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2. Description of the paper 

Myelination depends on the integrity and communication between axon and its 

glia cells (either oligodendrocytes in the central nervous system (CNS) or 

Schwann cells (SC) in the peripheral nervous system (PNS)) not only during 

embryogenesis and development but also postnatal. These mechanisms are 

diverse and many of them still remain unclear.  

There are four different classes of SC:  

- myelinating SC that wrap around the axon building a myelin sheath necessary 

for conducting a saltatory nerve impulse 

- non-myelinating SC that form Remak bundle 

- perisynaptic or terminal SC  

- satellite cells of peripheral ganglia 

During the postnatal development axons send different signals to surrounding 

premature SC regulating their phenotype differentiation (Corfas et al., 2004). 

Impairment of one cell type or its aberrant signals inevitably lead to 

pathophysiological changes in the other (Fricker and Bennett, 2011). 

Neurofibromatosis 2 (NF2) is an autosomal dominantly inherited tumour 

syndrome characterized by development of multiple low grade tumours of CNS 

and PNS (schwannomas, ependymomas, meningeomas), ophthalmic 

abnormalities (reduced visual acuity and cataract) and skin tumours, leading to 

progredient morbidity, reduced life quality and life expectancy. Patients with 

NF2 usually present with hearing loss, tinnitus or imbalance due to the 

development of usually multifocal bilateral vestibular schwannomas or specific 

neurological failures depending on the localization of the tumour (Corfas et al., 

2004; Evans, 2009; Gijtenbeek et al., 2001). Diagnosis of NF2 is complex. 

Standardised criteria have been defined for everyday clinical practice (Fig. 1). 

Not only PNS and CNS tumours develop in NF2 patients, but many of the 

patients will also suffer from peripheral neuropathy and muscle wasting during 

their lifetime. This cannot be completely explained by the tumours itself, as it 

was primarily thought because clinical signs of polyneuropathy usually present 

in locations not affected by schwannomas (Hagel et al., 2002). An even higher 

percentage of NF2 patients suffers from pre-clinical polyneuropathy as revealed 

by electrophysiological examination (Sperfeld et al., 2002).  
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(A) Bilateral vestibular schwannomas � 

(B) First-degree family relative with NF2 and unilateral vestibular schwannoma or any two of 
the following: meningioma, schwannoma, glioma, neurofibroma, posterior subcapsular 
lenticular opacities � 

(C) Unilateral vestibular schwannoma and any two of the following: meningioma, schwannoma, 
glioma, neurofibroma, posterior subcapsular lenticular opacities/juvenile cortical cataract 

(D) Multiple meningiomas (two or more) and unilateral vestibular schwannoma or any two of 
the following: schwannoma, glioma, neurofibroma, cataract 

Figure 1. The Manchester criteria for NF2 (modified by the National Institute of 
Health) (Evans et al., 1992; Report, 1988).  

 

In childhood a polio-like illness with lower limb muscle wasting may develop and 

in adulthood a severe polyneuropathy could be the symptom of NF2 before the 

vestibular schwannomas become apparent, especially in case of a severe 

disease (Evans, 2009; Gijtenbeek et al., 2001).  

The above mentioned pathologies are linked to a loss of constitutional 

heterozygosity of Chromosome 22 (Seizinger et al., 1986). A number of 

truncating, missense, nonsense, in frame deletions and frameshift germline and 

somatic mutations of the NF2 gene lead either to lack of protein product or to 

non-functional tumour suppressor protein merlin (or schwannomin) resulting in 

different disease severity (Baser et al., 2003; Evans, 2009; Trofatter et al., 

1993).  

The NF2 gene on chromosome 22q12.2 codes for a tumour suppressor protein 

merlin that consists of 595-amino acids and is localized in the cell membrane in 

the regions of cell-cell contact and interaction linking the cell membrane to the 

cytoskeleton (Castelnovo et al., 2017). Merlin is highly expressed during 

embryonal development in many tissues as well as in mature SC, meningeal 

cells, lens and nerve tissue (Baser et al., 2003). Due to its structure it is closely 

related to the family of ERM proteins. These proteins create a link between 

actin filaments of cytoskeleton and cell-surface molecules (Gautreau et al., 

2002; Trofatter et al., 1993).  

Merlin consists of a glycoprotein-binding FERM domain, alpha-helical region 

and a carboxyterminal domain. It interacts with multiple cell-surface proteins: 

CD44 and β1-integrin, and molecules involved in cell-cytoskeleton dynamics:  
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βII-spectrin, paxillin, actin and syntenin (Baser et al., 2003; James et al., 2001; 

Jannatipour et al., 2001; Morrison et al., 2001; Obremski et al., 1998; Scoles et 

al., 1998).  

One of the main merlin activities is inhibition of proliferation in different cell 

types by targeting multiple signalling pathways (Morrison et al., 2001; 2007).  

Phosphorylation of merlin either on a serine 518 or serine 10 residue by Rac 1-

dependent p21-activated kinase (PAK) and cAMP-dependent protein kinase A 

leads to its open and therefore inactive form (Alfthan et al., 2004; Laulajainen et 

al., 2008; Rong et al., 2004; Sher et al., 2012). Figure 2 shows a summary of its 

most important signalling targets. 

 

 

Figure 2. A. Merlin consists of three structural regions: FERM domain, an α- 
helical domain and a C-terminal domain. It becomes inactive (open form) 
through PKA=cAMP dependent protein kinase A and PAK=p21-activated 
kinases phosphorylation and is activated (closed form) through 
dephosphorylation due to MYPT-1-PP1 δ=myosin phosphatase-1 protein 
phosphatase-1. B. In its active state merlin acts as a tumour suppressor through 
the downregulation of multiple mitogenic signalling pathways, most prominent of 
which are its effects on the phosphoinositide-3 kinase (PI3K)-signalling pathway 
(PI3K–Akt–MTOR) and the mitogen-activated protein kinase (MAPK) signalling 
pathway (Ras–Raf–MEK–ERK). EGFR=endothelial growth factor receptor. 
PIKE-L=phosphatidylinositol 3-kinase enhancer long form. eiF3c=eukaryotic 
initiation factor 3 subunit c. TRBP=transactivation responsive RNA binding 
proteins. RalGDS=Ral guanine-nucleotide dissociation stimulator. Rho 
GTPases=Rho guanosine triphosphatases. N-WASP=Neuronal Wiskott-Aldrich 
syndrome protein (Asthagiri et al., 2009). 
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A wide spectrum of cell proliferation signalling pathways are inhibited by merlin: 

PIKE-L/PI3K, mTORC1, Src/Fak, Mst1/2, ERK1/2, AKT and CRL-4DCAF (Li et 

al., 2012; Okada et al., 2007; Zhou and Hanemann, 2012).  

Some researches state that merlin enfolds its tumour suppressor activity due to 

its regulation of Ras or Rho GTPase family proteins, as well as the Hippo 

pathway (Meng et al., 2016; Schulz et al., 2014b; Yin et al., 2013). 

Hypophosphorylated active merlin in contrast to the phosphorylated inactive 

merlin was shown to be able to associate with CD44 in SC leading to the growth 

arrest (Rong et al., 2004). 

Merlin functions also as a potent stabilizer of microtubules through reduction of 

the rates of microtubule polymerization and depolymerization and by decreasing 

the frequency of microtubule catastrophes (Smole et al., 2014). So it is an 

essential protein for maintaining the bipolar spindle morphology of SC and their 

stable align with axons (Thaxton et al., 2011). Denisenko et al. described the 

crucial role of merlin for controlling SC numbers as well as for the correct 

regulation of axo-glial heterotypic contacts (Denisenko et al., 2008).  

Due to its structure there are two different merlin isoforms that come as a result 

of alternative splicing and differ in their last 11 (for merlin isoform 1) and 16 (for 

merlin isoform 2) amino acids (Gutmann et al., 1995). Though it is not 

completely clear, whether both merlin isoforms have the same tumour 

suppressive activity (Schulz et al., 2014b). Initially only isoform 1 was described 

having proliferation inhibiting functions, but most recent studies state that both 

isoforms have similar proliferation suppressive potential (Gutmann et al., 1999; 

Laulajainen et al., 2012; Zhan et al., 2011).  

Primarily merlin was found and studied in glial cells as its loss causes benign 

glial cell tumours, but recent studies using in-situ-hybridization and 

immunohistochemistry detected merlin in various types of neuronal cells in CNS 

and PNS, for instance in sciatic nerve axons, neurons of the intestinal tract 

ganglia and in dorsal root ganglion cells of the PNS (Bakker et al., 1999; Schulz 

et al., 2010; 2013; Schulz et al., 2014b).  

There are at least three known types of genetic alterations of the NF2 gene 

leading to disease development. Inherited germline mutations in one allele  
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combined with a somatic mutation of the other allele resulting in hereditary NF2; 

sporadic mutations in both NF2 alleles leading to sporadic schwannomas, NF2 

related neuropathy might be caused by mutations in one allele as a result of cell 

type-specific haploinsufficiency in neuronal cell types (Hanemann et al., 2007; 

Schulz et al., 2014b; Young et al., 2017). The latter was suggested to be a 

reason for neuronal merlin to have other functions unrelated to its tumour 

suppressor role.  

NF2-associated polyneuropathy is mostly symmetric and distal indicating rather 

a systemic than focal disorder. The mechanism of development of neuropathy is 

not completely understood and the data concerning its frequency varies 

considerably from 6% up to 66%, suggesting diverse factors to be involved like 

compression of nerve fibres by tumourlets, possible local toxic or metabolic 

influences or altered myelination (Evans et al., 1992; Sperfeld et al., 2002). 

Recently Minods et al. showed that loss of Merlin leads to altered myelination 

and axonal regeneration accompanied by an ongoing inflammatory process with 

macrophage infiltration of the nerve after nerve injury, which could be a possible 

trigger for a tumour development in NF2 due to nerve compression or minor 

injury (Hilton and Hanemann, 2014; Mindos et al., 2017).  

Polyneuropathy may also be caused by the cell type specific haploinsufficiency 

in neuronal cells due to a loss of one allele (Schulz et al., 2014b). Studies have 

also described a GTPase activity control of neuronal merlin as a possible cause 

of non-tumourigenic aetiology of polyneuropathy (Schulz et al., 2010).  Hagel et 

al. showed that polyneuropathy in NF2 might be a result of development of 

small tumourlets and/or proliferation of SC and perineurial cells (Hagel et al., 

2002). The development of onion bulbs could be caused by mutations in NF2 

gene as well (LaPoint et al., 2000). 

Schulz A. et al showed that neurofilament phosphorylation through GTPase 

Rho-associated kinase can be impaired due to the axonal merlin-isoform-2 loss 

causing damage to axon structure maintenance and leading to NF2-related 

polyneuropathy even in the absence nerve-damaging tumours. Nerve biopsies 

of NF2 patients revealed axon-intrinsic irregularities in electron microscopy and 

hypophosphorylation of neurofilaments indicating that the nerve damage has an 

axonal origin resulting from reduced merlin levels (Schulz et al., 2013). 
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It has also been discovered that heterozygosity for Merlin in both axons and SC 

in NF2 might cause the tumour formation in PNS (Schulz et al., 2016).  

Interestingly it was shown that somatic NF2 mutations are present in a variety of 

different cancer types, but these mutations do not cause the typical tumours for 

the hereditary NF2, for example breast and colorectal cancer, hepatobiliar 

cancer, melanoma and medullary thyroid carcinoma (Petrilli and Fernández-

Valle, 2015; Schroeder et al., 2014). 

As merlin interacts with a great variety of proteins and mediates multiple 

signalling pathways it is possible that it is not a particular altered function in a 

mutated merlin that leads to tumour development, but probably a combination of 

many changed signalling pathways and regulated processes. 

Isoforms of the axonal growth factor neuregulin (NRG), encoded by four genes 

(NRG1-4) are key regulators of axon-SC interaction influencing development, 

growth, myelination, neurotransmission, synaptic plasticity and differentiation of 

SC through hetero- and homodimers of the tyrosine kinase receptors ErbB on 

every stage of neurogenesis and myelination. Proteins of the NRG1 family are 

the best described and studied by now. Defects in this interaction due to the 

lack of NRG1-ErbB signalling result in degeneration of sensory and motor 

neurons (Corfas et al., 2004). NRG1 stays on the cell surface functioning as a 

juxtacrine signal binding to all ErbB ligands with its EGF-like domain to ErbB3 

and Erbb4 receptors, which can heterodimerize with Erbb2 receptors (Nave and 

Salzer, 2006). Six different types of NRG1 were described, type II and III having 

the highest rates of expression (73% for NRG1 type III and 21% for NRG1 type 

II) and being better studied than the other ones (Liu et al., 2011).  

NRG 1 type III was shown to be one of the most important factors for SC 

myelination through the MAP kinase and phosphoinositide-3-kinase activity 

determining first the proliferation and later differentiation of SC and therefore 

regulating the myelination fate of axons. Interestingly the levels of NRG1 type III 

and not only the axon diameter provide a key instructive signal that determines 

the ensheathment fate of axon (Fig.3). Large axons are known not only to have 

increased surface area, but also express larger amounts of NRG1 per unit 

membrane area. Its high levels are necessary for myelination, whereas low 
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levels trigger only the ensheathment of axons (Nave and Salzer, 2006; 

Taveggia et al., 2005). 

 

Figure 3. NRG1 regulates steps of SC differentiation and axonal myelination.  
(a) SC (blue) develop from neural crest cells (green) and interact with small and 
large calibre axons. In this phase, NRG1 regulates SC differentiation and 
expansion through ErbB signalling. The NRG1 type III levels and axon size 
leads either to myelination of single axons or to formation of Remak bundles.  
(b) In mice lacking NRG1 (-/-), in heterozygous NRG1 (+/-) mice and in 
transgenic NRG1 overexpressing mouse mutants, the amount of myelin 
depends mostly on the amount of axonal NRG1 rather than on the axonal 
diameter (Michailov et al., 2004; Nave and Salzer, 2006; Taveggia et al., 2005).  

 

Michailov et al. suggested that downregulation of axonal NRG1 type III leads to 

thinner myelination in the PNS (Michailov et al., 2004). On the contrary, our in 

vivo experiments showed that decreased levels of NRG 1 type III due to 

neuronal merlin reduction were associated with increased myelination. This 

could be a result of a compensatory upregulation of the Erbb2 receptor, leading 

to aberrant promyelinating signals and resulting in hypermelination and 

development of onion bulbs.  

NRG1 interacts with multiple signalling pathways, most notable of which are 

Notch, integrin and cAMP (Fricker and Bennett, 2011). Overexpression of 

axonal neuregulin is able to activate a phosphatidylinositol kinase pathway and 

a RAS-MAPK pathway leading to proliferation and differentiation of Schwann 

cells, that result in enlargement of peripheral nerves and development of 
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neurofibroma-like lesions and peripheral nerve sheath tumours (Gomez-

Sanchez et al., 2009; Taveggia et al., 2005).  

As mentioned above NRG1 is described to be the major regulating ligand of the 

ErbB receptor family required for SC development in the peripheral nervous 

system (Fricker and Bennett, 2011; McClatchey and Giovannini, 2005). SC 

express ErbB2 and ErbB3 receptors that signal as a heterodimerizing complex 

and leading to activation of multiple signalling pathways (Monje et al., 2008). 

Interestingly ErbB2 and ErbB3 complement each other, as ErbB2 lacks a 

binding domain and ErbB3 a catalytically active intracellular kinase domain (Citri 

et al., 2003). 

It has been shown that overexpression of ErbB2 receptor in Schwann cells 

leads to the development of peripheral nerve tumours, hypoexpression to 

hypomyelination (Ling et al., 2005). Lallemand et al. also described 

overexpression of ErbB2 and ErbB3 in schwannomas of NF2 patients. 

(Lallemand et al., 2009). In cases of Charcot-Marie-Tooth disease type 1, 

overexpression of ErbB2/3 receptor has been linked to the pathogenesis of the 

demyelination (Massa et al., 2006). It was also suggested that altered regulation 

of ErbB receptor signalling might lead to a dedifferential state resulting in 

increased SC proliferation and development of vestibular schwannomas 

(Ahmad et al., 2010). 

ErbB2/3 receptor expression levels are influenced by merlin levels in the SC 

themselves, being increased as a result of the loss of merlin activity (Lallemand 

et al., 2009) and through the axonal NRG1 type III levels (Michailov et al., 2004; 

Nave and Salzer, 2006). Membrane glycoprotein CD44 was also shown to 

enhance neuregulin-induced ErbB2 phosphorylation (Sherman et al., 2000). 

Therefore CD44 and merlin regulate cell growth arrest or proliferation in a 

concerted way (Morrison et al., 2001).   

Taking into consideration that SC and axons have a very tight interaction it is 

possible that axons or axon derived signals may contribute to the SC tumour 

development as well (Schulz et al., 2014b) as it is shown in the Fig.4.  
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Figure 4. Interaction of neuronally expressed merlin with axonal proteins is 
essential for axon-Schwann cell signalling. Merlin is known to interact with 
Caspr/paranodin (Denisenko-Nehrbass et al., 2003) and βII-spectrin (Scoles et 

al., 1998) in the paranode region. Merlin regulates also the expression of NRG1 
type III(Schulz et al., 2014a). The receptors of NRG1 type III on SC, ErbB2/3 
(Lallemand et al., 2009), and its co-receptor CD44 (Morrison et al., 2001) are 
regulated by merlin expressed in the SC (Schulz et al., 2014b).  

 

Drugs targeting merlin and NRG1 signalling pathways as well as the tumour 

angiogenesis are under preclinical and clinical investigation and might be 

potential treatments for NF2 and other cancer types with mutations of NF2 gene 

(Asthagiri et al., 2009; Karajannis and Ferner, 2015).  

Following the hypothesis that not only Schwannoma development can lead to 

nerve damage resulting in polyneuropathy, but also a reduced amount of 

neuronal merlin can impair the myelinating signals, we investigated a possible 

interaction of merlin with a well known signalling pathway between SC and 

axons ― the NRG1/ErbB pathway, suggesting that merlin could influence 

NRG1 type III expression and lead to aberrant NRG1/ErbB signalling, resulting 

in demyelination or insufficient remyelination (onion bulbs) and therefore 

polyneuropathy. 
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3. Summary 

Neurons and glial cells form an interdependent and highly interacting unit both 

during development and later life. Concerning the interplay between peripheral 

axons and Schwann cells several positive and negative regulators of 

myelination have been described to be dependent on extrinsic axonal signals.  

Aberrant expression of surface proteins is accompanied by misregulation of 

their reciprocal communication eventually leading to diseases. In the present 

study it could be shown that in hereditary tumour syndrome Neurofibromatosis 2 

(NF2) axon surface protein neuregulin1(NRG1) is downregulated. In particular 

NRG1 type III expression in human sural nerve biopsies and in sciatic nerve 

tissue of merlin knock out animals was decreased. The defect could be 

assigned to neurons since the Schwann cell-specific knock out of merlin had no 

effect on NRG1 expression in mice, while the neuron-specific loss of merlin was 

accompanied by a significant reduction of NRG1.  

In vitro experiments performed both on the P19 cell line and on primary dorsal 

root ganglion cells clearly underlined the importance of merlin for NRG1 type III 

expression. Further human sural nerve biopsies taken from NF2 patients 

showed a strong and consistent reduction of NRG1 type III in contrast to 

samples with acquired polyneuropathies like chronic inflammatory 

demyelinating polyneuropathy or axonopathies of different aetiology. We also 

discovered an increased expression of NRG1 receptor on Schwann cells 

(ErbB2 receptor) in both, patients with NF2 and in nerve tissue of neuron-

specific merlin knockout mice, showing a possible influence of axonal merlin on 

Schwann cell activity.  
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3. Zusammenfassung 

Neurone und Gliazellen bilden ein vielfältig interagierendes System nicht nur 

während der embryonalen Entwicklung, sondern auch im weiteren Verlauf des 

Lebens. Neben den Faktoren, die die Produktion von Myelin in den 

Schwannzellen steuern, wurden mehrere positive und negative axonale 

Regulatoren der Myelinisierung beschrieben. 

Eine aberrante Expression von Oberflächenproteinen führt zu einer 

Fehlregulation der Myelinisierung, die sich schließlich klinisch präsenteren 

kann. 

In der vorliegenden Arbeit konnte gezeigt werden, dass im erblichen 

Tumorsyndrom Neurofibromatose Typ 2 (NF2) das axonale Oberflächenprotein 

Neuregulin 1 (NRG1) herunterreguliert ist. Insbesondere ist die NRG1 Typ III 

Expression in Biopsien des Nervus suralis bei Patienten mit NF2 und im 

Nervengewebe von Merlin knockout Tieren verringert.  

Während der Schwannzell-spezifische Knock out von Merlin keinen Einfluss auf 

die NRG1 Expression hat, wird der Neuron-spezifische Verlust von Merlin von 

einer signifikanten Minderung der NRG1 Expression begleitet. In vitro 

Experimente, die sowohl an der P19-Zelllinie als auch an primären 

Ganglienzellen der Dorsalwurzeln durchgeführt wurden, unterstreichen die 

Bedeutung von Merlin für die NRG1 Typ III Expression. 

Weiterhin zeigten die Nervenbiopsien von NF2 Patienten eine auffällig starke 

Herunterregulierung der NRG1 Typ III Expression im Vergleich zu Biopsien bei 

erworbenen Polyneuropathien wie der chronischen inflammatorischen 

demyelinisierenden Polyneuropathie oder bei Axonopathien unterschiedlicher 

Genese. 

Darüber hinaus konnte  eine erhöhte Expression des NRG1-Rezeptors auf den 

Schwannzellen (ErbB2-Rezeptor) der Patienten mit NF2 und im Nervengewebe 

der Neuron-spezifischen Merlin Knockout-Mäuse festgestellt werden.  
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4. Explanation of own contribution 

In order to further investigate the polyneuropathy that is found in a large 

percentage of Neurofibromatosis 2 (NF2) patients a literature research was 

performed to identify proteins that support integrity of peripheral nerves and that 

may show alterations in NF2. Neuregulin 1 (NRG1) was identified as a 

promising candidate. Next immunohistochemistry double labelling of nerves 

with NRG and antibodies against other important proteins as Protein Zero, 

Neurofilament and Ki-67 was established.  

The cohort comprised sural biopsies from seven patients with NF2 diagnosed 

according to NIH (Gutmann et al., 1997) and Manchester criteria (Baser et al., 

2003). For comparison controls of normal peripheral nerves, as well as cases 

with chronic inflammatory demyelinationg polyneuropathy and axonopathy were 

double labelled with antibodies against neurofilament and myelin protein zero, 

NRG1 and myelin protein zero or single labelled with antibodies against ErbB2. 

As positive control for ErbB2 labelling we stained breast cancer metastases, 

which are known to express ErbB2 (Maguire and Greene, 1990). 

In addition to biochemical analyses of NRG1 expression, performed by the co-

authors, we investigated sciatic nerves of NF2-wild type and knock-out mice 

immunohistochemically. 

We performed the semi-quantitative and statistical evaluation of all stained 

samples, prepared figures and graphs and wrote our part of the manuscript.  

Additional staining with Neurofilament, Protein Zero, Nestin, NRG1 Type III and 

ErbB2 antibodies were performed on vestibular and spinal schwannomas of 

patients with and without NF2, as well as on peripheral schwannomas of NF2 

patients. These showed no relevant Nestin, Neurofilament or Protein Zero 

expression in any of the tumour types and did not reveal significant differences 

between the controls and the NF2 group.   
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