiomas are common nervous system tumors, and loss of heterozygosity of 

the NF2 gene has been demonstrated in sporadic meningiomas, schwannomas, 

ependymomas, astrocytomas, and pheochromocytomas (Bijisma et al., 1992; Tanaka 

et al., 1992; Wolff et al., 1992). Surprisingly, there is evidence for high rates of NF2 

mutations in malignant mesothelioma (Sekido et al., 1995; Bianchi et al., 1995; 

Giovannini et al., 1999), suggesting that loss of merlin plays an important role in the 

progression of this highly aggressive mesodermal tumor type, although this tumor is 

not typical for individuals afflicted by NF2.  

Collectively, these data strongly suggest a role in growth control for merlin, such as 

tumor or metastasis suppressor. 
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1.4 Animal models for the role of merlin as tumor suppressor 

Animal models for the NF2 have been developed using the mice and fruitfly, 

Drosophila melanogaster, system. In both models NF2-/- individuals are not viable, 

which indicates the essential role of merlin (McClatchey et al., 1997; Fehon et al., 

1997). However, NF2+/- mice fail to exhibit the phenotype typically seen in humans, 

e.g. schwannomas. Instead, they show osteosarcomas, fibrosarcomas, and 

heptocellular carcinomas that are highly malignant, indicating a role of merlin in many 

cancer types. A new mouse model has recently been developed by Giovannini and 

co-workers (Giovannini et al., 2000), using mice with a conditional NF2 allele that can 

be specifically inactivated by the Cre/loxP system, which allows site-specific 

recombination. By analyzing these mice, Giovannini et al. were able to demonstrate 

the particular role of merlin in Schwann cells, as they found Schwann cell hyperplasia 

and schwannomas as a result of merlin-loss. More recently, the same group 

demonstrated that loss of functional merlin in astrocytes gives rise to meningiomas 

(Kalamarides et al., 2002). Therefore, the function of merlin seems to be well 

conserved between mice and humans, indicating the mouse model by Giovannini 

and colleagues as an effective model for the NF2 research. 

Drosophila do not possess any Schwann cells, nevertheless, they also present an 

interesting model system for the NF2, as hyperplasia of NF2-/- cells could be 

demonstrated using the Flp/FRT system to generate somatic mosaics (LaJeunesse 

et al., 2001).   

1.5 Merlin and the ERM proteins 

Merlin, a 69 kDa protein, exhibits a linker function by binding transmembrane 

adhesion molecules and cytoskeletal components as expected from the high grade of 

sequence homology seen with the ERM proteins. Like the other ERM proteins it is 

composed of three distinct domains (Gould et al., 1989; Lankes and Furthmayr, 

1991). An amino-terminal region from residue 1 to 302, an alpha helix region 

(residues 303-478), and a unique carboxyl terminal domain (residues 479-595) 

(figure 3). In ezrin, radixin, moesin, and merlin a so called FERM domain (four-point 

one, ezrin, radixin, moesin) has been characterized, which acts as multifunctional 

protein- and lipid-binding sites (Tsukita et al., 1992; Tsukita et al., 1994). The FERM 

domain of merlin was shown to form a three-dimensional structure that is similar to 

that of the ERM proteins (Shimizu et al., 2002; Kang et al., 2002), and interacts at 



INTRODUCTION 

7 

least with some of the same proteins, suggesting that merlin function and regulation 

are fundamentally similar to those of the ERM proteins. One obvious difference is 

that merlin lacks the conserved C-terminal actin binding site found in ERM proteins. 

However, it has been shown that merlin interacts with the actin cytoskeleton through 

alternative actin binding sites located within the FERM domain (Xu and Gutmann, 

1998; James et al., 2001; Brault et al., 2001). Yet the in vivo significance of the 

amino-terminal actin-binding activity has not been examined. 

1

1

1

1

1

270

296

406 473
588

585

583

577

595

32%

86%

62%
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63%

60%

25%

C-ERMADN-ERMAD

Moesin

Radixin
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Band 4.1

Merlin

Membrane association

FERM domain
Spectrin/F-actin binding

α-helical

F-actin binding

PP

PP

T567

T564

T558

S518

 

Figure 3: Protein homologies of merlin and members of the 4.1 superfamily.  

 The amino-terminal regions contain a ~300 amino acid FERM domain. 
Sequence identity to ezrin is indicated. After the FERM domain, Band 4.1 
shows no significant sequence identity with the ERM proteins or merlin. The 
ERM proteins exhibit very high rates of homology, whereas merlin is more 
divergent. ERM proteins as well as merlin can all form intramolecular 
association through their N-ERMAD/FERM domains and C-ERMADs, and, 
where tested, between ERM proteins and merlin. ERM proteins have a 
carboxy-terminal F-actin binding site, whereas merlin does not. Mammalian 
ezrin and radixin show a region rich in prolines (PP), its function is unknown. 
The position of the C-terminal threonine (T) or serine (S), the phosphorylation 
of which impairs the FERM-C-ERMAD intramolecular interaction, is indicated. 
C-ERMAD, carboxy-ERM association domain; ERM, ezrin, radixin, moesin; 
FERM, Four-point one ezrin, radixin, moesin; N-ERMAD, amino-ERM 
association domain. from Bretscher et al., 2002 
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1.6 Localization of merlin and merlin interaction partners 

Like the ERM proteins, merlin localizes to regions of the plasma membrane engaged 

in dynamic cytoskeleton remodeling, including the motile edge of migrating cells 

(“ruffling edge”), filopodial structures, and the cleavage furrows (Gonzalez-Agosti et 

al., 1996). A colocalization of merlin and F-actin in the submembranous region of  the 

cell has been demonstrated (den Bakker et al., 1995; Gonzalez-Agosti et al., 1996; 

Scherer and Gutmann, 1996; Stemmer-Rachamimov et al., 1997a; Schulze et al., 

2002). Xu and Gutmann (Xu and Gutmann, 1998) showed that merlin binds actin 

through a low-affinity amino-terminal domain actin binding sequence (residues 280-

340).  

Using immunoprecipitation and yeast-two-hybrid methods several merlin-interacting 

proteins have been identified, listed in the table below (table 2). However, the 

functional consequences of interaction of the ERMs or merlin with these proteins 

remain largely unclear.  

The interaction with the surface protein CD44 was of special interest, as splice 

variants of CD44 have been implicated in the progression of numerous tumor types, 

and are overexpressed in both human and rat schwannomas (Sherman et al., 1995; 

Sherman et al., 1996). A colocalization of merlin and CD44 has been shown in COS, 

CHO, and 293-cell lines (Sainio et al., 1997) by immunocytochemical staining. 

Interestingly, the respective CD44/merlin interaction has been identified in rat 

schwannoma cells only in confluent cultures (Herrlich et al., 2000), suggesting that 

CD44 plays a role in contact inhibition and may activate the growth inhibiting function 

of merlin. CD44 binds hyaluronic acid (HA) and other glycosaminoglycans through 

residues present in its extracellular domain (Lesley et al., 1993), and interacts both 

with ERM proteins and ankyrin-like proteins via its intracellular carboxyl-terminal 

region (Bourguignon et al., 1993; Takeuchi et al., 1994).  

Localization and binding partners of merlin suggest a role for merlin in transducing 

extracellular messages related to cell-cell and cell-substrate contact via the actin 

cytoskeleton and negative regulation of the cell proliferation. In accordance to that, 

cultured human schwannoma cells from NF2 patients present altered cytoskeletal 

organization such as stress fiber formation, increased numbers of cell protrusions, 

and growth properties (Rosenbaum et al., 1998; Pelton et al., 1998; Gutmann et al., 

1999b). It has been demonstrated in rat schwannoma cells that regulated 

overexpression of wild-type merlin, but not mutant, specifically impairs cytoskeleton-
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associated processes, including cell motility, cell spreading, and cell attachment 

(Gutmann et al., 1999b). These observations suggest that the tumor suppressing 

activity of merlin might depend on processes linking growth factor and ECM signaling 

to the cytoskeleton. 

Table 2: Interaction partners of merlin. 

 

Interaction 

partner 
Function Described by 

CD44 receptor for ECM proteins 
Sainio et al., 1997 ; Herrlich et 

al., 2000 

F-actin part of the actin cytoskeleton 

den Bakker et al., 1995; 

Gonzalez-Agosti et al., 1996; 

Stemmer-Rachamimov et al., 

1997a 

βII-spectrin 

(fodrin) 
actin-binding protein Scoles et al., 1998 

ezrin 
member of the protein 4.1 family, 

plasmamembrane-cytoskeleton linker 

Sainio et al., 1997; Meng et 

al., 2000 

microtubules 
Role in maintenance of cell shape and 

directional transport 

Sainio et al., 1997; Gonzalez-

Agosti et al., 1996; Xu and 

Gutmann, 1998  

Integrin β1 Receptor for ECM proteins 
Obremski et al., 1998 ; Chen 

et al., 2000 

paxillin 
adaptor protein integrating adhesion- and 

growth factor dependent signals 
Fernandez-Valle et al., 2002 

Kinesin-1 motor protein kinesin Hakimi et al., 2002 

EBP50 
ERM-binding protein, co-factor of the Na+-

H+ exchange factor (NHE-RF) 

Murthy et al., 1998; Gonzalez-

Agosti et al., 1999  

Rho-GDI 
Rho guanine nucleotide dissociation 

inhibitor 
Maeda et al., 1999 

SCHIP-1 novel coiled-coil protein Goutebroze et al., 2000 

Hrs HGF-regulated tyrosine kinase substrate Scoles et al., 2002 

p110 unknown Scoles et al., 2002 
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1.7 Regulation of merlin activity 

For the ERM proteins ezrin, radixin, and moesin an intramolecular binding of the N to 

C terminus was reported to negatively influence interactions with other proteins 

(Bretscher et al., 1997; Tsukita and Yonemura, 1997; Pearson et al., 2000). 

Intermolecular interactions between N and C termini of ERM proteins and merlin lead 

to oligomerization of  these proteins (Gary and Bretscher, 1993; Andreoli et al., 1994; 

Berryman et al., 1995; Groenholm et al., 1999). In the case of the ERM proteins, 

these intra- and intermolecular associations are controlled by phosphorylation, 

indicating two functional states of ezrin, radixin and moesin (Mackay et al., 1997; 

Matsui et al., 1998; Gautreau et al., 2000). Merlin has been suggested to be affected 

in a similar way (Shaw et al., 1998a). Sherman et al. described that the N-term/C-

term association of merlin, resulting in a folded conformation, is required for the 

growth suppressive function (Sherman et al., 1997; Gutmann et al., 1999a). As it 

needs contact between residues 302-308 in the N-term and an intact exon 17 

(residues 580-595) in the C-term domain, only isoform I (NF2-17) is able to act as a 

negative growth regulator. Isoform II exists in constitutively open conformation (Meng 

et al., 2000; Gonzalez-Agosti et al., 1999; Maeda et al., 1999; Scoles et al., 1998), 

and knockout mice expressing only isoform II showed normal development and 

maturation (Giovannini et al., 1999a). Merlin also forms an association within the 

amino terminus itself (N-term/N-term), which is necessary for the N-term/C-term 

association. As the actin-binding domain is located within the N-term/N-term self-

associating region an influence on the tumor suppressor function of merlin through 

the binding of actin has been suggested. 

Phosphorylation and phospholipid binding is known to weaken self-association of the 

ERM proteins, stimulating their ability to link transmembrane proteins and F-actin into 

dynamic actin structures such as microvilli, membrane ruffles, and uropods 

(Bretscher et al., 2000), and to form homo- and heterodimers with ERM family 

members (Sherman et al., 1997; Huang et al., 1998; Groenholm et al., 1999; 

Bretscher et al., 2000). Therefore there is clear evidence that the open conformation 

of ERM proteins represents the “active” state of the molecules. Yet, the case of 

merlin is less clear. In Drosophila, mutations in merlin that impair the head-to-tail 

folding, resulted in a constitutively active protein that was found to rescue a null 

merlin mutation (LaJeunesse et al., 2001). Thus, in Drosophila merlin is active when 

unfolded, just like the ERM proteins. However, studies on mammalian cells indicated 
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the opposite. It has been shown that merlin is phosphorylated at residue S518 by the 

p21-activated kinase PAK (Xiao et al., 2002; Kissil et al., 2002), a position distinct 

from those known to be important for activity of the other ERM proteins, e.g. T558 in 

moesin, which is activated by the small GTPase RhoA. Phosphorylation of T558 has 

been shown to inhibit the association of the N- and C-terminal domains of moesin in 

vitro, unmasking its F-actin and membrane protein binding potential (Matsui et al., 

1998; Simons et al., 1998; Huang et al., 1999). Nevertheless, the phosphorylation of 

S518 in human merlin was shown to impair intermolecular associations and growth 

inhibitory activity (Shaw et al., 1998b; Shaw et al., 2001), indicating that the 

hypophosphorylated, folded form of merlin in active. Further evidence was recently 

reported by Morrison and co-workers who detected an interaction of 

hypophosphorylated merlin with a specific domain of the cytoplasmic tail of CD44 

(Morrison et al., 2001). This interaction could only be detected at high densities, 

thereby inhibiting proliferation. High levels of a hypophosphorylated form of merlin 

were previously reported in a variety of cell lines to be associated with conditions of 

growth arrest by serum deprivation, increased cell density, and loss of adhesion 

(Shaw et al., 1998b). Interestingly, these are all condition under which Rho GTPase 

signaling is downregulated (Kjoller and Hall, 1999; Ren et al., 1999). Shaw et al. 

recently demonstrated that merlin is not only targeted but likely also a regulator of the 

Rac/Cdc42-pathway (Shaw et al., 2001), providing some idea for understanding how 

merlin functions as a tumor suppressor. 

1.8 Properties of cultured primary human schwannoma cells 

Analyzing primary cells isolated from human NF2 schwannomas, Rosenbaum et al. 

(Rosenbaum et al., 1998) found higher proliferation rates compared to primary 

normal Schwann cells, isolated from human normal nerve tissue. Furthermore, they 

showed a growth factor independent proliferation of human schwannoma cells. 

Another observation of this group was the altered morphology of schwannoma cells 

exhibiting high numbers of cell protrusions, like lamellipodia and filopodia 

(Rosenbaum et al., 1998; Pelton et al., 1998). Kamleiter et al. (Kamleiter et al., 1998) 

in addition proved an increased size of schwannoma cells gauged by cell capacity 

measurements (shown in cooperation with C. Rosenbaum). 
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1.9 Objective of the study 

Little is known on how the loss of functional merlin gives rise to tumor development. 

There are several publications describing the altered morphology (figure 4) like 

increased cell size, high numbers of lamellipodia and filopodia, and membrane ruffles 

of cultured NF2-/- cells (Rosenbaum et al., 1998; Pelton et al., 1998). Moreover, the 

reversion of this phenotype by re-introducing wild-type merlin into these cells is 

described.  

 

Figure 4:  Morphology of primary human Schwann (NF2+/+) and schwannoma 
  cells (NF2-/-). 

A Phase contrast pictures of typical Schwann and schwannoma cultures, 
taken through a 5* or 32* lens of a Zeiss Axiovert microscope. Bar 
indicates 20 µM. 

B Actin staining with AlexaFluor 488 (Molecular Probes) shown in green 
and nucleus counterstain in blue (DAPI). Pictures were taken through a 
*40 lens of a Zeiss Axiovert Fluorescence microscope. 
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 However, most of the work published so far on the loss of merlin was done in 

mouse embryonic fibroblasts (MEFs) or rat schwannoma cells, with gene defects 

differing from that found in schwannoma cells, and there is only very small data on 

human primary Schwann cells, which is the cell type to be analyzed as these are the 

most seriously affected cells in vivo. Therefore, in this thesis only primary human 

Schwann and schwannoma cells were used for the studies.  

The first aim of this thesis was to identify differentially expressed genes in human 

NF2 schwannoma cells, and, if possible, to functionally characterize these at the 

protein level. Accordingly, as a second major point of this thesis, normal Schwann 

cells and schwannoma cells should be characterized, in order to establish adequate 

read-out parameters to subsequently address questions on the effect of the loss of 

merlin. For this reason the adhesive characteristics, as well as the cytoskeleton, the 

migrational properties, and the basal apoptosis rates of normal primary human 

Schwann and schwannoma cells were examined in detail. Last but not least, a study 

on the effect of a potential therapeutic reagent, quinidine, was carried out during this 

thesis. Quinidine has earlier been shown to decrease proliferation rates of human 

NF2 schwannoma cells (Kamleiter et al., 1998; Rosenbaum et al., 2000). In the study 

presented here, it was examined whether quinidine is capable of impairing the 

proliferation of the highly malignant human malignant mesothelioma cells in relation 

to their NF2 status, thus linking the effect of quinidine directly to the NF2 gene status 

of cells.   
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2 Materials and Methods 

 

2.1 Human Schwann cell studies 

2.1.1 Preparation of primary human Schwann cell cultures 

Peripheral nerves were obtained from surgical patients not carrying any disease 

predisposing to a peripheral neuropathy. Schwannomas were kindly provided by NF2 

patients after informed consent and approval by the local ethic committee. Diagnosis 

of NF2 was based on clinical criteria defined by the NIH Consensus Conference on 

Neurofibromatoses (1994). Both, nerves and tumors were referred to our laboratory 

from the dermatology, neurosurgery, or casualties surgery departments of Ulm 

University hospitals, and from the surgery department of the Kreiskrankenhaus 

Heidenheim. 

Normal human Schwann cells and schwannoma cells were isolated as previously 

described (Kupfer, 1996; Hanemann et al., 1998; Rosenbaum et al., 1998). For 

isolation of normal Schwann cells the epineurium was stripped off and individual 

fascicles were removed from the remaining interfascicular epineurium. Fascicles 

were incubated in DMEM with 10% FCS and 500 U/ml penicillin/streptomycin in a 

humidified atmosphere with 10% CO2 for 14 days. Schwannomas were freed from 

surrounding tissue such as fat and blood vessels and incubated for 3-7 days under 

the same conditions as afore mentioned for the fascicles. Medium was replaced once 

a week. Subsequently tissue was cut to 1-mm-long pieces and digested by 160 U/ml 

collagenase and dispase (0.8% for fascicles and 1.25% for tumor tissue) in DMEM 

with 10% FCS containing 500 U/ml penicillin/streptomycin. The reaction was stopped 

after 18 hours for fascicles and 24 hours for tumor tissue by trituration with a 

narrowed Pasteur pipette, followed by collection of the cells, and resuspension in 

proliferation medium: DMEM, 10% FCS, 0.5 µM forskolin, 10 nM β1-heregulin177-244 

(Mark Sliwkowski, Genentech, San Francisco, California), 0.5 mM 3-isobutyl-1-

methylxanthine (IBMX, Sigma), 2.5 µg/ml insulin (Sigma). Cells were seeded into 6-

well plates, 12-well plates, or eight-well chamberslides (Nunc, Rochester, New York), 

coated with 1 mg/ml poly-L-lysine (Sigma) and 4 µg/ml natural mouse laminin 

(Gibco), at a density of 10000 cells/cm². This passage is referred to as the 0° 

passage. Proliferation medium was changed every 3-4 days and cells were passaged 
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when confluent or at the latest after 8 days in culture, as after this time the cells dig 

into the laminin and can no longer be collected.  

2.1.2 Total number of nerves and tumors, purity of Schwann cell 

cultures, and passage numbers 

For this study a total of 27 different tumors from 20 individuals affected by NF2 and 

21 different normal nerves were used. All RNA and protein preparations as well as all  

immunocytochemical analyses were performed using cells in the second to fifth 

passage, as then the number of contaminating fibroblasts is negligible (less than 2%) 

(Rosenbaum et al., 1998). Moreover, primary Schwann and schwannoma cells in 

higher passages show a decline in proliferation rates and an increasing number of 

normal Schwann cells exhibit an altered morphology from the sixth passage on 

(Kupfer, 1996; Rosenbaum et al., 1998). Thus, the Schwann and schwannoma cells 

examined in this thesis differed only in their NF2 status, but were not transformed 

during culturing, i.e. they did not have time to acquire additional mutation due to in 

vitro conditions. The number of fibroblasts was routinely checked by S100 

immunocytochemistry, which is a specific marker for Schwann cells in these cultures 

(Johnson et al., 1988). 

2.1.3 RNA Preparation  

Total RNA isolation was performed as previously described (Chomczynski and 

Sacchi, 1987) except homogenization by application on Qiashredder (QIAGEN, 

Hilden, Germany). The RNA preparation was followed by treatment with DNase I, 

and RNA integrity was checked on an agarose gel. 

2.1.4 Expression analysis by cDNA array 

For cDNA array (Human 1.2 Atlas Array, Clontech, Heidelberg, Germany) 

experiments, probe synthesis was performed using the Clontech Probe Synthesis Kit 

according to the manufacturer’s protocol except that the MMLV reverse transcriptase 

was replaced by Superscript (Invitrogen, Karlsruhe, Germany). 7 µg of total RNA 

were used for each experiment. [³²P]dATP labeling of the cDNA synthesized was 

measured using a beta counter following the purification by ChromaSpin columns 

(Clontech). In order to block unspecific binding reactions, array filters were first 

incubated with Salmon testes DNA for 30 minutes at 68°C and 7 rpm. Following this 

pre-incubation, the labeled probe was applied and incubated overnight at 68°C, 7 
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rpm. Then filters were washed extensively in order to remove all unbound 

radioactive-labeled probe. Hybridized filters were exposed on a phosphor intensifying 

screen (Molecular Dynamics, Freiburg, Germany) and scanned at three time points 

(day 1, 3, and 8). Data were analyzed by ImageQuant software (Amersham, 

Freiburg, Germany), using a grid individually suited to the hybridized filter membrane 

and subtraction of the local background. Array signals were normalized (i) against the 

house keeping genes dotted on the membrane and (ii) against the total hybridization 

signal. For significance a doubling of the signal intensity was requested. The 

experiment was done twice, using RNA of different normal Schwann and 

schwannoma cells. Thus, 16 data sets were provided for expression analysis.  

2.1.5 Quantitative RT-PCR 

1 µg total RNA was used for cDNA synthesis using the 1st Strand cDNA Synthesis Kit 

for RT-PCR (Roche, Mannheim, Germany). To examine cDNA synthesis efficiency, a 

PCR of a house keeping gene (histone H2Az) was performed. For LightCycler 

reactions the LightCycler Fast Start DNA Master SYBR Green I Kit (Roche) was used 

according to the manufacturer’s protocol. 4 mM MgCl2 and 0.15 µM primer was used. 

For normalization a house keeping gene (huHPRT) was run with every reaction. 

The integrin primers (TIB molbiol, Berlin, Germany) used were the following:  

α6-sense  5´-CAGTTGAGTTGTGTTGCCAA-3´ 

α6-antisense  5´-GAAGGTTTAGCAACTCCCG-3´ 

β1-sense  5´-GTGGTTGCTGGAATTGTTCTTA-3´ 

β1-antisense  5´-AGTGTTGTGGGATTTGCAC-3´ 

β4-sense  5´-ATAGAGTCCCAGGATGGAGGA-3´ 

β4-antisense  5´-GTGGTGGAGATGCTGCTGTA-3´ 

 

The LightCycler program was the following: 95°C, 10 min; 95°C, 10 sec; 55°C, 8 sec 

and 72°C, 14 sec for 45 cycles. Melting curves were examined for product control 

and crossing points were used for expression analysis. Experiments were repeated 4 

times independently, using different pairs of RNA from normal Schwann and 

schwannoma cells. 
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2.1.6 Western blotting 

2.1.6.1 Protein lysis 

On average 200.000 – 400.000 cells were available per protein preparation, using 

100 µl lysis buffer per 400.000 cells. The composition of the denaturing lysis buffer 

was the following: 1% TritonX-100; 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM 

MgCl2, 2 mM EDTA, 10% Glycerol, 0.1% SDS, 1% Sodium deoxycholate, 1:500 

small peptide inhibitor mix (Sigma), 1:100 100 mM PMSF stock in 100% ethanol. The 

ice-cold lysis buffer and the cell pellet were mixed and incubated on ice for 30 

minutes on a shaking platform. After a centrifugation step, the supernatant was 

aliquoted, and either stored at –80°C, or immediately used for western blot analysis. 

2.1.6.2 Determination of protein concentration 

Protein concentrations were determined using a detergent compatible protein assay 

(Biorad, Munich, Germany), equivalent to the Lowry protein assay, according to 

manufacturer’s protocol. Double measurements for each probe and each of the 

protein standards (made up with bovine serum albumin (BSA) in the same lysis buffer 

to concentrations ranging from 0.05-5 mg/ml) were performed. Absorbance was 

measured on an ELISA plate reader (SLT Tecan, Maennedorf, Switzerland) at 650 

nm, and a standard curve of the BSA values was used to evaluate the protein 

concentration of the lysates in mg/ml.  

2.1.6.3 Coomassie gel stain 

Because proteins normally used to ensure equivalent loading of protein, as actin or 

GAPDH, were found to be regulated in schwannoma cells, we used other methods to 

ensure equal loading of protein. An 8% polyacrylamid gel was loaded with 4, 5, and 6 

µg of Schwann cell and schwannoma protein, calculated on the results of the protein 

assay. The gel was stained with Bio-Coomassie blue (Biorad, Germany) following the 

manufacturer’s protocol. By comparing the densities of the lanes with the Gel-Pro 

Analyzer software, the most equal pair was chosen, and used at the same day for 

western blotting analyses. 

 



MATERIALS AND METHODS 

18 

2.1.6.4 Separation of proteins by SDS-PAGE 

Proteins were separated by SDS-PAGE on 8% polyacrylamid gels, capable of 

separating proteins with molecular weights ranging from 40 to 200 kDa; the stacking 

gels were 4% polyacrylamid. 

The protein lysate was mixed with a denaturing non-reducing sample-buffer 

(4*sample buffer: 200 mM Tris-HCl pH 6.8, 8% SDS, 40% Glycerol, 0.1% 

bromophenol blue), boiled for 5 minutes, then cooled for 5 minutes on ice, and spun 

down before loading. 5 µg total protein lysate of Schwann and schwannoma cells, 

grouped by coomassie gel analysis, were loaded per well. A pre-stained protein 

marker (Biorad precision protein marker) was run on each gel. The SDS-PAGE 

running buffer was composed as follows: 25 mM Tris, 19.2 mM glycine, 0.1% SDS, 

and gels were run at 100 mV, 45 mA at room temperature, until the loading front run 

off the gel. 

2.1.6.5 Wet protein transfer 

The gels were pre-incubated for 15 minutes in transfer buffer (25 mM Tris, 1.92 M 

glycine, 20% methanol), and transfer was done overnight at 4°C, 85 mV and 175 mA.  

2.1.6.6 Detection of proteins by ECL  

Membranes were blocked in TBS with 0.1% Tween20 (TTBS), containing 2% BSA 

(Serva, Heidelberg, Germany) and 5% dried skimmed milk (Fluka, Taufkirchen, 

Germany) for 1 hour at room temperature, followed by incubation with primary 

antibodies against either anti-α2 integrin (1:200, Upstate, Lake Placid, NY), anti-α6 

integrin (1:100), anti-β1 integrin (1:200), anti-β4 integrin (1:500), or anti-NF2 (A19 

and C18, 1:250 and 1:500) (all Santa Cruz) diluted in blocking solution, overnight at 

4°C on a shaking platform (for integrin α2 and the N-terminal antibody to NF2) or for 

2 hours at room temperature. Then membranes were washed 3 times in blocking 

solution, and incubated with the relevant secondary antibody marked with 

horseradish peroxidase (HRP) diluted in blocking solution for 1 hour at room 

temperature (rabbit anti-goat-HRP 1:2500; goat anti-rabbit-HRP 1:5000; goat anti-

mouse-HRP 1:3000, Biorad, Munich, Germany). Again, membranes were washed 

three times for 5 minutes in TTBS, followed by a final washing step in TBS for 10 

minutes. All washing steps were done at room temperature on a shaking platform. 

Membranes were incubated with ECL reagents (AmershamPharmaciaBiotech, 

Freiburg, Germany) for 1 minute according to the manufacturer’s protocol, and then 
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exposed to light sensitive films (ECL compatible film, AmershamPharmaciaBiotech) 

for different times in order to observe optimal results. 

2.1.6.7 Colloidal gold staining 

After exposure, membranes were washed and stained with Colloidal Gold Total 

Protein staining (Biorad) according to the manufacturer’s protocol. Densities of the 

lanes loaded with total protein lysates of either Schwann or schwannoma cells were 

compared, thus ascertaining equivalent transfer of the proteins onto the membrane, 

in addition to the loading control by Coomassie staining described above. 

2.1.6.8 Optical density measurements and statistical analysis 

Each western blot was scanned, background levels were corrected, and optical 

density measurements were performed using the Gel-Pro Analyzer 4.0 software 

(Media Cybernetics, Silver Spring, MD). The intensity of the lane showing normal 

Schwann cells protein was set to 100%, so as to permit comparison between blots. 

Paired T-tests were performed for statistical analysis, and p-values of 0.05 and 

smaller were regarded as significant.  

In total cells of four normal Schwann cell cultures and five schwannoma cell cultures 

were used for protein preparation and subsequent western analysis.  

2.1.7 Fluorescence assisted cell sorting (FACS) analysis  

Cells were resuspended in ice-cold FACS-PBS (PBS/ 1% BSA/ 0.1% sodium azide) 

to a concentration of 7*105 cells/ml, and kept on ice. 10 µl of anti-integrin (α6 (c= 

0.025 µg/µl), β1 (c= 0.2 µg/µl), β4 (c= 0.025 µg/µl) antibodies (Becton-Dickinson) 

diluted in 20 µl of FACS-PBS were added to each sample, and incubated in the dark 

at 4°C for 30 minutes. Control probes for auto-fluorescence, and propidium iodide 

staining were analyzed. Data was acquired on a FACS scan (FacsCalibur, Becton-

Dickinson), further analyzed with Cellquest (Becton Dickinson). Dead cells were 

excluded from the results. For statistical analysis, the fluorescence values on a 

logarithmic scale, were converted into a linear scale with 256 channels:  

64* log10 (peak fluorescence value) = linear peak channel number 

This experiment was repeated 4 times, using different pairs of cultured normal 

Schwann and schwannoma cells. 
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2.1.8 Immunocytochemistry 

All cells used for immunocytochemical analyses were cultured on chamberslides 

(Nunc) for at least 48 hours before staining was performed. Each time the grade of 

confluency was accurately checked, distinguishing between sub-confluent and 

confluent cultures.  

2.1.8.1 S100 immunocytochemistry  

Cells were fixed in 4% PFA for 5 minutes, followed by permeabilization with 0.03% 

TritonX-100/PFA for 10 minutes at room temperature. Unspecific binding sites were 

blocked with 10% serum, and endogenous peroxidases were inactivated. Cells were 

incubated overnight with primary antibody to S100 (DAKO) diluted 1:80.000 in 2% 

serum. The next day a goat anti-rabbit biotinylated antibody was added 1:200 in TBS, 

and incubated for 1 hour at room temperature. To ensure specifity of the reaction, the 

first antibody was omitted once in each experiment. Detection was performed with 

the ABC/DAB method (ABC Vector Elite kit, and diaminobenzidine (DAB) tablets 

(Sigma)) according to the manufacturer’s instructions. The slides were 

counterstained with haematoxilin, and coverslipped. On average 500 cells were 

counted per preparation and the percentage of unstained fibroblast was calculated. 

S100 stains were performed for every normal Schwann cell and schwannoma cell 

culture, usually in the first passage. If the number of contaminating fibroblasts was 

detected to be more than 2-5%, an additional S100 staining was carried out in the 2nd 

or 3rd passage. Only cultures containing 2 or less percent fibroblasts were used for 

experiments.  

2.1.8.2 Immunocytochemistry of unfixed cells– fluorescence labeling 

Cells were washed with PBS and blocked in 2 mg/ml BSA/PBS for 10 minutes at 

room temperature. Incubation with the first antibody (goat anti-α6, rabbit anti-β1, and 

rabbit anti-β4, all 1:100 in BSA/PBS, Santa Cruz, Heidelberg, Germany) was carried 

out for 30 min at 4°C, followed by three washing steps with BSA/PBS and fixation in 

4% PFA. Secondary antibodies (RAG-Cy3 1:600, GAR-Cy3 1:800, GAR-Cy2 1:600, 

Dianova, Hamburg, Germany) were added for 40 minutes at room temperature, 

followed by counterstaining with DAPI (Sigma, Taufkirchen, Germany). Cells were 

coverslipped using VectaShield mounting medium (Vector Laboratories, Burlingame, 

CA) and stored in the dark at 4°C. As control the first antibody was omitted once in 

every experiment. Analysis of the cells was carried out on a Biorad confocal laser 
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microscope using an argon-krypton laser (Biorad MRC 1024, Biorad, Munich, 

Germany) with Biorad Acquisition software. 

2.1.8.3 Staining of the cytoskeleton – fluorescence labeling 

Cells were fixed in prewarmed 4% PFA for 20 minutes, followed by three washing 

steps with PBS. In the case of the actin cytoskeleton, cells were incubated with Alexa 

Fluor 488-Phalloidin (Molecular Probes, Leiden, Netherlands) diluted 1:100 in PBS 

for 40 minutes at room temperature, washed several times with PBS and ddH2O and 

coverslipped. For the staining of the components of the intermediate filaments and 

the microtubule network, cells were permeabilized using 0.1% TritonX-100, and 

blocked with 10% serum. Antibodies to GFAP and α-tubulin (1:500 in 2% 

serum/PBS) were incubated overnight at 4°C. Cy3-labeled secondary antibodies 

(Dianova) were diluted 1:800 in PBS and incubation was performed for 40 minutes 

shaded from light at room temperature. In parallel the Cy3-labeling of GFAP or α-

Tubulin was accompanied by actin staining. For staining of the actin cytoskeleton, 

Alexa Fluor Phalloidin 488 (Molecular Probes), was diluted 1:100 in PBS, and 

incubated for 40 minutes at room temperature. All cytoskeletal staining slides were 

counterstained with DAPI (Sigma). Analysis was carried out on a Zeiss Axiovert 

Fluorescence Microscope using AxioVision software (Zeiss), and in parallel on a 

Leica DMRE confocal laser microscope using an argon-krypton laser (Leica TCS-SP) 

with Leica TCS NT software. Pictures were taken through a *40 oil lens, using 

monochromatic extinction for each fluorochrome in order to avoid “shine-through” 

effects. 

2.1.9 Immunohistochemistry 

Normal nerve sections were kindly provided by AAWM Gabreels-Festen (Nijmegen), 

frozen schwannoma material by Laura Papi (Florence). The latter were cut to 12 µm 

thick sections on a Leica cryotome, dried on poly-L-lysine slides and stored at –80°C. 

Defrosted tissue sections were fixed in acetone and immunostained for integrin α6 

(1:200), integrin β1 (1:500), and integrin β4 (1:2000) (all SantaCruz) with standard 

immunohistochemical methods, using avidin-biotin complex reagents (Vector 

Laboratories), 3,3´-diaminobenzidine chromagen and haematoxilin counterstain. 

Secondary antibodies (GAR biotin, RAG biotin (Vector)) were diluted 1:200 in PBS. 

Two normal nerves and two schwannomas all from different patients were used for 
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staining of each integrin chain, and experiments were repeated 2-3 times. Staining 

was analyzed using an Axioscope plus 2 fluorescence microscope (Zeiss).  

2.1.10 Adhesion assay 

2000 cells were seeded in a defined volume on small areas of pre-coated plastic 

Petri dishes for 3 hours in a humidified atmosphere with 10% CO2 (Milner et al., 

1997). The adhesion assay was stopped by washing off loosely attached cells. The 

attached cells were then fixed with 4% PFA/PBS and adhesion was quantified by 

counting all attached cells under phase microscopy (500-1200 cells per experiment, 

n=4-5).  

First, basal adhesion of normal Schwann cells and schwannoma cells were 

compared (n=5). Secondly, adhesion of normal Schwann and schwannoma cells was 

examined in presence of antibodies to integrin β1, integrin β4 (Santa Cruz, 

Burlingame, CA), or P0  (kind gift from J. Achelos, Graz) (all 1 µg/ml). For these 

blocking experiments antibodies were added to the medium used to seed the cells 

(n=5-6). For internal control, all blocking experiments were accompanied by parallel 

experiments omitting the antibody. Results were expressed as a percentage of the 

number of normal Schwann cells left adhering to the PLL/lam substrate.  

2.1.11 Analysis of migrational properties 

Primary human Schwann and schwannoma cells were seeded on 12-well plates, pre-

coated with PLL and laminin at a density of 10.000 cells/cm². 24 hours after plating 

either (i) a scratch was placed in the middle of the culture or (ii) one half of the well 

was scratched off by use of a cell scrabber (Sarstedt, Nuembrecht, Germany). 

Cultures were further incubated at 37°C and 10% CO2 and medium was changed at 

day two after plating, and again at day five. Pictures were taken with a phase contrast 

microscope (Zeiss) at time point zero (time of scratch) and then every 24 hours. Cell 

cultures were observed until confluency was reached, but only day 0 to 8 were used 

for the analysis of the migrational properties, as the cells dig into the laminin coating 

from day 9 on and these conditions can no longer be compared adequately. 

Experiments were done three times independently, using different cultures of normal 

Schwann and schwannoma cells. 
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2.1.12 Analysis of basal apoptosis rates 

Schwann and schwannoma cells were cultured on 2-well chamberslides (4 cm², 

Fisher Scientific, Nidderau, Germany) for 4 days. For TUNEL analysis (Roche, 

Mannheim, Germany) cells were fixed by incubation in 4% PFA for 20 minutes, 

followed by permeabilization with 0.1% Triton-X 100 in 0.1% sodium citrate. Cells 

were incubated with TUNEL reaction mixture for 60 minutes at 37°C, resulting in 

fluorescein-labeled DNA strand breaks. At this stage slides were analyzed under a 

fluorescence microscope. The signal conversion was done by incubating the cells 

with Converter-POD for 30 minutes at 37°C and detection with DAB. For negative 

control TUNEL reaction mixture was omitted once in every experiment. DNase I 

treatment (1 mg/ml, 10 minutes at room temperature) was used to induce DNA strand 

breaks and therefore served as positive control. 

As the TUNEL method alone is not reliable to distinguish between apoptotic and 

necrotic cells, the activation of caspases was analyzed. A CaspACE FITC-VAD-FMK 

(valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone) in situ marker (Promega, 

Mannheim, Germany) was added to the cell cultures for 20 minutes, which were then 

washed once with PBS and fixed by PFA. DAPI (Sigma) staining of the nuclei was 

performed, followed by washing steps and coverslipping with VectaShield (Vector).  

Both apoptosis staining methods were analyzed on a Zeiss Axiovert Fluorescence 

Microscope using AxioVision software (Zeiss). At least five sight-fields of on average 

500 cells were counted per experiment, and the number of apoptotic cells was 

determined referring to the total number of cells.  

Experiments were done four times independently both for TUNEL as well as 

CaspACE, using different cultures of normal Schwann and schwannoma cells.Paired 

t-test were performed for statistical analysis. 
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2.2 Studies on human malignant mesothelioma cell lines with 

defined NF2 status 

2.2.1 Human malignant mesothelioma (HMM) cell lines and cell culture 

conditions 

The characteristics of the HMM cell lines BAR, BLA, HIB, and TRA were previously 

reported by Deguen et al. (Deguen et al., 1998) (table 3). The cell lines BAR and 

TRA express the merlin transcript only at a very low level and there is no merlin 

detectable in the cells, whereas HIB and BLA express merlin at normal levels. The 

culture methods used were based on Zeng et al. (Zeng et al., 1994). The growth 

medium consisted of RPMI 1640 (Gibco, Karlsruhe, Germany) supplemented with 

10% FCS (PAA, Coelbe, Germany), 2 mmol/L glutamine, 50 U/ml penicillin, and 50 

µg/ml streptomycin (all Gibco). Cells were seeded at a concentration of 10.000 

cells/cm² and maintained in a humidified atmosphere of 5% CO2 at 37°C. 

Proliferation medium was changed twice a week, and cells were subcultured when 

confluent by detaching them with a trypsin/ EDTA mixture (Gibco). 

2.2.2 Western blot analyses 

Protein was prepared from subconfluent cells using a boiling denaturating lysis buffer 

(20 mM Tris pH 7,4; 2% SDS) and concentrations were determined with a detergent 

compatible protein assay (Biorad, Munich, Germany) according to the manufacturer’s 

protocol. Proteins were separated by SDS-PAGE and blotted as described above 

(2.1.6, page 17). Primary antibodies to NF2 (C18; 1:250 and A19; 1:500; both Santa 

Cruz, Burlingame, CA), diluted in blocking solution, for 2 hours at room temperature. 

Membranes were incubated with the goat anti-rabbit-HRP secondary antibody 

(1:5000, Biorad). The experiment was repeated three times independently, using 

protein prepared of different passages.  
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Table 3: Characteristics of human malignant mesothelioma cell lines. 

 +/− very low expression of NF2 transcript, +++ normal expression of NF2 transcript,
 ∆ deletion, IF in-frame; from Deguen et al. 1998 (modified)    

 
 

Cell line NF2 
alleles 

NF2 
transcript Codon change Mutation 

 
Protein 

 

TRA 1 +/− CGA àTGA 
(262) 

Nonsense 
(ex 8)  

BAR 1 +/−  ∆ex 2—4 (IF)  

BLA 2 +++   + 

HIB 2 +++   + 

 
 

2.2.3 Electrophysiological studies  

The electrophysiological experiments were planned in cooperation with PD Dr. 

Holger Lerche, Department of Applied Physiology, University of Ulm, and carried out 

by Dr. Alexi Alekov, Department of Applied Physiology, University of Ulm. 

Currents from all four HMM cell lines were recorded using the whole cell 

configuration of the patch-clamp technique at day 4 to 7 after splitting. The standard 

intracellular solution contained (in mM): 150 KCl, 10 EGTA, 1 CaCl2 , 5 MgCl2, 40 

HEPES, pH 7.0. The standard extracellular solution contained (in mM): 170 NaCl, 3 

KCl, 2.5 CaCl2, 1.2 MgCl2, 10 HEPES, pH 7.25. Patch-clamp pipettes were pulled 

from borosilicate capillary glass (0.75 mm ID, 1.5 mm OD Science Products GmbH, 

Hofheim, Germany) on a two stage universal puller (Zeitz Instruments, Augsburg, 

Germany). The pipettes were heat polished and had final resistances between 0.8 

and 1.6 MOhm.  

Currents were recorded at room temperature (21-22°C) using an EPC 7 amplifier 

(List Medical Electronics, Darmstadt, Germany), pCLAMP 6 software and a Digidata 

1200 A-D converter (Axon Instruments, Union City, CA). Cells were held at -80 mV 

and depolarized to potentials between -80 and +120 mV in 10-mV steps. Data were 

filtered at 0.5 kHz and digitized at a sampling rate of 1 kHz. Leakage and capacitative 

currents were subtracted using a –P/4 protocol. The amplitude of quinidine-sensitive 
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K+ currents ranged from 0.3 to 2 nA for all four cell lines. The final voltage error due 

to series resistance for the quinidine-sensitive current was always smaller than 3 mV 

(series resistance compensation up to 70%). Quinidine (Sigma, Munich, Germany) 

was added to the extracellular solution at a concentration of 25 µM. Data analysis 

was performed using pCLAMP 6, EXCEL 97 (Microsoft Corp., Redmond, WA) and 

Origin (MicroCal, Northampton, MA) software. For statistic evaluation, Student’s T-

test was applied. 

2.2.4 Proliferation Assays 

Proliferation of cells was measured by visualizing the incorporation of BrdU (5-bromo-

2´-deoxy-uridine, Roche) using either immunostaining or fluorescence assisted cell 

sorting (FACS) analysis.  

2.2.5 Immunostaining analysis 

Cells were kept in proliferation medium containing different concentrations of 

quinidine (Sigma) for four days. As the quinidine stock solution was dissolved in 

DMSO, a DMSO dilution was used as control. Medium was changed every second 

day. 8.5 hours after addition of 10 µM BrdU cells were fixed for immunocytochemical 

detection of BrdU as previously described (Hanemann et al., 1998). The first antibody 

(anti-BrdU, Roche) as well as the secondary antibody (rabbit anti goat biotinylated, 

Vector Laboratories) was diluted 1:200 in TBS containing 2% serum. For every cell 

line 4 independent experiments were performed and for every quinidine 

concentration at least three sight-fields of about 500 cells were counted. For statistic 

evaluation Student’s T-test was applied. 

2.2.6 Cell cycle analysis 

Supplementary cell cycle analysis was done for two of the HMM cell lines (HIB and 

TRA). Cells were cultured on T25 cm2 flasks in the presence of different 

concentrations of quinidine for 4 days. BrdU was added for 8.5 hours, followed by 

trypsinization and centrifugation of the cells. Cells were washed twice in 1% 

BSA/PBS and fixed with 70% ethanol on ice. DNA was denatured by 2N HCl/TritonX-

100 at room temperature for 30 minutes, sodium tetraborate was then added to 

neutralize the pH. After centrifugation cells were resuspended in 1% BSA/0.5% 

Tween20/PBS and cell concentration was adjusted to 1 x 106 cells per test. 20 µl of a 

FITC-labeled antibody to BrdU (Becton Dickinson, Heidelberg, Germany) were added 
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per 106 cells for immunofluorescence staining and incubated for 30 minutes at room 

temperature. Cells were washed once with BSA/Tween 20/PBS and collected by 

centrifugation at 500 x g for 5 minutes, followed by resuspension in 1 ml PBS 

containing 5 µg/ml propidium iodide (PI, Serva, Heidelberg, Germany). An unstained 

probe was used to determine autofluorescence. Data was acquired on a FACS scan 

(FacsCalibur-Becton Dickinson), linked to an Apple Macintosh computer with 

Cellquest software (Becton Dickinson). The data was further analyzed with Cellquest, 

and dead cells excluded from the results by PI-based gating. Laser excitation was at 

488 nm. The experiment was done 3 times independently. For statistic evaluation 

Student’s T-test was applied. 

2.2.7 Test of cytotoxicity 

Cytotoxicity of quinidine was determined by use of a MTS test (Promega, Mannheim, 

Germany) according to the manufacturer’s protocol. MTS (3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) is bioreduced into 

formazan by metabolically active cells only. Cells were seeded in 96-well plates at a 

density of 104 cells/cm2 and incubated for 4 days in proliferation medium containing 

different concentrations of quinidine or just DMSO as a control. Medium was changed 

every second day. The MTS (Owen´s reagent) and PMS (phenazine methosulfate) 

solutions were mixed immediately before being added to the cells. 20 µl MTS/PMS 

were pipetted into each well containing 100 µl medium. Plates were incubated for 4 

hrs before the absorbency of formazan was recorded at 492 nm using an ELISA plate 

reader (Tecan, Maennedorf, Switzerland). For each cell line, 4 independent MTS-

tests were carried out.  

2.2.8 Sequence analysis of CYP2D6 

For sequence analysis of the CYP2D6 locus DNA from all four HMM cell lines was 

isolated and the exons were amplified using different sets of primer pairs and 

Platinum Pfx DNA Polymerase (Invitrogen, Karlsruhe, Germany). For isolation of 

DNA the QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) was used according to 

the manufacturer’s protocol.  

The primer sequences used were: 
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exon1  sense  5´-GCAAAGGCCATCATCAGC-3´ 

 antisense  5´-AAACGGCACTCAGGACTAACTCAT-3´ 

exon2  sense  5´-CCGGGGGTCGTCCAAGGTTCAAAT-3´  

 antisense  5´-GCCCCGCCCACTCGTCACA-3´ 

exon3 sense  5´-TCAGGGTGGGCAGAGACGAG-3´  

 antisense  5´-CTGGGGGTGGGAGATCGGGTAA-3´ 

exon4  sense  5´-TGCCGCCTTCGCCAACCACT-3´ 

 antisense  5´-CTCCTCCAGGCCCTTCTTACA-3´ 

exon5  sense  5´-AACGCAGAGCACAGGAGGGATTGA-3´  

 antisense  5´-CTGAGCAGGGCCGAGAGCATACT-3´ 

exon6+7 sense  5´-ACCCCGTTCTGTCCCGAGTA-3´ 

  antisense  5´-CAGTGTGGTGGCATTGGG-3´ 

exon8+9  sense  5´-CCTGCTGTGGGGTCGGAGAG-3´  

 antisense  5´-CAGGCGGTGGGGTAAGC-3´ 

 

PCR products were purified using the QIAquick PCR purification kit (QIAGEN) and 

concentration was measured on a 1.5% agarose gel with a DNA mass ladder 

(Invitrogen) and analyzed with ImageQuant software. 

Cycle sequencing reactions were performed with the ThermoSequenase II dye 

terminator cycle sequencing kit (AmershamPharmaciaBiotech, Freiburg, Germany), 

using 0.1-1 µg template. Primer concentration used was 5 µM, cycling program was 

the following: 96°C, 30 sec; 50°C, 15 sec; 60°C, 1 min for 30 cycles. Reactions were 

cleaned up by sodium acetate/EDTA buffer and precipitation with ethanol. Pellet was 

washed once with ethanol, air-dried and dissolved in formamide loading dye (70% 

formamide, 1 mM EDTA). 2 µl of each sample were loaded onto a 5% polyacrylamid 

gel and run on an ABI377 (Perkin-Elmer, Foster City, CA) for 8.5 hours at 2500 V. 

For data acquisition the „ABI Prism Collection Software“ (version 1.1) and for data 

analysis the „Sequence Analysis Software“ was used (both Perkin-Elmer). 

Experiments were repeated three times independently.  
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3 Results 

 

3.1 Characterization of primary human Schwann cells and 

identification of differentially regulated genes and proteins 

 

At the beginning of this thesis stood the knowledge of the altered morphology (figure 

4, page 12) of primary human NF2 schwannoma cells (Rosenbaum et al., 1998; 

Pelton et al., 1998), and only little data was available on what these are based on.  

So, the aim of this study was (i) to get some idea of the underlying mechanism 

of schwannoma development, differentially expressed genes of primary human NF2 

schwannoma cells should be identified and further characterized, and (ii), to gain 

more cell biological data on primary human Schwann and schwannoma cells, i.e. 

more details on the cytoskeletal rearrangements, on adhesion, migrational properties 

and apoptosis rates.  

3.1.1 Adhesion of NF2 schwannoma cells is increased. 

The in vitro (Rosenbaum et al., 1998; Pelton et al., 1998) and in vivo (Giovannini et 

al., 1999; Erlandson and Woodruff, 1982; Dickersin, 1987) data on the altered 

morphology of human NF2 schwannoma cells lead to the hypothesis that the 

adhesive characteristics of schwannoma cells must be different from that of normal 

Schwann cells. To test this hypothesis, a comparative adhesion assay with normal 

Schwann cells and NF2 schwannoma cells has been performed, using plates coated 

with either poly-L-lysine (PLL) or poly-L-lysine/laminin (PLL/lam). The number of 

Schwann cells (normal and tumoral) adhering to PLL coated dishes was found to be 

much lower (only 30%, data not shown) than that attached to PLL/lam as expected 

since laminin is part of the extracellular matrix in vivo, whereas PLL is not. 

Comparing the normal Schwann cells and NF2 schwannoma cells seeded on 

PLL/lam coated dishes, a difference in their adhesive characteristics could be 

detected. NF2 schwannoma cells already started to spread out once incubation was 

stopped after 3 hours while normal Schwann cells were still rounded, and more than 

twice as many schwannoma cells adhered to the substrate (figure 5). Therefore it can 

be concluded that adhesion of schwannoma cells is increased on laminin in vitro. 

Furthermore the extensive lamellipodia and filopodia formation of schwannoma cells 
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on PLL/laminin coated dishes could not be found when schwannoma cells were 

seeded on PLL only (data not shown). 

 

Figure 5: Adhesive characteristics of normal Schwann cells (NF2+/+) and 
schwannoma cells (NF2-/-).    

 The number of adherent normal Schwann cells after 3 hrs of incubation was 
set to 100%, and the adhesion of schwannoma cells was referred to that. Bars 
represent data from four independent experiments, using different Schwann 
and schwannoma cell cultures. For schwannoma cells the SEM, and statistical 
significance is indicated.  
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3.1.2 Identification of differentially expressed cDNAs in schwannoma 

cells 

 

The screening for differentially expressed genes by use of an Atlas Array (Human 

1.2, Clontech) revealed 65 differentially expressed cDNAs (table 4). Among these 

were adhesion molecules, members of signal cascades, transcription and growth 

factors. 

As array analyses are known to be only semi-quantitive, the data of these 

experiments needed further verification by quantitative RT-PCR on a LightCycler 

machine. For LightCycler experiments, first those genes found to be most 

significantly regulated in array experiments were chosen. Beside those, also the most 

interesting genes, in that they were either described in NF2 or fitted into our working 

hypothesis, were selected.  

Up to present only parts of the LightCycler experiments could have been performed 

(indicated in table 4), verifying beneath others the integrin chains α6, β1, and β4, the 

nerve affinity growth factor receptor (p75), α-catenin, and the transcription factor 

GATA2. Some other target genes could not be verified by quantitative RT-PCR, 

including the small GTPase Rac1 and the c-jun N-terminal kinase 2 (JNK2), and the 

transcription factor PEP1. The expression of the other genes remains to be 

elucidated in more detail.  
 



 

  

Table 4:  cDNAs found to be regulated in primary human schwannoma cells by cDNA array analysis. 

   Relative expression of schwannoma cells is indicated by “upregulated “ or “downregulated” referring to the expression   
  of normal Schwann cells. Results of the LightCycler experiments are presented on the right hand side, “verified”   
  confirmation of array data, “not regulated” no differential expression detected by LC 

Coordinate 
(Atlas Array 
Human 1.2) 

Gene name 
Expression in 
schwannoma 

cells 

LightCycler 
data 

A11d v-erbA related protein (EAR3) upregulated  
A12d ETS oncogene (PEP1) upregulated not regulated 
A01f vascular endothelial growth factor receptor 1 (VEGFR1) downregulated  
A13f CBL-B downregulated  
A11g matrix metalloproteinase 11 (MMP11); stromelysin 3 downregulated  
A03h G1/S-specific cyclin D1 (CCND1;)bcl-1 oncogene upregulated  
A04h G1/S-specific cyclin D2 (CCND2) upregulated  
A04k cyclin-dependent kinase 4 inhibitor upregulated  
A07k cyclin-dependent kinase inhibitor 1 (CDKN1A) upregulated  
A09k ubiquitin-conjugating enzyme E2 H10 upregulated  
A03l Prothymosin alpha  (ProT-alpha; PTMA) upregulated  

A08m brain glucose transporter 3 (GTR3) upregulated  
B10a sodium- & chloride-dependent taurine transporter upregulated  
B04f tyrosine kinase receptor tie-1 precursor downregulated  
B12h dual specificity mitogen-activated protein kinase kinase 3 (MAP2K3) downregulated  
B05j c-jun N-terminal kinase 2 (JNK2) downregulated not regulated 
B04k protein kinase MLK-3; sprk downregulated  
B05k tyrosine kinase tnk1 upregulated  
B13m p21-rac1 upregulated not regulated 
C07c Recoverin; cancer-associated retinopathy protein (CAR protein) downregulated  
C14f retinoic acid receptor epsilon (RAR-epsilon) upregulated  
C03g CD27L antigen receptor precursor; T-cell activation CD27 antigen upregulated  
C03n Xeroderma pigmentosum group B complementing protein downregulated  
C08n Xeroderma pigmentosum group C repair complementing protein p58/HHR23B upregulated  
D09f acyl-CoA-binding protein (ACBP) upregulated  
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C09g Adenosine A1 receptor (ADORA1) upregulated  
D07l Glucocorticoid receptor repression factor 1 upregulated  

D08m Endothelial transcription factor GATA2 upregulated verified 
D02n 60S ribosomal protein L6 (RPL6) upregulated  
E04b nuclease-sensitive element DNA-binding protein (NSEP) upregulated  
E10d 26S protease regulatory subunit 6A; proteasome subunit p50 upregulated  
E02e cAMP-dependent transcription factor ATF-4 downregulated  
E05e putative transcription activator DB1 upregulated  
E03f DNA-binding protein A upregulated  
E08f high mobility group protein (HMG-I) downregulated  
E13g alpha1 catenin (CTNNA1) upregulated verified 
E08h CD44 antigen hematopoietic form precursor (CD44H) upregulated  
E09i integrin beta 1 (ITGB1) upregulated verified 
E10i integrin alpha 6 precursor (ITGA6) upregulated verified 
E11i integrin beta 4 (ITGB4); CD104 antigen upregulated verified 
E04j B-lymphocyte CD19 antigen precursor upregulated  
E10k Corticotropin releasing factor receptor 1 precursor (CRF-R; CRF1) upregulated  
F05b 27-kDa heat-shock protein (HSP27) upregulated  
F01c MPV17 protein upregulated  
F12e Monocyte chemotactic protein 1 precursor (MCP1) upregulated  
F01f insulin-like growth factor binding protein 1 (IGFBP1) upregulated  
F02f vascular endothelial growth factor precursor (VEGF) upregulated  
F09f brain-derived neurotrophic factor (BDNF) upregulated  
F07g platelet-derived growth factor A subunit precursor (PDGFA; PDGF1) upregulated  
F10g Macrophage inflammatory protein 2 alpha (MIP2-alpha) downregulated  
F11g placenta growth factors 1 + 2 (PLGF1 + PLGF2 ) downregulated  
F02h delta-like protein precursor (DLK) downregulated  
F10h inhibin alpha subunit precursor (INHA) downregulated  
F13i Interleukin-6 precursor (IL-6) upregulated  
F06j Interleukin-11 (IL-11) downregulated  

F09m matrix metalloproteinase 14 precursor (MMP14) downregulated  
F03n Endothelial plasminogen activator inhibitor-1 precursor (PAI1; PLANH1) upregulated  
F05n Metalloproteinase inhibitor 1 precursor (TIMP1) downregulated  
F08n matrix metalloproteinase 17 (MMP17) downregulated  
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Table 5: The most interesting cDNAs in regard to the known data on the function 
of merlin and/or to the working hypothesis of this thesis.   

 cDNAs found to be differentially expressed by both array and LightCycler 
experiments are shown in red, the others were either found not to be regulated 
or are not yet determined by the LightCycler method.  

Gene name Function in the cell Interaction with merlin? 

Integrin α6 Adhesion molecule  

Integrin β1 Adhesion molecule yes 

Integrin β4 Adhesion molecule  

p21-Rac1 Small Rho GTPase yes 

c-jun N-terminal kinase 2 (JNK2) 
Member of signaling 

cascades 
 

MAP2K3 
Mitogen activated protein 

kinase kinase 3 
 

CD44 
Transmembrane adhesion 

molecule 
yes 

NGFR (p75) 
Nerve affinity growth factor 

receptor 
 

alpha1 catenin 

Links cadherin-mediated 

adhesion to the actin 

cytoskeleton 

 

GATA2 Transcription factor no 

PEP1 Transcription factor no 

 

 As the working hypothesis for this thesis was such that the dramatic 

morphological changes of human NF2 schwannoma cells (figure 4, page 12) is 

somehow related to alterations in the adhesive characteristics and cytoskeletal 

rearrangements, and integrin β1 has been described as an interacting protein for 

merlin (Obremski et al., 1998), the members of the integrin family of adhesion 

molecules found to be differentially expressed, integrin α6, β1, and β4, were of 

special interest and further investigated in this thesis.  

Integrins are one of the most interesting and best characterized families of adhesion 

proteins in Schwann cells. In vivo, integrins form heterodimers consisting of an α and 
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a β-chain to act as receptors mostly for proteins of the extracellular matrix. Moreover, 

they are involved in the signal transduction, and therefore are of great interest in the 

attempt to understand how the loss of merlin gives rise to tumor development. 

3.1.3 Integrins are upregulated in schwannoma cells at protein level. 

In Western blot analysis (figure 6A) the α6 chain band migrates to 125 kDa, thus only 

one of the 3 α6-isoforms is to be detected in Schwann cells. Experiments show a 

slight increase in band intensity in schwannoma compared to control cells, thus 

implying a higher expression of this integrin chain in tumoral cells. The β1 band is 

split, running at about 85 kDa for the main band and 45 kDa. The β1 integrin chain is 

expected to migrate between 100 and 130 kDa depending on the spice variant (β1 A-

D), and the degree of glycosylation. In preliminary tests with the antibody, the 125 

kDa β1 band in Schwann cells has been detected using boiling SDS buffer (data not 

shown). When this same tissue was lysed in the standard denaturating lysis buffer 

routinely used, this 125 kDa band almost disappeared, and the 85 kDa and 45 kDa 

bands were comparatively reinforced. Therefore it has been suggested that the afore 

mentioned bands are cleaved forms of the β1 chain. Nevertheless the preparation of 

protein from the primary Schwann cells has not been performed in boiling SDS 

buffer, as preliminary results proved a much lower protein yield, and cell material was 

not sufficient. The 85 kDa band is regarded as specific for several reasons, firstly 88 

kDa corresponds to the size of the non-glycosylated protein (Swissprot. Ref.: 

PO5556), secondly a specific band of similar size has been described previously 

(Languino and Ruoslahti, 1992), thirdly in Schwann/schwannoma cells lysed with 

standard lysis buffer the 125 kDa band can be observed at extremely low intensity. 

This being the case, qualitative comparison of β1 band intensity was performed on 

the 85 kDa band, which again is more prominent in tumoral cells. The 45 kDa band 

might be the proteolysed second segment, as 85 + 45 kDa = 130 kDa.  

The β4 chain, migrating at 205 kDa, shows the highest increase in band 

intensity, and therefore expression in favor of schwannoma cells (figure 6A). 

 In order to ensure that merlin expression was as stated present in Schwann 

cells and absent in schwannoma cells in primary culture, western blot analysis of 

merlin expression using the total cell lysates also used for analyzing for integrin 

expression (figure 6B) was performed. Three randomly selected pairs representing 

material from three different normal nerves and three different schwannoma are 
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depicted. Merlin migrates as expected to 70 kDa, and is only to be detected in lysates 

originating from normal Schwann cells.  

 

 

Figure 6:  A The integrin chains α6, β1, and β4 are upregulated in schwannoma
   cells (NF2-/-) on whole cell lysate, detected by western blotting.  

Normal Schwann cells are referred to as NF2+/+. Data are from 3 
independent experiments, using protein from different schwannoma 
and normal Schwann cell cultures. Alpha6, beta1, and beta4 indicate 
the western blot with antibodies to integrin α6, β1, and β4, respectively, 
arrows showing the detected protein.  

  B Merlin is not expressed by schwannoma cells. 

I-III showing total protein of three different schwannoma cell cultures 
(NF2-/-), 1-3 showing total protein of three different normal Schwann 
cell cultures (NF2+/+), all used in this study. Merlin is detected at 70 
kDa, indicated by the arrow. 

 

 

 

To analyze expression of integrins at the cell surface and at single cell level 

fluorescent assisted cell sorting analysis (FACS) was used (figure 7). The shift of the 
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peak channel number, corresponding to the relative number of integrin chain 

molecules per cell, was calculated as explained below. Paired T tests were 

performed in the statistical analysis of 4 experiments. Expression of the α6 integrin 

chain was not found to be significantly different in schwannoma compared to control 

cells, however both the β1 and the β4 integrin chains showed a significant increase in 

expression. This suggests an enhanced integrin coverage of tumoral cells. The 

difference is most striking for the β4 integrin chain.  

 

 

Figure 7: The integrin chains α6, β1, and β4 are upregulated in schwannoma cells
  at single cell level, detected by fluorescence assisted cell sorting 
  (FACS).  

The graph (A) represents data from 4 independent experiments, using 
different schwannoma (NF2-/-, shown in white) and normal Schwann cell 
cultures (NF2+/+, shown in black). Bars indicating the standard error of the 
mean (SEM), stars indicating the statistical significance measured by paired t-
test (α6 p = 0.67; β1 p = 0.018; β4 p = 0.006). The FACS histograms (B) show 
the staining of normal Schwann cells and NF2 schwannoma cells for integrin 
α6, β1, and β4. The X-axis indicates the fluorescence intensity per cell, the Y-
axis the number of cells counted (relative units). The maximum of 
fluorescence intensity is marked by the black bar. 
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3.1.4 Detection of integrins by immunohistochemical staining. 

Finally the expression of the integrin chains α6, β1, and β4 in vivo in NF2 

schwannoma and normal nerve sections, serving as control tissue, has been 

investigated (figure 8). In normal nerve, the antibodies showed classical staining, with 

integrin β1 staining preferentially non-myelinating Schwann cells, integrin β4 

myelinating Schwann cells, and integrin α6 both cell types. Interestingly, almost all 

cells in schwannomas showed staining for all three (α6, β1, and β4 integrin) chains, 

although these cells are by definition non-myelinating. 

 

Figure 8:  Immunohistochemical staining for the integrin chains α6, β1, and β4.  

Staining of normal nerve (A, C, and E) and tumor tissue (B, D, and F). Staining 
for integrin α6 is shown in pictures A/B, for integrin β1 in pictures C/D, and for 
integrin β4 in pictures E/F. In C non-myelinating Schwann cells positive for 
integrin β1 staining, and in E myelinating Schwann cells positive for integrin β4 
staining are indicated by the arrow heads. All sections used were cryo sections. 
Bar indicates 10 µM. 
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3.1.5 Integrin α6, β1, and β4 form clusters in NF2 schwannoma cells. 

As integrins are capable of acting as functional receptors only as heterodimers (for 

review see Plow et al., 2000 and Calderwood et al., 2000), the colocalization of 

integrin α6 and β1 as well as α6 and β4 in normal Schwann cells and NF2 

schwannoma cells has been studied with immunocytochemistry and analyzed with a 

confocal microscope. For both integrin combinations colocalization was found in fixed 

cells (data not shown) as well as in in vivo staining (figure 9). Furthermore, the 

distribution of the individual integrin chains was examined in detail, as clustering of 

integrins has previously been described to indicate activation of the integrins.  

Analyzing the normal Schwann cells on a confocal microscope, a very weak staining, 

hardly seen on the surface could be detected. This is what was expected as the 

surface is naturally not in contact with the substratum (laminin). In contrast, 

schwannoma cells exhibit a bright staining on the surface, moreover showing clear 

clustering of all three integrin chains (figure 10).  

 

 

Figure 9: Colocalization of the integrin chains α6β1 (A) and α6β4 (B) in 
schwannoma cells.        

The staining was performed by an in vivo immunocytochemical protocol, i.e. 
without fixation prior to incubation with primary antibodies. Both channels were 
recorded separately to avoid shine through effects. The integrin alpha 6 chain 
is indicated in red, the beta1 and beta4 chains in green. Both bars represent 
20 µM. Arrows point at some points of colocalization.  
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Figure 10: Clustering of integrins: an immunocytochemistry of unfixed cells for the 
integrin chains α6, β1, and β4. 

Normal Schwann cells are shown in the pictures A, C, and E, whereas 
schwannoma cells are shown in B, D, and F. All three integrin chains are 
stained with a Cy3-labeled secondary antibody and shown in red. The nucleus 
was counterstained using DAPI. Each couple of pictures shows a phase 
contrast photo overlaid with fluorescence on the left and the corresponding 
fluorescent picture only on the right. Experiments were repeated 4 times 
independently, using different schwannoma and normal Schwann cell cultures. 
Bar indicates 20 µM. 
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3.1.6 The increased adhesion of NF2 schwannoma cells is integrin-

dependent. 

To test whether the altered adhesion behavior of NF2 schwannoma cells was truly 

related to the upregulation of these integrin chains, an adhesion assay in which cells 

were seeded in the presence of anti-integrin β1, anti-integrin β4, or anti-P0 as a 

control has been conducted. Using antibodies to integrin β1 or β4 the number of 

adherent cells was found to be decreased, while adding of antibody to another 

Schwann cell adhesion protein, P0, did not show any effect (figure 11). Paired T tests 

were performed in the statistical analysis of the 4 experiments. Adhesion of 

schwannoma cells was found to be significantly decreased, both for the addition of 

antibodies to integrin β1 and β4. 

 

 

Figure 11: The enhanced adhesion of schwannoma cells is integrin-dependent. 

The can enhanced adhesion of schwannoma cells (NF2-/-) specifically be 
blocked by antibodies to integrin β1 and integrin β4. For ease of comparison 
the number of normal Schwann cells (NF2+/+) adhering in the absence of 
antibodies was set to 100%. For the tumoral Schwann cells (NF2-/-) the 
addition of anti-integrin β1 or anti-integrin β4 leads to a reduction to 80-100% 
of the reference. The adhesion of normal Schwann cells is not affected. Bars 
indicate the standard error of the mean (SEM), stars indicate the statistical 
significance determined by paired t-test. The Y-axis indicates the relative 
adhesion of the cells referring to the adhesion of normal Schwann cells to 
laminin as 100%. w/o ab, without antibody; anti-beta1 (or beta4), antibody to 
integrin beta1 (or beta4); anti-P0, antibody to myelin protein. n=5 for 
experiments without antibody, n=4 for experiments using antibodies against 
integrin beta1, beta4 or P0. 
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Thus, the data collected in this thesis support the hypothesis that 

schwannoma cells indeed do show a different and enhanced adhesion when 

compared to normal Schwann cells, and this difference in adhesion is related to 

differential expression and activity of integrin chains, most importantly β1 and β4. 

 
 

 



RESULTS 

43 

3.1.7 Cytoskeletal rearrangements of schwannoma cells 

Cytoskeletal rearrangements of schwannoma cells have previously been described 

for the actin cytoskeleton (Rosenbaum et al., 1998; Pelton et al., 1998; Bashour et 

al., 2002). In the work described here the analysis has been extended to all three 

components of the cytoskeleton, the actin cytoskeleton, but also the intermediate 

filaments (GFAP), and the microtubules (figure 12-14). 

The most obvious alteration in organization could be detected for the glial 

fibrillary acidic protein (GFAP). In normal human Schwann cells this protein is 

homogeneously distributed around the cell body, whereas in schwannoma cells we 

observed a centralization of GFAP, pronounced intensely in direct neighborhood of 

the cell nucleus (figure 13). For α-tubulin the distribution was identical for Schwann 

and schwannoma cells, showing a very fine fiber network (figure 14). However, a 

tendency of tubulin to accumulate around the nucleus was observed, and further data 

on this aspect are needed. Astonishingly, the actin cytoskeletal rearrangements 

previously described by others could not be detected. Obviously the number of 

lamellipodia and filopodia is dramatically increased in schwannoma cells and 

therefore there are more little actin bundles in those structures, but regarding the cell 

body and the allover organization of the actin cytoskeleton no striking differences 

could be detected under the culture conditions used here (figure 12). 

 

Figure 12:  Immunocytochemical staining of the actin cytoskeleton. 

A shows a normal Schwann cell, B schwannoma cells. Staining was 
performed using an AlexaFluor 488-labeled Phalloidin (Molecular Probes), and 
counterstain with DAPI. The bar indicates 10 µM.  

 



RESULTS 

44 

 

 

Figure 13:  Immunocytochemical staining of the glial fibrillary acidic protein (GFAP), 
representing the intermediate filaments. 

A shows normal Schwann cells, B and C schwannoma cells. Staining was 
performed using a polyclonal antibody to GFAP (1:500, Sigma) and a GAR-
Cy3 labeled secondary antibody. Double staining of GFAP and the actin 
cytoskeleton was performed in order to easily see the whole cell and to refer 
GFAP to that. DAPI counterstain was routinely performed for all 
immunocytochemical experiments. The bars indicate 10 µM. 

 

 

 

Figure 14:  Immunocytochemical staining of the tubulin network. 

A shows normal Schwann cells, B a schwannoma cell. α-tubulin was stained 
using a monoclonal antibody to α-tubulin (1:500, Sigma) and a GAM-Cy3 
labeled secondary antibody (1:800, DAKO). DAPI counterstain was routinely 
performed for all immunocytochemical experiments. The bar indicates 10 µM. 
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3.1.8 Ezrin – a plasmamembrane-cytoskeleton linker is redistributed in 

schwannoma cells. 

Ezrin, an ERM protein, has been found to stain preferentially the cell protrusions in 

schwannoma cells, whereas in normal Schwann cells only regions of cell-cell contact 

were found positive for ezrin (figure 15). However, the staining of schwannoma cells 

is much more brighter suggesting an enhanced expression of ezrin. 

 

Figure 15: Immunocytochemical staining for ezrin using the monoclonal antibody 
3C12. 

The left row of pictures shows the ezrin staining, on the right hand side 
overlays of ezrin and actin staining are presented. A/B show typical staining 
for normal Schwann cells; C/D typical schwannoma cell; E/F cell protrusions of 
schwannoma cells. The bar indicates 20 µM. Arrows point at microvilli strongly 
stained for ezrin. 
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3.1.9 Migrational properties of primary human Schwann and 

schwannoma cells. 

 

Another aspect of cell biology that has been examined during this thesis was the 

migrational behavior of the Schwann cells. Although schwannomas are non invasive 

tumors, the alterations in the cytoskeleton and adhesion should have an effect on the 

migration of the cells.  

The migrational properties were analyzed by a scratch assay. Cells were 

observed from the time of scratching to the day eight after seeding (for details see 

Materials and Methods, page 22). Figure 16 illustrates the observations made at time 

point zero, at 2 and 8 days from scratching.  

Schwannoma cells start to spread out their extensions into the scratching area 

after only 48 hours, at that time the normal Schwann cells, however, look just the 

same as at scratching time. Even single schwannoma cells can already be observed 

to move into the crevice at that early time point. In normal Schwann cells first 

movements are to be seen after 4 days from scratching. At the end of the observation 

period, after 8 days, much more schwannoma cells are detected in the chink, so that 

the previously clear edge of the scratch is completely blurred. 
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Figure 16: Analysis of the migrational properties of primary normal Schwann and 
schwannoma cells. 

Normal Schwann cells (NF2+/+) are shown on the left, schwannoma cells 
(NF2-/-) on the right hand side. The red line indicates start of the scratched 
region. 0d time of scratching, 2d two days from scratching, 8d eight days from 
scratching. The arrows point on cells moving into the scratched area. 
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3.1.10 Decreased rates of apoptosis in schwannoma cells detected by 

TUNEL and caspace activity assay. 

 

Basal apoptosis rates of normal Schwann cells and schwannoma cells were 

analyzed, with two complementary methods.  

(i) Apoptosis is associated by cleavage of genomic DNA, thus providing both 

double-stranded, low molecular weight DNA fragments as well as single strand 

breaks (“nicks”) in high molecular weight DNA. Those DNA breaks can be identified 

by labeling free 3́ -OH termini with modified nucleotides in an enzymatic reaction. In 

the enzymatic in situ labeling of apoptosis induced DNA strand breaks used here, 

terminal deoxynucleotidyl transferase (TdT) has been used for incorporation of 

fluorescein labeled nucleotides. This technique is therefore known as TUNEL: TdT-

mediated dUTP nick end labeling. Using this approach basal apoptosis rates of 14% 

for normal Schwann cells and 8% for schwannoma cells could be detected (figure 

17).  

(ii) As necrotic cells also undergo DNA cleavage, the TUNEL data had to be 

complemented by an independent method. Therefore, the activity of caspases, 

specifically activated in apoptotic cells, were proved by a CaspACE assay. Analysis 

revealed apoptosis rates of 9% for normal Schwann cells and 5% for schwannoma 

cells (figure 18).  

Thus, both methods indicated lower apoptotic rates in schwannoma cells, 

compared to normal Schwann cells, representing the mean of five independent 

experiments (figure 19). Paired T-tests were performed for statistical significance.  
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Figure 17: TUNEL analysis of basal apoptosis rates of Schwann cells. 

A/B show normal Schwann cells, C/D schwannoma cells. In A and C TUNEL 
staining of apoptotic cells is presented. B and D show the corresponding DAPI 
picture. The arrows point at nuclei, which were not labeled by the TUNEL 
reaction, and are therefore regarded as non-apoptotic. The bar indicates 20 
µM. 

 
Figure 18: CaspACE activity analysis of Schwann cells. 

A/B show normal Schwann cells, C/D schwannoma cells. In A a normal 
Schwann cell, negative for active caspace, is shown, in C two negative and 
one positive schwannoma cells are depicted. The nuclei are stressed by 
arrows. B and D show the corresponding DAPI staining. The bar indicates 20 
µM. 
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Figure 19: Apoptosis is significantly reduced in NF2 schwannoma cells.  

The bars represent the mean of 8 independent experiments using either the 
TUNEL or CaspACE method, and different normal Schwann cell (NF2+/+) or 
schwannoma cell (NF2-/-) cultures. The standard error of the mean (SEM) as 
well as statistical significance (p = 0.011) are indicated.  
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3.2 Study on the effect of quinidine on human NF2-/- malignant 

mesothelioma cell lines 

 

Finally, an approach for potential therapeutically treatment of NF2-/- human malignant 

mesothelioma was undertaken during this thesis. Human malignant mesothelioma 

are highly aggressive tumors that arise from the mesothelium. These tumors respond 

poorly to the conventional tumor treatment, and outcome is therefore in most cases 

rapidly fatal. 

Inactivating mutations of the Neurofibromatosis type 2 (NF2) tumor suppressor gene 

merlin have been described in almost 60% of primary malignant mesothelioma and in 

about 20% of the mesothelioma cell lines. Rosenbaum et al. (Rosenbaum et al., 

2000) showed that quinidine impairs the enhanced proliferation rates of NF2-/- 

schwannoma cells, whereas the proliferation of normal Schwann cells was not 

affected. The current study was undertaken (i) to examine the effect of quinidine on 

the proliferation of HMM cell lines in relation to their NF2 status. 

3.2.1 Western blot analysis of HMM cell lines for merlin expression. 

Four human malignant mesothelioma cell lines were used for this study, two of 

them expressing merlin, the others lacking functional merlin. One important point for 

choosing HMMs as a model system was that the cells of all four cell lines look the 

same and show identical proliferation rates in culture. In contrast schwannoma cells 

and normal Schwann cells differ in morphology, proliferation rates, and K+ outward 

current. Hence, the only obvious difference between mesothelioma cell lines is their 

NF2 status. The latter was verified by western blotting of total protein lysates isolated 

from cells in the same passage used for proliferation studies (figure 20) as cell 

cultures may acquire loss of merlin expression during cell culture. 
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Figure 20: Detection of merlin expression by western blotting.  

Merlin is as stated only to be detected at 70 kDa in the cell lines BLA and HIB, 
and not in BAR and TRA, the cell lines expected to lack merlin. 

 

3.2.2 Electrophysiological analysis of the human malignant 

mesothelioma cells. 

The electrophysiological characterization of the human mesothelioma cell lines was 

done by Dr. Alexi Alekov, Department of Applied Physiology, University of Ulm. 

Electrophysiological analysis of the human malignant mesothelioma cells revealed 

two different types of non-inactivating, outward rectifying currents that could be well 

separated by their voltage dependence and current amplitude (figure 21). Both 

currents were characterized by patch-clamp techniques and current density of the 

small current (IS) has also been examined. No significant differences between merlin-

expressing or merlin-deficient cell lines could be detected. Therefore, both merlin-

deficient and merlin-expressing cell lines had identical electrophysiological properties 

and were thus well suited for the study. 
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Figure 21: Electrophysiological characterization of merlin-expressing and merlin-
deficient human malignant mesothelioma cell lines. 

A, B  Families of raw current traces recorded from two mesothelioma cells 
showing two different types of outward rectifying currents (named IS 
and IL) which were found in all four cell lines to a similar extent. All cells 
expressed the large current, IL, (A) whereas only 30 to 50% of cells 
expressed IS (B). According to the different voltage dependence of both 
currents (compare (C), (D)), we applied two pulse protocols: P1 with 
depolarization from –80 to +70 mV in 10-mV steps followed by a pulse 
to –10 mV to record IS (B); P2 with depolarization from –60 to +120 mV 
in 10-mV steps followed by a pulse to +90 mV to record IL (A). The 
holding potential was –80 mV. (A) shows currents from a cell 
expressing only IL and (B) a particularly large IS. At the two most 
depolarized voltage steps in (B), there is a significant contribution of IL 
to the outward current. 

C  Current-voltage relationship for IS and IL normalized to the maximum 
currents at +30 and +120 mV, respectively (n=33, 11).  

D  Block of IS shown for 7 cells (4 TRA, 3 HIB) in which currents were 
recorded before and after application of 25 µM quinidine. Currents 
were normalized to the maximum current at +70 mV before the 
application of quinidine. IL is not affected by quinidine.  

E  Current density of IS at 30 mV for merlin-expressing (++: BLA: 23 cells, 
HIB: 19) and merlin-deficient (--: BAR: 20, TRA: 18) mesothelioma cell 
lines.  

The electrophysiological analysis was done by Dr. A. Alekov, 
Department of Applied Physiology, University of Ulm. 
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3.2.3 Quinidine selectively impairs proliferation of NF2-/- HMMs. 

By the so far described experiments, the HMM cell lines, in contrast to primary 

Schwann and schwannoma cells, were found to differ neither in their morphology, 

proliferaton rate in vitro, nor in potassium outward current. Thus, the common 

denominator of these cell lines is their NF2 status. 

Cell cultures of all four HMM cell lines were treated with different amounts of 

quinidine for 4 days before the proliferation rate was measured by visualizing the 

incorporation of BrdU by immunostaining and further examined by cell cycle analysis. 

Immunocytochemical examination revealed an unaffected or even stimulated 

proliferation of the merlin-expressing HMM cell lines, BLA and HIB, in the presence of 

quinidine up to a concentration of 25 µM. In contrast, the proliferation of the merlin-

deficient HMM cell lines, BAR and TRA, was clearly reduced by quinidine in a dose-

dependent manner to a minimum of about 50% of the initial value (figure 22).  

 

Figure 22: Immunocytochemical analysis of the proliferation of the HMM cell lines 
in the presence of quinidine.  

Cells were treated with different amounts of quinidine for 4 days before 
proliferation was determined. Since proliferation rates vary between passages, 
for every experiment proliferation of cells cultured in the absence of quinidine 
(DMSO control) was set as 100% for ease of comparison. For each 
experiment at least 3 separate aliquots (>500 cells) were counted (n=4). The 
percentage of BrdU incorporation was determined as means. Columns 
represent means, error bars indicate the error of the mean (SEM), stars 
indicate statistical significance measured by paired t-tests of proliferation rates 
of merlin-expressing versus merlin-deficient HMM cell lines (p2.5µM = 0.003, 
p5µM = 0.002, p10µM = 0.0002, p25µM = 0.0005). 
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In order to further characterize the inhibition of proliferation, cell cycle analysis 

by FACS were performed for two of the HMM cell lines, one of the merlin expressing 

and one of the merlin deficient. The number of cells in the S-phase was dramatically 

reduced to 50% of the initial value when quinidine was added to the merlin-deficient 

cells but remained more or less unchanged for the merlin-expressing cells. The 

reduction of cell number in S-phase was correlated to an increase in the number of 

cells in G0/G1 to almost 200% of the reference, which indicates a G0/G1 arrest as an 

effect of quinidine (figure 23).  
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Figure 23: Cell cycle analysis on the proliferation of the HMM cell lines HIB (merlin-
deficient) and TRA (merlin-expressing) in the presence of quinidine. 

Cells were treated with different amounts of quinidine for 4 days before 
proliferation was determined. Since proliferation rates vary between passages, 
for every experiment proliferation of cells cultured in the absence of quinidine 
(DMSO control) was set to 100% for ease of comparison. For three 
independent experiments the number of cells in S-phase (A), as well as the 
number of cells in G0/G1-phase (B) was determined, and the percentage of 
BrdU incorporation was calculated as means. Columns represent means, error 
bars indicate the standard error of the mean (SEM), and stars indicate 
statistical significance measured by paired t-tests of proliferation rates of 
merlin-expressing versus merlin-deficient HMM cell lines (p2.5µM = 0.001, p 5µM = 
0.0005, p 10µM = 0.0004, p 25µM = 0.0004). (C) shows merlin-deficient TRA cells 
in the presence of 10 µM quinidine as an example of the cell cycle analysis by 
FACS, the distinct cell cycle phases are indicated. 

 

3.2.4 Cytotoxicity assay. 

To secure that inhibition of proliferation is due a specific effect of quinidine on the 

proliferation and not to cytotoxicity, quinidine concentrations ranging from 2.5 to 100 

µM were tested in a cytotoxicity assay. None of them showed any toxic effect on the 

cells of any cell line.  
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3.2.5 Sequence analysis of cytochrome P450 2D6 locus in HMM cell 

lines. 

The members of the cytochrome P450 family are involved in the detoxification of 

commonly prescribed drugs and one isoform, cytochrome P450 2D6, found to be 

mutated at high frequencies in individuals affected by NF2, is specifically blocked by 

quinidine. So, a hypothesis presented itself in that the NF2-/- HMM cell lines might 

carry additional CYP2D6 mutations causing the phenotype of a “poor metabolizer” 

(Wundrack et al., 1997) and therefore predisposing to higher sensitivity towards 

quinidine. 

In order to examine whether the CYP450 2D6 locus carries any mutations, DNA of all 

four HMM cell lines has been isolated and the 9 exons of the CYP450 2D6 locus 

were amplified. Exonic mutations (three of four) as well as intronic mutations (three of 

ten) were identified in both of the merlin-deficient and in one of the merlin-expressing 

HMM cell lines (table 6; figure 24). No mutations were found in the second merlin-

expressing HMM cell line (BLA).  
 

Table 6: Overview of mutations identified in human malignant mesothelioma cell
  lines. 

 
 

 

 

 

 

 

 

 

 

 

Codon change Mutation Cell line 1 merlin status 2

1 GGC > GGA (613) TRA -

2 TCC > TGC (614) TRA -

3 CCT > CCC (615) TRA -

4 AGA > ACC (617) TRA -

5 GGA > GGG (621) TRA -

6 GCT > GAT (864) Ala > Asp (ex2) BAR; HIB -, +

7 CCA > CCG (867) wobble base (ex2) BAR; HIB -, +

8 CGC > GGC (872) Arg > Gly (ex2) BAR; HIB -, +

9 CAG > CAA (1155) BAR; HIB -, +

10 CAT > CGT (1238) BAR; HIB -, +

11 GCG > GTG (1489) Ala > Val (ex6) TRA -

12 CAC > CCC (1667) BAR; HIB; TRA -, +, -

13 ACC > AAC (1684) BAR -
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Figure 24: Illustration of the mutations identified in human malignant mesothelioma 
cell lines. 

Exons are indicated by the black boxes, sequences that have not been 
analyzed are shown in blue. Mutations are indicated by either red or green 
bars, referring to causing an amino acid exchange or not. For each mutation 
the cell lines, in which it has been identified, are named.  

 

Thus, mutations could be identified in merlin-deficient as well as in one merlin-

expressing HMM cell lines, not permitting any correlation to the NF2 status.
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4 Discussion 

 

Schwannomas which arise both in individuals affected by NF2, but also sporadically 

without any genetic predisposition are among the most common nervous system 

tumors. This tumor type is benign, as it shows no properties of malignancy such as 

infiltration of the surrounding tissue, and metastasis. However, NF2 patients are 

seriously affected and therapeutic approaches are limited as surgical treatment is 

often associated with high risks and side effects such as loss of innervation due to 

nerve lesion. Besides schwannomas also 50-70% of spontaneous meningiomas and 

at least part of mesotheliomas are caused by mutations in the same gene, the tumor 

suppressor NF2 (Bianchi et al., 1995; Sekido et al., 1995; Baser et al., 2002; Ueki et 

al., 1999; Ruttledge et al., 1994; Stemmer-Rachamimov et al., 1997b; Lee et al., 

1997; Merel et al., 1995).  In fact, up to 20% of meningiomas (Perry et al., 1999) as 

well as 100% of mesotheliomas (Deguen et al., 1998) exhibit malignant 

characteristics, the mesotheliomas being highly aggressive and metastatic, and 

related to a rapidly fatal outcome in almost all cases. Up to present no adequate 

therapy is available for patients affected by mesotheliomas.  

During the presented thesis human schwannomas of NF2 patients were studied in 

detail, with both cell biological as well as molecular biology methods. The aim was to 

gain more insight on how the loss of merlin gives rise to tumor development.  

4.1 Adhesion is altered in schwannoma cells. 

Primary schwannoma cells show morphological abnormalities like increased cell size, 

high numbers of cell protrusions such as lamellipodia and filopodia, and membrane 

ruffles (Rosenbaum et al., 1998; Pelton et al., 1998). At the beginning of this thesis it 

was therefore hypothesized that this cellular phenotype most probably has to be 

related to altered adhesive properties of these cells, being of great interest as 

adhesion plays an important role in tumorigenesis (Gumbiner et al., 1996). Hence, to 

get functional data on the adhesive characteristics of Schwann and schwannoma 

cells, an adhesion assay was performed. Normal Schwann cells as well as 

schwannoma cells were seeded on PLL/lam coated dishes and incubated for a 

defined period of time. After that incubation loosely attached cells were washed off 

and the remaining, i.e. the yet attached cells were counted. Schwannoma cells were 

found to adhere much better, almost by factor 2.5. This was in agreement with what 
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was expected from the morphological abnormalities observed in schwannoma cells: 

the high numbers of filopodia and lamellipodia had to be related to strong adhesion 

as those protrusive cellular structures are known to be fully packed with adhesion 

molecules in order to help the cell spread or move. To test whether these changes of 

adhesion are truly related to integrin-mediated processes, parallel assays using PLL-

coated dishes were performed. No differences in the adhesive properties could be 

detected by this approach, which is as expected as PLL is no substrate for the 

integrin receptors. In Schwann cells especially the family of integrin receptors has 

extensively been studied, proving a pivotal role of integrins in Schwann cell 

development and differentiation (Jaakkola et al., 1993; Einheber et al., 1993; Feltri et 

al., 1994; Niessen et al., 1994; Stewart et al., 1997; Frei et al., 1999; Previtali et al., 

2001; Feltri et al., 2002). 

Moreover, the findings on the altered adhesive characteristics of schwannoma cells, 

first described in this thesis, could help to explain a typical behavior of schwannoma 

cells in vivo: they tend to loose their sense of orientation, no longer wrapping around 

axons but ensheathing extracellular matrix (Giovannini et al., 1999; Erlandson and 

Woodruff, 1982; Dickersin, 1987), and by that form so called pseudomesaxons.  

4.2 Identification of differentially expressed genes in schwannoma 

cells. 

To examine what underlies the described morphological and adhesive alterations in 

schwannoma cells a screening for differentially expressed genes by the use of a 

cDNA array was conducted, finding 65 clones to be either up or down regulated. As 

hypothesized, adhesion molecules such as the integrin chains α6, β1, and β4, as well 

as CD44, were found to be regulated, and interestingly, also members of signaling 

cascades like the small Rho GTPase Rac1 and the c-Jun N-terminal kinase 2 (JNK2 

or stress activated protein kinase 2 (SAPK2)), which are classically involved in 

adhesion signaling (Mainiero et al., 1997; Schoenwaelder and Burridge, 1999; 

Honore et al., 2000; Coppolino and Dedhar, 2000; Reddy et al., 2001; del Pozo et al., 

2002; Hynes, 2002; Dormond et al., 2002). 

All of these genes fit well into the working hypothesis as adhesion molecules would 

be expected to be regulated because of the enhanced adhesion of schwannoma 

cells demonstrated here. Moreover, members of the small Rho GTPases such as 

Rac1 are known to serve as molecular switches, transducing signals from the outside 
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e.g. integrins to the nucleus, thus eliciting changes in gene expression, morphology, 

and migration (Hall, 1998; Sastry and Burridge, 2000). Migrational processes are 

related to the induction of actin cytoskeletal rearrangements, i.e. the formation of 

lamellipodia (Ridley and Hall, 1992; Ridley et al., 1992; Nobes and Hall, 1995) also 

observed in NF2-/- cells. Moreover, several transcription (PEP1, GATA2) and growth 

factors (VEGF, PDGFA) were found to be differentially expressed. The upregulation 

of VEGF was of special interest, as VEGF has recently been demonstrated to 

activate integrins, thus enhancing cell adhesion, migration, and soluble ligand binding 

(Byzova et al., 2000).  

As array data is regarded as only semi-quantitative, there was a need to apply a 

second method so as to verify the expression data. This approach was undertaken 

by the use of quantitative RT-PCR by LightCycler technology. In this thesis only part 

of this data is presented, as these examinations have not yet been finished on all the 

differentially regulated clones. By use of this method the upregulation of the integrin 

chains α6, β1, and β4 could be confirmed, whereas the data on Rac1 and JNK2 

could not be verified. Recently, Welling et al. published a cDNA microarray study on 

vestibular schwannomas (Welling et al., 2002). They found about 45 genes to be 

significantly regulated, amongst them the ERM protein ezrin, the RhoB GTPase, an 

angiogenesis mediator called osteonectin, and an apoptosis-related LUCA-15 gene. 

Ezrin and RhoB GTPase were not detected to be regulated by our experiments, the 

others were not included on the type of array used here. However, there are three 

major points of criticism on the work of Welling and colleagues. First, they compared 

expression data of seven vestibular schwannomas to only one normal vestibular 

nerve, which was taken from one of the patients, adjacent to the tumor. This is a 

problem as it is not clear whether this nerve shows expression profile resembling to 

normal nerves, or, most probably, is altered. Secondly, and even more importantly, 

they used RNAs that have been isolated from nerve and tumor tissue, therefore the 

expression data of pure Schwann cells from the tumor and a mix of Schwann cells, 

fibroblasts, and other cell types from the nerve tissue have been compared with each 

other. Thirdly, it is well known that Schwann cells in contact with the axon, like in a 

nerve, exhibit a completely different differentiation state as compared to Schwann 

cells lacking axonal contact, e.g. Schwann cells in schwannomas. Therefore, the 

probes compared by Welling et al. should exhibit expressional differences just due 

their nature and not necessary due to loss of merlin. In the array and LightCycler 
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experiments presented here, RNAs derived from cell cultures of at least five normal 

nerves taken from healthy patients and five schwannomas have been used. As a 

consequence of the special tissue preparation and the optimized Schwann cell 

culture conditions, these cultures contained less than 2% of contaminating 

fibroblasts, the rest being pure Schwann cells. The purity of the Schwann cell 

cultures was routinely checked by S100 immunocytochemistry. So, in contrast to 

Welling et al., the data collected in this thesis indeed represent the expression data 

of pure Schwann cells compared to pure schwannoma cells under the same 

conditions. Even though primary Schwann cell cultures do not represent the in vivo 

situation, they are the best suited model system for differential expression analysis.  

4.3 Integrin chains are upregulated in schwannoma cells at RNA 

and at protein level. 

The integrins are one of the best characterized adhesion protein families in Schwann 

cells, which express the integrin receptors α2β1, α5β1, α6β1, and α6β4 (Takeuchi et 

al., 1994; Hsiao et al., 1991; Roche et al., 1997; Jaakkola et al., 1993). Integrins are 

cell surface glycoproteins composed of an α/β heterodimer that mediates cell-cell 

and cell-extracellular matrix (ECM) interactions. So far 17 alpha and 8 beta subunits 

have been identified (Hynes, 1992; Plow et al., 2000). The combination of a particular 

α and β subunit defines an individual receptor for a given ECM ligand and, since not 

all subunit pairings are realized, roughly 20 integrin receptors have to be 

distinguished. The integrin subunits possess an extensive extracellular domain, a 

single transmembrane segment, and a relatively short cytoplasmic domain. Usually 

this cytoplasmic domain interacts with the actin-based cytoskeleton in specialized 

structures called focal adhesions (Burridge and Chrzanowska-Wodnicka, 1996; 

Hynes, 1992). Integrin β4, exhibiting a much larger cytoplasmic tail, represents the 

exception as its cytoplasmic segment is linked primarily to intermediate filaments 

rather than to the actin cytoskeleton (Burridge and Chrzanowska-Wodnicka, 1996). It 

has been demonstrated that the β chains are necessary and sufficient for interaction 

of integrins with the cytoskeleton. An interaction of α and β tails with each other has 

been demonstrated (Muir et al., 1994; Haas and Plow, 1996), and binding of the 

appropriate ligand is known to activate the integrin receptor (Fujii et al., 1995; 

Genersch et al., 1998; Leisner et al., 1999). Consequently, the linkage of integrins to 

the cytoskeleton is probably subject to regulation.  
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However, integrins are not simply adhesion receptors whose sole function is the 

mediation of physical transmembrane connections, rather they are involved in such 

complex cellular activities such as cytokenesis and migration (Schoenwaelder and 

Burridge, 1999; Honore et al., 2000; Coppolino and Dedhar, 2000). Two main 

signaling types have been described for integrins. The “inside-out” signaling refers to 

processes by which signaling mechanisms within cells can regulate the ligand 

binding activities of integrins on the cell surface by changing the integrin avidity, i.e. 

the lateral mobility, or affinity by conformational changes at the ligand binding site 

(Ginsberg et al., 1990; Phillips et al., 1988). Ligand binding in turn induces “outside-

in” signaling that results in changes of cell behavior such as spreading, migration, cell 

differentiation, or cell division (Hynes, 1992; Schwartz-Albiez et al., 1995). These 

changes are assumed to result from activation of signaling molecules, including 

calpains (Fox et al., 1983; Fox et al., 1993), small GTPases (Price et al., 1998; Clark 

et al., 1998), protein kinases (Golden and Brugge, 1989; Golden et al., 1990; Ferrell 

and Martin, 1989; Lipfert et al., 1992), and lipid kinase (King et al., 1997). However, 

in the absence of appropriate integrin-mediated adhesion and therefore lack of 

“outside-in” signaling cells often enter apoptosis. Interestingly calpains, which are 

known be activated in several NF2 related tumors, the activation was followed by 

formation of integrin clusters that are suggested to be required for Rac activation 

(Bialkowska et al., 2000). 

To summarize, integrins are highly regulated proteins, involved in essential 

processes of cell life. Consequently, they are of great interest in analyzing human 

schwannoma cells as these present a phenotype that has to be related to alterations 

in adhesion, cytoskeleton, and signal transduction. 

The expression of the integrin chains α6, β1, and β4 was determined at protein level 

using western blot techniques to detect regulations on whole cell lysate and 

fluorescence assisted cell sorting (FACS) to examine the situation on the surface of 

single cells. For the integrin chains β1 and β4 the upregulation could be shown by 

both methods. For the α6 chain no significant regulation at protein level could be 

detected. The finding that the integrin chains α6, β1, and β4 are differentially 

expressed, i.e. all three are upregulated at RNA level and β1 and β4 at protein level, 

is remarkable as these chains are capable of forming the in vivo heterodimers α6β1 

and α6β4, therefore representing functional integrin receptors. Intriguingly, these 

integrin receptors both act as receptors for laminin, which the primary Schwann cells 
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were cultured on and which is an important part of the ECM in vivo. However, the 

possibility that the differential expression of the integrin chains is due to a culture 

effect, i.e. the seeding on laminin, could be excluded as other integrin chains such as 

α2 and α5, also known to interact with β1 and bind to laminin, were not found to be 

regulated or even not to be expressed. Therefore, the regulation of the integrin 

chains α6, β1, and β4 is a true regulation representing most probably changes 

related to loss of merlin expression. This is further supported by in vivo data of 

Obremski and co-workers, demonstrating an interaction of integrin β1 and merlin 

(Obremski et al., 1998).  

Yet integrin β1 and β4 are upregulated in schwannoma cells, whereas the expression 

of α6 at protein level remains unchanged. So, it is difficult to interpret these findings 

as integrins are, as afore mentioned, only functional as heterodimers, and therefore 

two upregulated β chains and unchanged expression of the α chains does not make 

much sense. However, one has to take into account that integrin β4 is only 

expressed at a very low level in normal Schwann cells, such that an increase in 

expression will lead to tremendous changes in the total protein level detected, 

whereas integrin α6 is already strongly expressed in normal Schwann cells. 

Moreover, integrin α6 is the only known heterodimer partner for integrin β4 (Feltri et 

al., 1994), and it has been described that the heterodimers of integrin α6 and β4 are 

more stable than those consisting of integrin α6 and β1 (Feltri et al., 1994; Giancotti 

et al., 1992). Thus, it seems possible that the integrin α6 chains present in the cell 

preferentially tends to form heterodimers with the integrin β4 chain, thus leaving at 

least some of the upregulated integrin β1 chain to bind with other α chains, which 

would in turn disbalance the adhesive qualities of the cell. Nevertheless, no other 

integrin alpha chain was detected to be regulated.  

4.4 Integrins are upregulated in tumor tissue. 

The vast majority of integrins are more or less ubiquitously expressed, but for the 

integrin receptors α6β1 and α6β4 a prominent importance during Schwann cell 

differentiation has been described (Einheber et al., 1993). They are known to be 

differentially regulated in Schwann cells (Feltri et al., 1994; Gumbiner et al., 1996), 

such that the integrin receptor α6β1 is classically expressed at a higher level by non-

myelinating than by myelinating Schwann cells (Feltri et al., 1994), whereas the 
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integrin α6β4 expression is restricted to myelinating Schwann cells (Einheber et al., 

1993; Feltri et al., 1994). Using frozen tissue sections of normal nerve and tumor for 

immunohistochemical staining of these three integrin chains, the most remarkable 

finding was the clear staining for β4 in tumor tissue. As these cells are definitely not 

myelinating, expression of β4 was not expected. So, the loss of merlin somehow 

leads to a non-physiological expression of integrin β4 in vivo, which certainly alters 

the adhesive characteristics of the cells. Consistently, schwannomas have been 

described to form so called pseudomesaxons by unspecific wrapping around ECM 

instead of axons (Giovannini et al., 1999; Erlandson and Woodruff, 1982; Dickersin, 

1987). 

4.5 The increased adhesion of schwannoma cells is integrin-

dependent. 

To further verify that the upregulation of these integrin receptors is of functional 

importance in schwannoma cells, the adhesion of Schwann and schwannoma cells in 

the presence of antibodies to integrin β1 and β4 were studied. As the binding site for 

laminin is found on the β chain of the integrin receptor, the antibody to integrin α6 

was not used in this experiment. The addition of antibodies to the β-chains of the 

integrin receptors led to a significant reduction in the number of adherent 

schwannoma cells, whereas the adhesion of normal Schwann cells remained 

unchanged. These findings suggest that the upregulation of the integrin chains α6β1 

and α6β4 is indeed functionally relevant for the altered adhesion of schwannoma 

cells on the ECM component laminin. However, it would have been expected that an 

antibody to β1 impairs adhesion of normal Schwann cells also, as these naturally 

express this integrin receptor. Most probably the applied adhesion assay is not 

sensitive enough to detect such small differences. Integrin β4 has no effect on the 

adhesion of normal Schwann cells, which is expected as integrin β4 is normally not 

expressed cultured normal Schwann cells, as these are non-myelinating. However, 

the impairment of adhesion of schwannoma cells by an antibody to integrin β4 fits 

well into the afore mentioned finding of unphysiological expression of integrin β4 in 

tumor tissue. Interestingly, the integrin receptor α6β4 has previously been reported to 

promote hepatocyte growth factor (HGF)-dependent invasive growth (Trusolino et al., 
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2001), thus stressing the importance of adequate adhesion for normal maintenance 

or malignant transformation of tissues.  

4.6 Integrins cluster on schwannoma cell surface. 

Further evidence for altered adhesive characteristics came from our observation that 

the integrin chains α6, β1, and β4 cluster in schwannoma cells. Clustering of 

integrins is known to occur at focal contacts of the cell and to play a crucial role in 

maintaining cell adhesion and shape (Kawakami et al., 2001).  

It has recently been shown that expression of an activated mutant of the small  Rho 

GTPase Rac triggers dramatic spreading of T cells and increases their integrin-

dependent adhesion (D'Souza-Schorey et al., 1998). The Rac-induced spreading 

was accompanied by specific cytoskeletal rearrangements as well as clustering of 

integrins at sites of cell adhesion and at the peripheral edges of cells. Therefore, the 

phenotype induced by active Rac (Ridley and Hall, 1992; Albertinazzi et al., 1999; 

Hall, 1994) is very similar to that of schwannoma cells (Rosenbaum et al., 1998; 

Pelton et al., 1998) exhibiting abnormal cell spreading, increased number of 

lamellipodia and filopodia as well as enhanced adhesion and integrin clustering. This 

effect of active Rac presents an example of the “inside-out” signaling mediated by 

integrins. In line with this data, a massively enhanced Rac1 activity, as well as a 

higher expression of Rac1 at protein level in human schwannoma cells could be 

detected by our group (Kaempchen et al., in revision), although the regulation 

originally found at RNA level by array screening could not be verified by LightCycler 

experiments.  

Active Rac has earlier been described to promote integrin-mediated adhesion via the 

alteration of the avidity state of integrin receptors by lateral clustering (D'Souza-

Schorey et al., 1998; Aplin and Juliano, 1999; Schwartz and Shattil, 2000), also 

found in schwannoma cells as shown in this thesis. Moreover, del Pozo and co-

workers reported that only the active form of Rac is involved in changes of cell 

morphology (del Pozo et al., 2002). 

In the integrin “outside-in” signaling cascades the small GTPase Rac is one of the 

first targets to be activated (Price et al., 1998; Aplin and Juliano, 1999; Schwartz and 

Shattil, 2000; Mettouchi et al., 2001), further downstream of Rac are the c-Jun N-

terminal kinases (JNKs or SAPKs for stress-activated protein kinases) (Ip and Davis, 

1998; Tibbles and Woodgett, 1999; Mielke and Herdegen, 2000). Del Pozo and 
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colleagues recently reported that integrin-mediated cell adhesion plays a pivotal role 

in modulating the interaction of active Rac (Rac-GTP) with its effector by controlling 

Rac-GTP membrane targeting (del Pozo et al., 2002). As Shaw and co-workers 

demonstrated enhanced JNK activity in NF2-/- fibroblasts and our group 

demonstrated the enhanced Rac activity (Kaempchen et al., in revision), we 

hypothesized that this pathway might also be upregulated in human schwannomas. 

This is of great interest as in JNK knock-out mice it has been shown that JNK2 is 

critical for tumor promotion (Chen et al., 2001). Indeed, it could be demonstrated by 

our group that primary human Schwann cells as well as schwannoma cells express 

the JNK1 and JNK2 isoforms, but not JNK3, and both kinases are hyperactive in 

schwannoma cells (Kaempchen et al., in revision). Similarly, an activation of small 

GTPases due to the loss of a tumor suppressor gene has previously been reported 

for the PTEN (phosphatase and tensin homologue deleted on chromosome ten) gene 

located on chromosome 10q23.3, which was found to be deleted or mutated in a 

limited number of primary human cancers such as glioblastomas, breast, kidney, and 

prostate carcinomas (Liliental et al., 2000; Joachim et al., 2001).  

To summarize, the observation of increased adhesion and the published data on the 

altered morphology of schwannoma cells (Rosenbaum et al., 1998; Pelton et al., 

1998) seem to be due to the enhanced expression and clustering of integrin α6, β1, 

and β4, and possibly a consequence and cause of the activation of the Rac/MAP 

kinase pathways. Hence, tumor formation might in part be caused by an abnormal 

switch in the integrin coverage of schwannoma cells, thus leading to different 

adhesive qualities of schwannoma cells. However, the mechanism by which the loss 

of merlin results in differential expression and activation remains unclear. Previous 

work of our group on the expression of the transcription factors c-jun, PEP1, and 

GATA2, revealed significant regulation of GATA2 in primary Schwann cell cultures, 

whereas PEP1 and c-jun were not found to be regulated.  

Nevertheless, the data on altered adhesion and expression of adhesion molecules 

presented here sheds light on the effects of loss of merlin in cells. Moreover, the 

results indicate that there are probably some therapeutic targets in the integrin-Rac-

JNK signaling cascade for highly specific anti-schwannoma or even anti-meningioma 

drugs, such as the JNKs, as specific inhibitors for those are already tested in clinical 

studies. 
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4.7 Rearrangements of the cytoskeleton caused by the loss of 

merlin. 

During this thesis the cytoskeleton was studied in detail as it is well known that cell 

morphology and adhesion are dependent on cytoskeletal dynamics and 

rearrangements. Moreover, the functional significance of merlin’s association with the 

cytoskeleton is supported by several findings. First, merlin-deficient tumor cells 

derived from NF2+/- mouse are highly metastatic and motile (McClatchey et al., 

1998). Second, human NF2 schwannoma cells exhibit a dramatically altered 

morphology, showing enhanced cell size and spreading as well as an increased 

number of lamellipodia, filopodia, and membrane ruffles (Rosenbaum et al., 1998; 

Pelton et al., 1998). Lastly, inducible expression of wild-type, but not missense 

mutant, merlin in rat schwannoma cells reduces cell motility as well as disrupts the 

actin cytoskeleton during cell spreading (Gutmann et al., 1999b; Bashour et al., 

2002). A similar phenotype has been reported and shown to be associated to active 

Rho GTPases, such as Cdc42, Rac1, and Rho, promoting cytoskeletal 

rearrangements such as filopodia formation (Cdc42), membrane ruffling and 

formation of stress fibers (RhoA), as well as lamellipodia formation (Rac) (for review 

see (Hall, 1998; Zohn et al., 1998; Van Aelst and D'Souza-Schorey, 1997). As 

discussed before, these Rho GTPases were shown to be activated by integrin 

signaling (Barry et al., 1997; Clark et al., 1998; Price et al., 1998; Ren and Schwartz, 

1998; del Pozo et al., 2000; Cox et al., 2001). Furthermore, it has been demonstrated 

by Pelton and colleagues (Pelton et al., 1998) that in merlin deficient schwannoma 

cells increased ruffling can be reversed by pharmacological and genetic inhibition of 

the small GTPases RhoA and Rac1 (Pelton et al., 1998), thus presenting further 

evidence for merlin in the signaling pathways downstream of these GTPases (Shaw 

et al., 2001).  

All of the data on the morphology of schwannoma cells published to date has been 

acquired by analyzing the actin cytoskeleton only (Rosenbaum et al., 1998; Pelton et 

al., 1998; Bashour et al., 2002). An important point on these studies is that the cells 

were seeded and analyzed only 45 minutes later. The increased number of 

membrane ruffles could only be observed at that time, and was not detected in cell 

culture at a later time point. This rises the question whether the results are really 

related to the in vivo situation or represent an artificial effect. Besides Bashour et al. 

found 15-97% of schwannoma cells to exhibit membrane ruffling (Bashour et al., 



DISCUSSION 

69 

2002), which is not a well defined value. As the cytoskeleton is composed of three 

distinct components and not only of actin, the question presented itself whether the 

other parts of the cytoskeleton as intermediate filaments and microtubules might also 

be affected by the loss of merlin. Looking at the glial fibrillary acidic protein (GFAP), a 

member of the intermediate filaments typically expressed by Schwann cells 

(Kawahara et al., 1988), an obvious redistribution in schwannoma cells compared to 

normal Schwann cells could be detected. While GFAP is homogenously distributed in 

normal Schwann cells, it is found to be located  in the juxtanuclear region in 

schwannoma cells. Two hypotheses could explain this finding; (i) GFAP is known to 

be synthesized primarily in the cell body and then transported to the cell periphery 

(Chou and Goldman, 2000) in actively spreading cells. Therefore the loss of merlin 

might impair this transport, such that in schwannoma cells GFAP is to be found in the 

near of the nucleus only. (ii) Intermediate filaments in epithelial cells have been 

described to be transported not only anterograde but also from the cell periphery 

towards the nuclear region. Hence, the loss of merlin could also reinforce this 

mechanism such leading to the observed accumulation of GFAP in the cell body 

(Chou and Goldman, 2000). There is evidence that mutation of so called IFAPs 

(intermediate filaments associated proteins) such as plectin, linking the intermediate 

filament to the microtubule system, cause retraction of the intermediate filament 

network (Nikolic et al., 1996; Chou and Goldman, 2000). Both mechanisms for GFAP 

transport described are discussed to be related to plus or minus end-directed 

microtubule-based motor molecules. The microtubule system has long been known 

to affect the adhesion and migrational properties of fibroblasts. Inhibitors of 

microtubule polymerization were shown to decrease the rate of fibroblast spreading 

(Ivanova et al., 1976), decrease the protrusive activity of the leading edge 

(Bershadsky et al., 1991), and result in loss of polarized migration (Vasiliev et al., 

1970). These processes are also regulated by Rho GTPases (Wittmann and 

Waterman-Storer, 2001), and all three are observed to be altered in schwannoma 

cells. Therefore, rearrangements of the microtubule system would have been 

expected. However, the microtubule system could not be found to be significantly 

rearranged in schwannoma cells using immunocytochemical staining. Nevertheless, 

detailed studies are needed on the cytoskeleton, as the immunocytochemical 

staining represents only a screenshot of the processes in the cell, thus the dynamic 
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properties of the microtubule system can not analyzed. Further experiments like life-

time-imaging and functional analyses are needed.  

As the tumor suppressor merlin, studied in this thesis, belongs to the band 4.1 

superfamily which links the plasmamembrane to the cytoskeleton and the 

cytoskeleton of NF2-/- cells was proved to be rearranged (Rosenbaum et al., 1998; 

Pelton et al., 1998; Bashour et al., 2002; Utermark et al., in revision), we wondered 

whether other members of this family would be influenced by the loss of merlin by 

means of localization or activation. So far only ezrin, the “E” of the ERM proteins 

linking the cytoskeleton to the plasmamembrane, was analyzed in preliminary 

experiments and was found to localize preferentially to the microvilli, highly 

specialized cytoskeletal protrusions, of schwannoma cells, whereas the staining of 

normal Schwann cells was less bright and microvilli were only found positive for ezrin 

at points of cell-cell contact. By discussing this data with Dr. Olli Carpén (Department 

of Pathology, University of Helsinki, Finland) and Dr. Helen Morrison 

(Forschungszentrum Karlsruhe, Institute of Toxicology and Genetics, University of 

Karlsruhe, Germany), an activation of ezrin was found to be the most probable 

explanation for this observation, specially in regard to increased activity of Rho 

GTPases (Heiska et al., 1998; Matsui et al., 1998), as shown for Rac1 by our group 

(Kaempchen et al., in revision). A pan-phospho ERM antibody will be used in future 

experiments to verify this hypothesis. However, there is data on phosphorylated ezrin 

binding to CD44 at exactly the same binding site as hypophosphorylated merlin does 

(Tsukita et al., 1994), thus the loss of merlin could lead to an increase in the 

CD44/ezrin complex, which more generally means membrane localization, as the 

competitor to this interaction is missing. Nevertheless, it remains to be proved that 

the potential activation of ezrin is directly linked to the loss of merlin, which would 

most elegantly be done by re-introducing merlin into the schwannoma cells. 

However, transfection of primary Schwann cells is only effective using retro-viral 

expression systems (about 40% transfectants, Schulze et al., 2002) or the TAT-

system (Bashour et al., 2002). The first requiring a higher laboratory security level 

and the second being a very new approach, neither of these methods were applied 

during this thesis.  
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4.8 Schwannoma cells exhibit higher migrational activities than 

normal Schwann cells. 

So far, altered adhesive properties, regulation of adhesion molecules, as well as 

cytoskeletal rearrangements of schwannoma cells have been reported and discussed 

in this thesis. Changes in adhesion, regarded as a tumoral quality, are mostly related 

to or followed by alterations in cell mobility, i.e. migration. Therefore, it was 

hypothesized that the migrational properties of primary human Schwann and 

schwannoma cells may differ from each other. Altered migrational behavior is often 

linked to pathological phenomena such as tissue infiltration and metastases 

formation, but migration plays also an important role in embryonic development, 

wound healing, immune responses, and, in the case of Schwann cells, in properly 

surrounding of axons in the peripheral nervous system. The fact that cell locomotion 

is primarily mediated by binding of integrins to components of the ECM and 

subsequent activation of an actin-cytoskeleton-based-force-generation system is well 

established (Hynes, 1992; Lauffenburger and Horwitz, 1996; Mitchison and Cramer, 

1996; Sheetz et al., 1998; Chicurel et al., 1998). Experiments in this thesis were 

conducted as scratch assays with special regard to not damage the coating of the 

plates as migration was only expected to be seen on intact PLL/laminin coating 

(Oharazawa et al., 1999). During an observation period of eight days schwannoma 

cells were found to move faster than normal Schwann cells. Moreover, the total 

number of schwannoma cells moving was higher than observed for normal Schwann 

cells. Accordingly, Gutmann and colleagues (Gutmann et al., 1999b) showed an 

impairment of cell motility by overexpressing wild-type merlin in merlin-deficient RT4 

rat schwannoma or JS1 cell lines. In the latter study the migrational properties were 

examined by use of a so called membrane invasion culture system (MICS), which 

describes a 10 µM pore size polycarbonate membrane placed between the upper 

and lower plates of the MICS chamber. Migration is measured by the rate of cell 

diffusion. However, primary human Schwann and schwannoma cells examined here 

differ from one another extremely in cell size (Rosenbaum et al., 1998; Kamleiter et 

al., 1998), in that the schwannoma cells exhibit greater cell size, thus the MICS 

approach could not be used for the primary cells.  

Taking together the data on altered adhesive as well as migrational properties of 

cells, it would be expected that enhanced adhesion leads to decreased migration 

rates (Brakebusch et al., 2002). However, schwannoma cells were found to show 
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both enhanced adhesion and migration. This contradiction might probably be based 

on a higher alternation of adhesive and migrational processes in schwannoma cells, 

e.g. high integrin turn-over. However, cancer cells have previously been reported to 

show increased motility and enhanced adhesion (Thelen et al., 2002). 

Moreover, Kiosses and co-workers reported the selective recruitment of activated 

integrin receptors to the leading edge of the cell by Rac (Kiosses et al., 2001), thus 

upregulation of both Rac and distinct integrin receptors could lead to enhanced 

cellular motility. Recently, Thelen et al. (Thelen et al., 2002) reported the L1 adhesion 

molecule, which plays an important role in axon guidance and cell migration in the 

nervous system (Mechtersheimer et al., 2001), to potentate this β1 integrin-

dependent migration. The focal adhesion kinase (FAK), a non-receptor protein 

tyrosine kinase known to colocalize with merlin in focal adhesion complexes, has 

recently been described to act as a regulator of cell migration and adhesion (Hauck 

et al., 2002). Accordingly, reduced migration rates have been reported for fibroblasts 

derived from FAK-/- mouse embryos (Ilic et al., 1995). Complementarily, Rousseau 

and colleagues (Rousseau et al., 2000) demonstrated that the vascular endothelial 

growth factor (VEGF), found to be upregulated in schwannoma cells by the array 

experiments, induces activation of stress-activated kinase 2 (SAPK2 or JNK2), 

phosphorylation of FAK, and enhanced migratory activity. VEGF exerts its effects 

after binding of two homologous membrane tyrosine kinase receptors VEGFR1 and 

VEGFR2 (Mustonen and Alitalo, 1995; Soker et al., 1996; Waltenberger et al., 1996). 

VEGFR2, shown to be responsible for  the VEGF-induced activation of  the SAPK2, 

FAK, and enhanced migration (Rousseau et al., 2000), is considered as a positive 

regulator of endothelial cell proliferation, whereas VEGFR1 acts as a negative 

regulator (Hiratsuka et al., 1998). Interestingly, in the array experiments VEGFR1 

was found to be down-regulated in schwannoma cells, known to exhibit abnormal 

high proliferation rates in vitro (Rosenbaum et al., 1998; Pelton et al., 1998). These 

observations fit well into the results on the differential regulation of integrins reported 

in this thesis, as focal adhesion sites are sites of FAK and are enriched in integrins. 

Moreover, FAK is known to associate with adaptor and structural proteins thus 

modulating activity of MAP kinases, SAP kinases, and small GTPases. Members of 

all these signaling molecule families such as MAP2K3, JNK2 (SAPK2), and Rac1, 

partly also linked to VEGF signaling described before, were found to be regulated in 

expression and/or activity in primary human schwannoma cells by our group 
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(Kaempchen et al., in revision). Interestingly, integrins have previously been 

described to regulate cell cycle progression in tight synergism with growth factor 

receptors by activating the small Rho GTPases, FAK and PI3K (Soldi et al., 1999; 

Cheng et al., 2000; Wang et al., 2001; Brakebusch et al., 2002). 

Taking the data reported here in account, it could be concluded that the altered 

migrational behavior is at least in part due to the enhanced integrin-dependent 

adhesion of schwannoma cells.  

4.9 Apoptosis is decreased in schwannoma cells. 

Recently, Schulze et al. reported an increase in apoptosis of human primary 

schwannoma cells by reintroducing merlin (Schulze et al., 2002). However, the work 

of Schulze is lacking the comparison of the basal apoptosis rates of schwannoma 

cells to normal Schwann cells, which is important in discussing the effect of the 

reintroduction of merlin. As apoptosis rates have been described to be influenced by 

integrin mediated cell adhesion and subsequent activation of the rac/JNK pathway 

(Brakebusch et al., 2002), the basal apoptosis rates of normal Schwann cells and 

schwannoma cells were studied. In order to analyze the basal apoptosis rates 

TUNEL and CaspACE assays were conducted, revealing apoptosis rates of 11.5% 

for normal and 6.5% for tumoral Schwann cells. Therefore, in spite of the benign 

character of the schwannomas they seem to be less sensitive to apoptosis. The 

difference in apoptosis rates, though only small, was found to be statistically 

significant. Recent studies indicated a role of integrin-mediated adhesion and 

subsequent signaling via autophosphorylation of FAK in induction of apoptosis (Abbi 

and Guan, 2002). 

However, the decreased apoptosis rates of schwannoma cells represent only one 

additional finding in the examination of this tumor cell. But as these tumors are 

benign and very slowly growing, decreased apoptosis probably plays only a minor 

role. Nevertheless, increasing the sensitivity of schwannoma cells to apoptotic 

signals could slow down or even stop tumor growth, thus therapeutic approaches in 

this direction should be investigated (personal communication D.G. Evans).  

Further studies on the mechanism of apoptosis of schwannoma cells are needed, in 

order to identify the apoptotic pathway used, and then, to modulate the very same. 

Up to present, only the TRAIL induced apoptosis could be excluded as this receptor 
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was found not to be expressed by Schwann cells as detected by array experiments 

and in cooperation with Fulda et al. (Fulda et al., 2002). 
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4.10 Quinidine selectively impairs the proliferation of NF2-/- cells 

During this thesis a study on the effect of quinidine, a broad spectrum channel 

blocker, on the proliferation of human malignant mesothelioma (HMM) cell lines with 

a defined NF2 status has been performed. Human malignant mesotheliomas are 

highly aggressive, very fast growing tumors that arise from mesothelial cells lining the 

pleura, peritoneum, or pericardium. Though not being a hallmark of NF2, mutations in 

the NF2 tumor suppressor gene are, as afore mentioned, frequently found in primary 

human malignant mesotheliomas and mesothelioma cell lines (Bianchi et al., 1995; 

Sekido et al., 1995; Kleymenova et al., 1997; Cheng et al., 1999). Therapy is yet very 

difficult as the tumors respond poorly to the conventional tumor treatment, resulting in 

most cases in a rapidly fatal outcome.  

Rosenbaum et al. described an inhibition of the proliferation of primary human 

schwannoma cells in response to quinidine treatment (Rosenbaum et al., 2000). The 

proliferation rates of normal Schwann cells however remained unaltered. Kamleiter et 

al. proved the blocking of a  non-inactivating, outwardly rectifying K+ current, found to 

be enhanced in schwannoma cells, as an specific effect of quinidine (Kamleiter et al., 

1998). Beside K+ channels, also Ca2+ as well as Na+ channels are known to be 

blocked by quinidine. Nevertheless, Rosenbaum et al. could exclude the effect of 

quinidine to be based on the blockage of this channel types, as Ca2+ channels are 

not expressed by adult human Schwann cells and Na+ channels are not to be 

blocked by the quinidine concentrations used. The hypothesis emanating from these 

findings suggested that primary human NF2 schwannoma cells respond to quinidine 

because of their increased K+  outward current. 

In the current study quinidine was found to selectively and significantly reduce  the 

proliferation of merlin-deficient HMM cell lines, while leaving the proliferation of the 

merlin-expressing HMM cell lines unaffected. Thus, the observations made here on 

human malignant mesothelioma cell lines were identical to those on human normal 

Schwann and schwannoma cells by Rosenbaum et al. (Rosenbaum et al., 2000). The 

quinidine concentrations effective to decrease proliferation to about 50% of the 

reference were found to be lower when analyzing the treated cells by FACS (2.5 µM) 

than in the immunocytochemical staining (10 µM). This is to be explained by the 

higher sensitivity of the FACS analysis. However, as the tendency and the final 
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reduction in proliferation to about 50% of the initial value was more or less the same 

in both experiments, this was considered as negligible. 

The examination of the HMM cell lines revealed the expression of a quinidine-

sensitive K+ current with very similar biophysical properties as the one described in 

Schwann cells, however no significant differences in current density between the 

merlin-deficient and the merlin-expressing cell lines was detected. Thus, in HMM cell 

lines the reduction in cell proliferation by quinidine cannot be attributed to a different 

expression of potassium channels (all electrophysiological characterization was done 

by Dr. A. Alekov, Department of Applied Physiology, University of Ulm) . 

Another possible effect of quinidine that has been examined in this thesis was that 

quinidine selectively blocks the CYP450 2D6 isoenzyme (CYP2D6), a member of the 

cytochrome system encoded by several gene families with yet over 20 characterized 

isoforms. A role in the control of growth and differentiation has been suggested 

(Wundrack et al., 1997), as the enzymes catalyze the detoxification of drugs including 

antiarrhythmics (mono-oxygenase function) (Neber and Gonzales, 1987) and 

endogenous substrates such as steroids, arachidonates, nitrosamines (Crespi et al., 

1991; Neber, 1990). Cytochrome p450 2D6 itself has been reported to display 

reduced activity levels due to specific mutations in the DNA sequence often related to 

mutations in the NF2 gene, the first leading to the phenotype of a „poor metabolizer“ 

(Gough et al., 1990; Smith et al., 1992; Broly et al., 1995). As a consequence of 

those genetic and metabolic changes the enzyme’s substrates remain and 

accumulate in the cytoplasm and may show a toxicity or be transformed into 

carcinogens or mutagens. Therefore, the distinct effect of quinidine on the merlin-

deficient HMM cell lines could be based on some additional mutations in the CYP2D6 

locus, causing impaired enzyme function and leading to a “poor metabolizer” 

phenotype for these cells. However, analyzing the coding sequence of CYP2D6 

mutations were detected both in merlin-deficient as well as in one of the merlin-

expressing HMM cell lines, indicating that there is no link between the quinidine effect 

and CYP2D6 mutations.  

Horita et al. also studied human malignant mesothelioma with regard to the high 

malignancy of these tumors (Horita et al., 2001). They described that progesterone is 

capable of inhibiting proliferation of a human malignant mesothelioma cell line (211H) 

in a dose dependent manner down to about 20% of the initial value at a 

concentration of 100 µM progesterone. The proliferation was measured by MTS test, 
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but neither BrdU incorporation studies nor cell cycle analysis were performed. In 

addition they showed enhanced apoptosis of the progesterone treated cells, 

suggesting a regulation of expression of pro-apoptotic genes by progesterone. 

Therefore progesterone seems to be of some therapeutically interest for a subset of 

malignant mesotheliomas, just as suggested by the data on the effect of quinidine 

shown in this study. 

To summarize, quinidine could be shown to selectively impair the proliferation of 

merlin-deficient human malignant mesothelioma cell lines. This effect was found to 

be neither related to the block of K+ channels as shown for human schwannoma cells 

(Rosenbaum et al., 2000; Kamleiter et al., 1998) nor to accompanying cytochrome 

p450 2D6 mutations.  

Taking together the data on the primary Schwann and schwannoma cells collected 

by Rosenbaum et al. and the data presented here, the common denominator 

between these cells is the status of the NF2, and thus the effect of quinidine has to 

be correlated to the loss of merlin expression, even though the HMM cell lines might 

have acquired some additional mutations during their in vitro culture. However, 

further research is needed to identify the mechanism by which quinidine impairs the 

proliferation of merlin-deficient cells, and in vivo studies such as tumor formation 

studies would be helpful underlining the significance of the data presented here. 

However, quinidine or quinidine analogs are of potential therapeutic interest for the 

subset of merlin-deficient mesotheliomas. 
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4.11 Perspectives 

The broad spectrum of new data presented in this thesis give rise many questions 

that will be addressed in future experiments.  

4.11.1 Further studies on the cytoskeleton 

Concerning the cytoskeleton, the functional aspects of the rearrangements caused 

by the loss of NF2 will be studied in cooperation with the Department of Biophysics, 

University of Ulm by studying the cell/membrane stiffness while mechanically 

deforming the cell with the AFM. Additionally, it is planned to seed normal Schwann 

and schwannoma cells on coverslips coated with small stripes of either laminin or 

other ECM components, and subsequently stain for the cytoskeletal components in 

order to examine putative alterations due to specific ligand binding through integrins. 

Moreover, the data on the alterations of cytoskeletal components will be expanded in 

cooperation with the Section of Electron microscopy, University of Ulm using the 

break-freeze method. 

4.11.2 Analysis of a broader spectrum of adhesion molecules 

Another family of adhesion proteins being examined at present is the cadherin-

catenin family, known to play important roles in cell recognition and cell sorting during 

development as well as cell-cell adhesion in adults (Takeichi et al., 1992). One 

member of this family, α-catenin, was found to be differentially expressed at RNA as 

well as at protein level by our group. Cadherins/catenins are known to play a pivotal 

role in cell-cell adhesion, and therefore are of crucial importance in cell migration and 

malignant transformation. Thus, cadherins could contribute to the pathological 

properties of schwannoma cells, as demonstrated in this thesis for the integrin 

receptors α6β1 and α6β4. Preliminary data on the distribution of single members of 

this family as well as several interacting proteins shows significant translocations due 

to the loss of merlin. Functional aggregation assays are also undertaken. 

4.11.3 Detailed studies on signaling cascades 

At present, rat schwannoma cell lines (RT4, kind gift of Dr. Helen Morrison, University 

of Karlsruhe) are used to express both natural occurring merlin isoforms as well as 

several merlin mutations taken from patients. These cells are to be analyzed in detail 

for cellular properties such as cytoskeletal organization, migration, and apoptosis rate 
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(all established during this thesis). As the array experiments presented in this thesis, 

showed integrins and several signaling cascade members related to integrin-

dependent signaling, such as the small GTPase Rac1 and stress-activated kinase 2 

(SAPK2/JNK2), to be differentially regulated, giving a first idea of the effect of merlin 

loss, this signaling cascade shall be studied in more detail for example by 

establishing activity assays for PI3K. Thus, another important member of the 

Rac/JNK pathway shall be examined, which lays upstream of the Rac. Expression of 

different patient mutations will help to understand the relation of mutation and 

phenotype. These experiments shall then be transferred to primary Schwann cell 

cultures, and in future hopefully help to identify therapeutic targets. 

4.11.4 Examination of approaches increasing the basal apoptosis rates 

of schwannoma cells 

Several substances will be tested in order to increase the apoptosis rate of 

schwannoma cells: (i) exisulind, a drug recently described to increase the number of 

apoptotic cells in tumors associated with cancer of colon, lung, bladder and other 

organs (Li et al., 2002; Chan et al., 2002; Piazza et al., 2001; Haanen et al., 2001; 

Goluboff, 2001), and (ii) betulinic acid, a substance naturally occurring in birch bark, 

shown to induce apoptosis in neuroectodermal tumors, such as neuroblastoma, 

medulloblastoma, and Ewing’s sarcoma (Fulda et al., 1997). 
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5 Summary 

Mutations in the tumor suppressor gene Neurofibromatosis type 2 (NF2) are involved in the 

cancer predisposition syndrome NF2, as well as in all cases of sporadic schwannomas, 50-

70% of sporadic meningiomas, and a subset of human malignant mesotheliomas. Taking 

together these distinct disorders, NF2 gene mutations are involved in a growing number of 

cancers, indicating a high relevance for research into the mechanism of tumorigenesis 

caused by inactivation of NF2. 

The NF2 gene product, merlin or schwannomin, belongs to the ERM proteins and acts as a 

molecular linker between cytoskeleton and plasmamembrane. Several interacting proteins 

have been identified up to date, however, little is known of how the loss of merlin gives rise to 

tumor development. The aim of this study was to contribute to the understanding of 

schwannoma development in NF2 patients. We hypothesize that the results will be 

transferable to the other tumor types caused by loss of functional merlin. 

Morphological abnormalities of schwannoma cells, which exhibit greater cell size, increased 

numbers of lamellipodia and filopodia, and membrane ruffles, have already been described. 

Therefore we suspected cell adhesion to be altered and performed adhesion assays, 

revealing much stronger adherence of schwannoma cells. As adhesion is closely linked to 

signal transduction from the cell exterior to the interior, leading to activation of signaling 

cascades and differential gene expression, comparative analysis of gene expression of 

normal Schwann and schwannoma cells was carried out. 65 genes were detected to be 

either up- or downregulated in schwannoma cells. Amongst these were adhesion molecules, 

members of signaling cascades, as well as transcription and growth factors. The integrin 

receptors α6β1 and α6β4 were more extensively studied in this thesis. Upregulation of these 

functional receptors could be verified at protein level both in single cells and in whole cell 

lysates. They were moreover shown to cluster on schwannoma cell surface, indicating high 

levels of integrin activity, which is often linked to the stimulation of Rac mediated signaling. 

Moreover, the in vitro pathological expression of these integrins was confirmed in vivo by use 

of immunohistochemical staining of normal nerve and schwannoma tissue. Thus, we 

suspected the adhesive properties of the cells would be affected, which could explain the 

pseudomesaxon formation by NF2-/- Schwann cells in vivo. The functional importance of the 

regulation of the integrin receptors α6β1 and α6β4 was proved by a modified adhesion assay 

in the presence of antibodies to integrin β1 and β4, revealing clear and specific impairment of 

adhesion by blockage of these integrin chains. As adhesion is related to cytoskeletal 

dynamics, all three components of the cytoskeleton were examined in this thesis in detail. 

The intermediate filament GFAP was observed to be significantly redistributed, suggesting 

an effect of the loss of merlin on the transport of GFAP, whereas no changes were detected 

for the actin- and tubulin-system. We hypothesized that as loss of merlin results in changes 
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of morphology and adhesion, it must have an effect on cell migration. By use of a wounding 

assay schwannoma cell were observed to move faster and in higher cell numbers. Moreover, 

schwannoma cells were found to be less sensitive to apoptosis. 

In short, the data presented in this thesis sheds light on the cellular responses to loss of 

merlin (illustrated in figure 25), and reveals some potential therapeutic targets for drug 

development. Furthermore, the impairment of proliferation of NF2-/- cells by quinidine, 

previously reported for schwannoma cells (Rosenbaum et al., 2000), could be confirmed in 

human malignant mesothelioma cell lines, thus divulging another therapeutic approach for 

tumors related to loss of merlin. 

 

Figure 25: Model for the effect of the loss of merlin. 

The loss of merlin leads to clustering of integrin receptors, subsequently 
activating the small Rho GTPase Rac1, followed by activation of JNK1&2. 
Gene expression is altered, due to enhanced expression of transcription 
factors (shown for GATA2). Moreover, adhesion is enhanced (integrin-
dependent), and the migration rates are also increased. The intermediate 
filament member GFAP is redistributed and localizes around the nucleus. 
Growth factor receptors contribute to the integrin-dependent signaling. 
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7.4 Deutschsprachige Zusammenfassung 

Mutationen in dem Tumorsuppressorgen Neurofibromatose Typ 2 (NF2) führen 

entweder zu der autosomal dominant vererbten Erkrankung NF2 oder zu einer 

Vielzahl von sporadischen Tumoren (alle sporadischen Schwannome, 50-70% der 

sporadischen Meningiome und ein Teil der Mesotheliome). Folglich besteht eine 

hohe Relevanz für die Aufklärung des tumorigenen Mechanismus bedingt durch die 

Inaktivierung von NF2. 

Das NF2 Genprodukt, Merlin oder Schwannomin, wird zu der Familie der ERM-

Proteine gezählt und fungiert in der Zelle als Linker zwischen Zytoskelett und 

Plasmamembran. Obwohl eine Anzahl von Interaktionspartnern identifiziert werden 

konnten, ist nicht klar, wie der Verlust dieses Strukturproteins zur Tumorentstehung 

beiträgt. Das Ziel der vorliegenden Arbeit war es zur Aufklärung dieses Mechanismus 

anhand der Schwannomentwicklung in NF2 Patienten beizutragen, und zwar mit der 

Hypothese, dass die Ergebnisse auf andere, ebenfalls durch den Verlust von 

funktionellen Merlin bedingte Tumortypen zu übertragen seien. 

Morphologische Veränderungen, wie Zellgrösse, erhöhte Anzahl von Zellfortsätzen 

und Membranaufwerfungen, wurden für Schwannomzellen zuvor in der Literatur 

beschrieben. Aufgrund dieser Beobachtungen schlossen wir, dass die Adhäsion 

dieser Zellen verändert sein muss. Mit Hilfe eines Adhäsionsassays konnte eine 

erhöhte Adhäsion von Schwannomzellen nachgewiesen werden. Da Adhäsion eng 

mit Signaltransduktion von der Umgebung ins Zellinnere und damit mit der 

Aktivierung von Signalkaskaden und Regulation der Genexpression verbunden ist, 

wurde eine vergleichende Genexpressionstudie von normalen Schwannzellen gegen 

Schwannomzellen durchgeführt. Es konnten 65 differentiell regulierte Gene 

identifiziert werden. Unter diesen befanden sich Adhäsions- und 

Signalkaskadenmoleküle, Transkriptions- und Wachstumsfaktoren. Die 

Integrinrezeptoren α6β1 und α6β4 wurden im Verlauf der vorliegenden Arbeit 

intensiv untersucht. Für alle drei Integrinketten konnte die vermehrte Expression auf 

Proteinebene (Einzelzellniveau und Gesamtprotein) bestätigt werden. In einem 

immunozytochemischen Ansatz wurde ein Clustering der Integrine nachgewiesen, 

welches auf eine hohe Integrinaktivität hindeutet und in der Regel mit einer 

Stimulation der Rac/JNK-Signalkaskade verbunden ist. Die in vitro beobachtete 

pathologische Expression der Integrine konnte in vivo anhand von 
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immunhistochemischen Untersuchungen an Schwannom- bzw. Normalnervgewebe 

bestätigt werden. Dies ist im Hinblick auf die sogenannte Pseudomesaxon-Bildung 

durch Schwannomzellen in vivo interessant, und könnte diese möglicherweise 

erklären. Die funktionelle Bedeutung der Integrinrezeptoren α6β1 und α6β4 wurde 

mit einem kompetitiven Adhäsionsassay untersucht, bei welchem Antikörper gegen 

die Integrine β1 und β4 zu den Zellen gegeben wurden. Mit diesem Ansatz konnte 

gezeigt werden, dass die vermehrte Adhäsion von Schwannomzellen durch 

Integrinantikörper spezifisch geblockt werden kann. Da die Adhäsion eng mit dem 

Zytoskelett verbunden ist, wurden alle drei Komponenten desselben in der 

vorliegenden Arbeit untersucht. Für GFAP, einem Intermediärfilament, konnte eine 

klare Umverteilung in die direkte Umgebung des Zellkerns beobachtet werden, 

während weder für das Aktin- noch für das Tubulinskelett Veränderungen festgestellt 

werden konnten. Im Falle des GFAP kann vermutet werden, dass der Verlust von 

Merlin den Transport des Intermediärfilamentes in die Zellperipherie hemmt. 

Aufgrund der veränderten Morphologie und Adhäsion wurde ein Effekt auf die 

Migrationseigenschaften der Schwannomzellen postuliert, welcher bestätigt werden 

konnte: Schwannomzellen wandern in einem sogenannten „wounding assay“ 

schneller und in höherer Zellzahl. Bei der Analyse der basalen Apoptoseraten von 

Schwannomzellen konnte eine verminderte Apoptosesensitivität nachgewiesen 

werden. 

Zusammengefasst lässt sich sagen, dass die Daten aus der vorliegenden Arbeit 

neue Daten zum Verständnis der Tumorgenese durch den Verlust von Merlin 

beitragen (siehe auch Abbildung 25, Seite 81) und mögliche Ziele für die Entwicklung 

von Medikamenten präsentieren. Ausserdem konnte im Rahmen dieser Arbeit die 

proliferationshemmende Wirkung von Quinidin, zuvor für Schwannomzellen gezeigt 

(Rosenbaum et al. 2000), auf NF2-/- Zellen am Beispiel von Mesothelioma Zellinien 

verifiziert werden. Somit stellt auch die Behandlung mit Quinidin oder 

Quinidinanaloga einen möglichen therapeutischen Ansatz für merlin-defiziente 

Tumore dar. 



APPENDIX 

107 

7.5 Abbreviations 

BrdU    5-bromo-2´-deoxy-uridine 

BSA    bovine serum albumin 

CYP2D6   Cytochrome p450 2D6 

DAB    diamino benziidine 

DAPI    4',6-Diamidino-2-phenylindole 

DMEM   Dulbecco’s modified eagle medium 

DMSO   dimethylsulfoxide 

ECL    enhanced chemiluminescence 

EDTA    ethylene diamine tetra acetic acid 

EGTA    ethylene glycol tetra acetic acid 

ELISA    enzyme-linked immunosorbent assay 

ERM    ezrin, radixin, moesin 

ERMAD   ezrin, radixin, moesin actin-binding domain 

FACS    fluorescence assisted cell sorting 

FAK    focal adhesion kinase 

FCS    fetal calf serum 

FERM domain  four-point one, ezrin, radixin, moesin domain 

GAR    goat-anti-rabbit 

GFAP    glial fibrillary acidic protein 

HEPES   N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid 

HMM    human malignant mesothelioma 

HRP    horse-radish-peroxidase 

huHPRT   human hypoxanthine guanine phosphoribosyl transferase 

IBMX    3-isobutyl-1-methylxanthine 

JNK    Jun kinase 

lam    laminin 

MEFs    mouse embryonic fibroblasts 

MMLV    mouse moloney murine leukemia virus 

NF1    Neurofibromatosis Type 1 

NF2    Neurofibromatosis Type 2 

NIH    National Institutes of Health 

PAGE    polyacrylamid gel electrophoresis 



APPENDIX 

108 

PBS    phosphate buffered saline 

PFA    paraformaldehyde 

PI    propidium iodide 

PI3K    phosphatidylinositol-3-kinase 

PLL    poly-L-lysine 

PMSF    phenyl methyl sulfonyl fluoride 

RAG    rabbit-anti-goat 

Rho-GDI   Rho guanine nucleotide dissociation inhibitor 

RPMI 1640 medium  developed by Roswell Park Memorial Institute 

SAPK    stress activated kinase 

TBS    Tris buffered saline 

TRAIL    TNF-related, apoptosis-inducing ligand 

TTBS    Tween TBS 

TUNEL terminal deoxynucleotidyl transferase Biotin-dUTP Nick 

end labeling 

VEGF vascular endothelial growth factor 

VS vestibular schwannoma 
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