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Abstract

Type 1 neurofibromatosis (NF1) syndrome is caused by a mutation of the NF1 gene. NF1 protein
(neurofibromin) contains a domain which is related to the GTPase activating protein (GAP) and
accelerates the switch of active Ras-GTP to inactive Ras-GDP. The clinical symptoms of NF1
patients include e.g. the formation of benign neurofibroma tumors and hyperpigmented lesions of the
skin. The NF1 protein has been referred to as a tumor suppressor since cells of malignant
schwannomas of NF1 patients may display loss of heterozygosity of the NF1 gene. 

In the present study, the expression of the NF1 gene was investigated during tissue repair in human
skin. Elevated NF1 protein levels were seen in a fibroblastic cell population of healing wounds. In
vitro studies were designed to investigate NF1 expression in dermal fibroblasts under the influence
of growth factors that are operative during wound healing. Platelet-derived growth factor (PDGF)
isoforms AB and BB and transforming growth factor β1 (TGFβ1) elevated NF1 mRNA levels in
cultured dermal fibroblasts. In further studies, histological examination on apparently healthy skin of
NF1 patients revealed frequently small masses of neurofibromatous tissue at the vicinity of hair
follicles. Thus, action of the NF1 gene appears to be an integral part of normal tissue repair. Enhanced
NF1 tumor suppressor expression may serve to limit excessive fibrosis in wound healing.

As Ras proteins play a role in the regulation of cell differentiation and formation of cell junctions,
the functional expression of NF1 protein was elucidated using differentiating keratinocytes as an in
vitro model system. The results demonstrate that an intense NF1 tumor suppressor signal on
intermediate filaments was temporally limited to the period in which the formation of desmosomes
takes place. In analogy to NF1 protein, a rapid elevation of NF1 mRNA level was detected following
initiation of differentiation. Interestingly, NF1 mRNA hybridization signal polarized towards cell-
cell contact zones. This finding recognizes a potential way for post-transcriptional modification of
NF1 expression and targeting of translation to subplasmalemmal location. The results demonstrate
that the function of NF1 protein is associated with the formation of cell junctions, and thus to cellular
communication.

Keywords: cell adhesion, cytoskeleton, cell differentiation, intercellular junctions, neurofi-
broma, neurofibromatosis 1, skin, post-transcriptional RNA processing, wound healing
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1 Introduction 

Type 1 neurofibromatosis syndrome is a genetic disorder, where mutations in the NF1 
gene usually result in reduced levels of NF1 tumor suppressor protein. The NF1 protein 
accelerates the switch of active Ras-GTP to inactive Ras-GDP. The Ras protein signaling 
pathways are known to influence on the proliferation, migration, and differentiation of 
cells. Evidence for tumor suppressor function of NF1 gene comes from studies showing 
that the loss of heterozygosity in NF1 patients can lead to malignancies. Mutations of 
NF1 gene are also detected in sporadic cancers. 

The present study was designed to elucidate the role of NF1 protein during normal 
cutaneous healing, where coordinated action of many different cell types and growth 
factors are needed during tissue remodeling. The aim was also to study the role of NF1 
protein during cellular differentiation. Tissue samples involving healing wounds were 
analyzed to elucidate NF1 protein expression. In vitro experiments were carried out to 
study the effects of platelet-derived growth factor (PDGF) and transforming growth factor 
β1 (TGFβ1) on NF1 mRNA levels in cultured fibroblasts. To see the effects of the 
mutated NF1 gene on skin, the histological features of healthy-looking skin of NF1 
patients were assessed. Cultured keratinocytes were induced to differentiate, and the 
expression of NF1 mRNA and protein was assessed, focusing specially on the 
cytoskeleton and cell junctions. Although NF1 protein is known to act as GTPase 
activating protein (GAP), the potential other functions of NF1 remain to be characterized 
in detail.  



2 Review of the literature 

2.1  NF1 tumor suppressor / histogenesis control factor 

Neurofibromatosis type 1 (NF1) is a dominantly inherited cancer predisposition 
syndrome or a neurocutaneous disorder with an incidence of ~1 in 4000 (Stumpf et al. 
1988, Friedman 1999a, Friedman 1999b, Gutmann 2001). This syndrome is caused by 
mutations in the NF1 gene in chromosome 17 (Li et al. 1995, Shen et al. 1996, Viskochil 
1999a, Viskochil 1999b). The NF1 gene is classified as a tumor suppressor gene, since 
the loss of heterozygosity (LOH) is seen in the malignant tumors of NF1 patients and 
somatic mutations have been found in the sporadic cancers of non-NF1 patients (Li et al. 
1992, Legius et al. 1993, Shannon et al. 1994, Gutmann et al. 1995a). In addition, the 
NF1 gene is classified as a histogenesis control gene, since many benign dysplasias occur 
in the NF1 syndrome, and normal NF1 protein function is needed during tissue repair 
(e.g. wound healing and angiogenesis) and embryonic development (Sheela et al. 1990, 
Brannan et al. 1994, Lakkis &  Epstein 1998, Atit et al. 1999, Mashour et al. 1999, 
Riccardi 2000, Riccardi 2001).  

2.2  NF1 gene 

The NF1 gene is mapped to locate in chromosome 17q11.2 and it spans over 3.5 kb of 
genomic DNA (Cawthon et al. 1990, Viskochil et al. 1990, Wallace et al. 1990). The NF1 
gene is ubiquitously expressed in human, resulting in a 11-13 kb NF1 mRNA and many 
alternatively spliced variants (Skuse &  Cappione 1997). The NF1 gene (illustrated below 
in Fig. 1) contains 60 exons that are organized into four clusters which are separated by 
four large introns (Marchuk et al. 1991, Li et al. 1995, Viskochil 1999).  

Sequence homology to GAP is located within the exons 21-27a, suggesting that NF1 
protein accelerates the GTPase activity of Ras proteins (Viskochill 1999b). The NF1 
coding region contains an even longer homology to yeast IRA1 and IRA2 proteins, which 
are regulators of the Ras-cAMP pathway (Ballester et al. 1990, Buchberg et al. 1990, 
Martin et al. 1990, Xu et al. 1990a, Xu et al. 1990b). Another region, comprising exons 
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11-17, contain homology to ATP binding- and cAMP-dependent protein kinase (PKA) 
recognition sequences (Fahrsold et al. 2000). Sequences coding for tubulin binding sites 
locate within and in the vicinity of the GAP-related domain (GRD) (Bollag et al. 1993, 
Scheffzk et al. 1998). Some studies have also suggested sequences that contain homology 
to nuclear targeting signals (Marchuck et al. 1991, Suzuki et al. 1991, Li et al. 2000).  

Three smaller functional genes (EV12A, EV12B and OMGP) that locate within the 
intron 27b are transcribed in the opposite orientation to NF1 (Cawthon et al. 1990, 
Viskochil et al. 1990, Viskochil et al. 1991, Viskochil, 1999a, Viskochil 1999b), and one 
AK3-pseudogene occurs within the intron 39 in NF1 gene (Xu et al. 1992b). The NF1 
gene promotor lies in the CpG rich region, which does not contain TATA or CAAT box to 
delineate a strong start site. Numerous transcription regulatory regions and cis-acting 
elements has shown to locate within the promoter region (Visckochil et al. 1991, Hajra et 
al. 1994, Purandare et al. 1996). The initiation of transcription locates 484 bp upstream of 
the translational start site (Marchuck et al. 1991, Viskochil 1999b). Microsatellite 
instability, hypermethylation, or mutations affecting the promoter region has not been 
shown to be a common mechanism for NF1 tumor suppressor gene inactivation during 
tumorigenesis (Horan et al. 2000, Luijten et al. 2000, Osborn et al. 2000). The 3’ end of 
the NF1 gene spans approximately 3.5 kb of genomic DNA sequence downstream of 
exon 49 (Fig. 1) (Li et al. 1995, Upadhyaya et al. 1995, Cowley et al. 1998, Viskochil 
1999b). 
 

Fig. 1. Schematic representation of NF1 gene structure. The transcription start site is marked 
by an arrow. The transcription stop site and polyadenylation site are marked by an octagon. 
The GRD is marked, spanning exons 21-27a. The alternatively spliced exons are shown in 
gray. The three embedded genes within the intron 27b are transcribed to opposite direction 
(arrow). The asterisk represents the site of mRNA processing. Bar, 1000 bp (introns are not 
in scale). The figure has been modified from an article by Viskochil (1999b). 

The mutation rate of the NF1 gene is one of the highest known to occur in the human 
genome, 3.1-6.5x105 (Vogel & Motulsky 1997), and about 50% of all NF1 patients lack a 
family history of the disease (Huson &  Hughes 1994). In general, mutational analysis of 
the NF1 gene is complex due to the large size of the gene, the existence of pseudogenes 
and the great diversity of the lesions (Legius et al. 1992, Kehrer-Sawatzki et al. 1997, 
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Regnier et al. 1997, Lujiten et al. 2000). Mutations of the NF1 gene are distributed along 
the whole genomic region, and only a few possible mutational hot spots have been 
suggested so far (Shen et al. 1996, Boulandet et al. 2000, Fahsold et al. 2000, Messiaen 
et al. 2000). A diversity of the mutations affecting the transcript or untranslated regions 
(UTR) has been described, including e.g. chromosomal abnormalities, deletions, 
insertions and spot mutations (Upadhyaya et al. 1997, Upadhyaya &  Cooper 1998, Ars et 
al. 2000, NNFF International NF1 genetic Mutation Analysis Consortium, Human Gene 
Mutation Database Cardiff).  

In addition to germ line mutations, somatic mutations or LOH have also been shown in 
many NF1-associated malignancies as well as in cancers of non-NF1 patients (Xu et al. 
1992a, Andersen et al. 1993, Johnson et al. 1993, Legius et al. 1993, Shannon et al. 
1994). LOH has also been described in some of the benign neurofibromas (Colman et al. 
1995, Sawada et al. 1996, Däschner et al. 1997, Eisenberth et al. 2000). Furthermore, a 
few cases of somatic mosaicism have been described at the molecular level (Lazaro et al. 
1995, Colman et al. 1996, Wu et al. 1997).  

2.3  NF1 mRNA 

NF1 mRNA is an ubiquitously expressed 11-13 kb transcript, which encodes a protein of 
2818 amino acids. The long 3.5 kb 3’ UTR of NF1 mRNA is highly conserved among 
species (Li et al. 1995). This UTR region has been shown to bind to the tumor antigen 
HuR and to contain four additional potential protein-binding regions (Haeussler et al. 
2000). These protein-binding motifs on 3’ UTR may control mRNA stability, intracellular 
localization, and efficiency of translation. 

Alternatively spliced NF1 mRNA isoforms are presented in Fig. 2 (Skuse &  Cappione 
1997). The expression of different NF1 transcripts is specific for different tissues, 
developmental stage, or modulated by extracellular factors (Marchuck et al. 1991, Nishi 
et al. 1991, Suzuki et al. 1991, Gutmann et al. 1993a, Danglot et al. 1995, Geist &  
Gutmann 1996, Giordano et al. 1996, Metheny &  Skuse 1996). NF1 mRNA isoforms 
type I and II were characterized first. Type II NF1 mRNA contain an additional 63 bp 
coding 21 amino acids (exon 23a) in the GRD of NF1 mRNA (Marchuk et al. 1991). The 
expression of types III and IV isoform were characterized in the muscle. Type III NF1 
mRNA contains an additional 54 bp coding 18 amino acids (exon 48a) in the 3' end, 
outside of the GRD. NF1 mRNA isoform type IV has shown to contain both of the exons 
23a and 48a. (Gutmann et al. 1995b, Skuse &  Cappione 1997). The NF1 mRNA isoform 
containing an additional 30 bp coding 10 amino acids (exon 9br, also called 9a) has 
described to be expressed in normal, pathological, and developing central nervous system 
(Danglot et al. 1995, Geist &  Gutmann 1996, Gutmann et al. 1999). The N-isoforms 10 
and 11 are truncated 2.9 kb NF1 transcripts coding about 550-1000 amino acids. These 
isoforms has shown to contain 5' exons and some of the 3' region, but not GRD (Suzuki et 
al. 1992, Takahashi et al. 1994, Suzuki et al. 1995). Furthermore, species-specific NF1 
mRNA isoforms has been characterized (e.g. rodent type II and IV isoforms) (Mantani et 
al. 1994, Metheny &  Skuse 1996, Skuse &  Cappione 1997). There is some evidence 
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suggesting that the mutations affecting mRNA splicing may be the most common 
molecular defects in NF1 patients (Ars et al. 2000). 
 

Fig. 2. Alternative splicing of the NF1 RNA. A diversity of NF1 mRNA isoforms are 
generated by alternative splicing of the exons 9br, 23a, and 48a. The potential RNA editing 
site is shown with asterisk. The gray numbers indicate the nucleotides in RNA sequence. The 
N-isoforms 10 and 11 are not demonstrated in the figure. The figure is modified from an 
article written by Skuse &  Cappione (1997). 

2.3.1  NF1 mRNA editing 

NF1 mRNA may undergo base-modification editing (Skuse et al. 1996, Cappione et al. 
1997, Skuse &  Cappione 1997, Gott &  Emeson 2000). The base-modification editing of 
NF1 mRNA changes the cytidine in the arginine coding codon (CGA) to uridine (UGA) 
and creates an in frame translation stop codon within the first half of the GRD (Fig. 2.) 
(Skuse et al. 1996, Cappione et al. 1997). The NF1 mRNA editing generates a truncated 
NF1 mRNA, which contains only the N-terminal part of NF1 GRD without activity 
toward the Ras proteins, or possibly lead to unstable mRNA. NF1 mRNA editing has 
been suggested to play a role in the tumorigenesis of NF1 patients and result in a 
functional equivalent to biallelic inactivation. Specifically, the NF1 mRNA editing has 
been shown to occur more frequently in tumors as compared to normal tissues (Skuse et 
al. 1996, Cappione et al. 1997).  

2.3.2  Unequal expression of NF1 gene alleles 

There is evidence of an unequal expression of NF1 gene alleles in NF1 patiens 
(Hoffmeyer et al. 1995, Skuse &  Cappione 1997, Cowley et al. 1998). When a total 
cellular RNA was analyzed from fibroblast cultures, the control cells showed more 
consistent allelic ratios (1.0 to 1.4) than NF1 fibroblasts (-0.9 to +25.8). In contrast, the 
amounts of nuclear primary transcripts were equal in the same NF1 cells (Hoffmeyer et 
al. 1995). In addition to fibroblast cultures, the unequal allelic expression of NF1 gene 
has been detected to occur in lymphoblasts, white blood cells, keratinocytes, and 
melanocytes in NF1 patients (Hoffmeyer et al. 1995, Cowley et al. 1998). The unequal 
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23a

48a*
1

1261 8315
8468

4111
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levels of mutated versus normal NF1 alleles might arise from different properties of NF1 
mRNAs in the cell cytoplasm (such as stability or transport) that are affected by non-
genetic factors (Hoffmeyer et al. 1995, Cowley et al. 1998). 

2.3.3  Summary of NF1 RNA processing  

There is accumulating evidence to suggest that processes such as unequal expression of 
alleles, NF1 mRNA stability or transport, and regulation of protein half-life may be 
pathogenic in addition to LOH (Easton et al. 1993, Metheny et al. 1995, Griesser et al. 
1997, Skuse &  Cappione 1997, Kaufmann et al. 1999). In summary, aberrations in NF1 
RNA processing might contribute to the marked variation in the clinical picture of NF1. 
The mechanisms of the NF1 RNA processing known so far are summarized in Fig. 3. 
 

Fig. 3. The expression of NF1 gene. The mechanisms affecting NF1 protein levels are 
illustrated. The top horizontal arrows demonstrate a path of the normal NF1 gene expression. 
The second path represent the potential effect of the 3’UTR protein-binding regions (PBR) on 
mRNA stability, translatability, intracellular localization, and the efficiency of translation. 
The third horizontal route represents the NF1 mRNA editing or biallelic DNA mutation. The 
bottom path represent the effect of genomic mutations on protein level or on the functional 
properties, or the unequal allelic expression resulting from a single mutation in the NF1 gene. 
The figure has been modified from an article by Skuse &  Cappione (1997). 
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2.4  NF1 protein (neurofibromin) 

The NF1 protein is ubiquitously expressed, but the protein levels vary in different tissues, 
and in developmental or functional states (Gutmann et al. 1991, Daston et al. 1992, 
Daston & Ratner 1992). The NF1 protein contains 2818 amino acids with a calculated 
molecular mass of 327 kDa (Wallace et al. 1990, Marchuk et al. 1991). However, the 
apparent size of the NF1 protein found so far has been smaller, about 220-280 kDa 
(Bollag et al. 1990, Declue et al. 1991, Gutmann et al. 1991, Daston et al. 1992, Daston 
&  Ratner 1992, Hirvonen et al. 1998). This might be due to folding of the protein during 
electrophoresis. The NF1 protein has shown to contain six potential phosphorylation sites 
for serine/threonine kinases and one for tyrosine kinases (Marchuck et al. 1991). The 
increased phosphorylation level of NF1 protein has been shown to alter the lysosomal 
degradation rate in melanocytes, and to occur in B lymphocytes in response to IgM-
crosslinking, which initiates the redistribution of NF1 protein (Boyer et al. 1994, Griesser 
et al. 1997, Kaufmann et al. 1999). The protein kinases phosphorylating the NF1 protein 
have not been characterized in detail (Boyer et al. 1994, Izawa et al. 1996, Tokyo et al. 
2001). 

The NF1 tumor suppressor is thought to play crucial roles in Ras and cAMP-
dependent protein kinase A (PKA)-associated signaling pathways. The NF1 protein has 
been shown to act as a negative regulator of the p21ras-signaling pathway, similarly to 
mammalian GAP and yeast IRA1 and IRA2 (Ballester et al. 1990, Buchberg et al. 1990, 
Xu et al. 1990b, Marchuk et al. 1991, Scheffzek et al. 1998). The NF1 GRD spans 250-
400 amino acids, residues 1198-1530 (25-40 kDa), representing only 10% of the protein 
sequence (Martin et al. 1990, Xu et al. 1990a, Andersen et al. 1993a, Scheffzek et al. 
1998). The NF1 GRD accelerates intrinsic activity of Ras-GTPase, resulting an active 
Ras-GTP to be converted into an inactive GDP form (Bollag &  McCormick 1992) (Fig. 
4). Many NF1-deficient tumors have been shown to contain elevated levels of Ras-GTP 
and/or Ras-dependent signaling pathways (Basu et al. 1992, DeClue et al. 1992, Bollag et 
al. 1996, Guha et al. 1996, Klesse &  Parada 1998, Feldkamp et al. 1999, Ingram et al. 
2001). Recently, several studies have demonstrated that in some cell types the NF1 
protein may regulate the cAMP / PKA –pathway rather than Ras (Guo et al. 1997, The et 
al. 1997, Fieber 1998, Guo et al. 2000, Kim et al. 2001, Tokyo et al. 2001). Even early 
studies have shown that the NF1 protein can complement the function of IRA-proteins, 
which regulate Ras / cAMP pathway in yeast cells (Ballester et al. 1990, Xu et al. 1990a).  
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Fig. 4. The functions of NF1 tumor suppressor. NF1 protein acts as a negative regulator of the 
Ras. The GRD of the NF1 protein accelerates the switch of active Ras-GTP to an inactive 
Ras-GDP. The NF1 protein has also been shown to interact with cytoskeleton and to be 
involved in the adenylyl cyclase / PKA pathway. Growth signals (ligand coupled to receptor) 
activate guanine nucleotide exchange factors (GEFs), which enables GTP binding to Ras-
proteins. Signaling pathways downstream of Ras-GTP include phosphatidylinositol-3-kinase 
(PI3-kinase), Ral-Rac-Rho-, and raf-MEK-ERK kinase cascades.  

The GTPase activities of NF1 protein and GAP are differentially regulated: dodecyl 
maltoside and lipids (e.g. arachidonic acid, phosphatidic acid, stearic acid, oleic acid, 
phosphatidylinositol-4,5-bisphosphate, some n-6 and n-3 polyunsaturated fatty acids) 
inhibit the activity of NF1 protein more than GAP (Bollag &  McCormick 1991, Glolubic 
et al. 1991, Golubic et al. 1992, Han et al. 1994, Golubic et al. 1998). The association of 
NF1 protein with tubulin has also been shown to inhibit the GTPase stimulating activity 
of NF1 protein (Bollag et al. 1993, Gregory et al. 1993, Xu &  Gutmann 1997). 
Furthermore, the functional properties of NF1 protein isoforms differ markedly. The NF1 
protein isoforms I-IV and 9br contain both GRD and microtubule-binding regions (Skuse 
&  Cappione 1997). The insertion of 21 amino acids in the GRD of type II and IV NF1 
isoforms weakens the GTPase stimulating activity (Martin et al. 1990, Bollag &  
McCormick 1991, Andersen et al. 1993). The N-isoforms of the NF1 protein lack both 
GRD and tubulin-binding domains (Suzuki et al. 1992, Takahashi et al. 1994, Suzuki et 
al. 1995). In contrast, the editing of the NF1 mRNA disrupts GRD, but retains the tubulin 
binding regions of the the protein (Skuse et al. 1996, Cappione et al. 1997, Skuse &  
Cappione 1997). 

Subcellular localization of the NF1 tumor suppressor and its co-localization with other 
molecules have given clues of its putative functions. The NF1 protein has been shown to 
associate with the microtubular and microfilamentous cytoskeleton, and even sequentially 
with both within the same cell (Bollag et al. 1993, Gregory et al. 1993, Xu & Gutmann 
1997, Gutman et al. 2001, Li et al. 2001). Furthermore, the interaction between NF1 
protein and syndecan and paxillin (the scaffold for molecules associating with focal 
adhesions) has been suggested (Hsueh et al. 2001, Li et al. 2001). In addition, NF1 
protein has been found in the mitochondria and nucleus, and in association with both the 
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membrane and cytosolic fractions (DeClue et al. 1991, Hattori et al. 1991, Daston et al. 
1992, Daston &  Ratner 1992, Golubic et al. 1992, Hattori et al. 1992, Gregory et al. 
1993, Nordlund et al. 1993, Roudebush et al. 1997, Hsueh et al. 2001, Li et al. 2001). 

Taken together, the NF1 protein seems to be involved in the p21ras and cAMP/PKA-
pathways. An additional functional specturum for the NF1 protein might be achieved with 
alternative splicing, phosphorylation, or regulatory molecules. Thus, it is not surprising 
that the NF1 protein seems to have pleiotrophic effects on cell behavior (Vogel et al. 
1995, Largaespada et al. 1996, Gutman et al. 2001).  

2.4.1  Biology of Ras-proteins 

The superfamily of Ras-proteins are essential components of receptor-mediated signal 
transduction pathways (Fig. 4) (Bassell &  Singer 1993, reviewed by Schlessinger 2000, 
Adjei 2001). Ras proteins are linked to plasma membrane through a farnesyl residue 
(Prendergast &  Oliff 2000, Adjei 2001, reviewed by Volkert et al. 2001). Upon receptor 
stimulation, GEFs change GDP-bound Ras in Ras-GTP form. The actived Ras utilizes 
several downstream effectors. The best characterized is Ras-raf -MEK-ERK kinase 
cascade (Warne et al. 1993, Fridman et al. 1994, Marshall 1995). Other downward 
signaling systems include for instance, PI3/Akt and Ral-Rac-Rho pathways (Viskochil 
1999b, Lau et al. 2000, Adjei 2001). 

GTPase activating proteins (NF1 protein and GAP) bind and inactivate Ras by 
enhancing the low intrinsic GTPase activity of Ras proteins (Bollag & McCormick 1992, 
Bassell &  Singer 1993, Zang et al. 1998, Sherman et al. 2000, Cichowski &  Jacks 2001, 
Gutmann 2001). Interestingly, the binding of the NF1 protein and Raf to Ras-GTP has 
been suggested to be competitive (Mori et al. 1995, Gorman et al. 1996). In addition, the 
NF1 protein has been suggested to regulate the cAMP-PKA pathway, which in turn 
downregulates the activity of Ras-Raf-MAPK signaling cascade (Guo et al. 1997, The et 
al. 1997, Fieber 1998, Kim et al. 2001).  

As a summary, the functions of activated Ras proteins are pleiotropic depending on the 
cell type, duration of the pathway activation, and the developmental status (Campbell et 
al. 1998, reviewed by Olson &  Marais 2000, Schlessinger 2000). For example, the the 
activation of Ras dependent signalig pathways have been shown to regulate cell cycle and 
apoptosis, affect the organization of cytokeleton, formation of cell junctions, and cell 
movements (Nobes &  Hall 1999, Holzer et al. 2001, Vasioukhin et al. 2001, Walsh &  
Bar-Sagi 2001). 

2.5  Type 1 neurofibromatosis syndrome (NF1) 

Dominantly inherited neurofibromatosis type 1 (also known as von Recklinghausen 
syndrome) is the most common cancer predisposition syndrome with an estimated birth 
incidence of about 1 in 3500 individuals worldwide (Gutmann et al. 1997, Friedman 
1999a, Friedman 1999b, Gutmann 2001). Traditionally, NF1 has been called a 
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neurocutaneous disorder, but symptoms of the disease do occur in many other organ 
systems as well. The clinical picture varies from mild to severe, even in patients carrying 
the same mutation of the NF1 gene (Friedman 1999a, Friedman 1999b, Gutmann 2001). 
Thus, the other genes may modify the natural history of the disease, and e.g. p53 
mutations have been shown to increase the severity of the disease (Easton et al. 1993, 
Cichowski et al. 1999, Vogel et al. 1999, Vogel &  Parada 1999). The clinical diagnostic 
criteria for NF1 are listed below in Table 1.  

Table 1. Diagnostic criteria for NF1 (Stumph et al. 1988, Gutmann et al. 1997). 

The NF1 patient should fulfil 2 or more of the following criteria 
1. Six or more café au lait macules 

•  diameter ≥ 1.5 cm in postpubertal individuals 
•  ≥ 0.5 cm in prepubertal individuals 

2. Two or more neurofibromas of any type, or one plexiform neurofibroma 
3. Multiple freckles in the axillary area or groin 
4. Optic glioma 
5. Two or more Lisch nodules (hamartomas of iris) 
6. A distinct osseous lesion, such as 

•  sphenoid dysplasia 
•  thinning of the long bone cortex with or without pseudoarthrosis 

7. A first-degree relative (parent, sibling, or offspring) who meets the above criteria for NF1 

There are additional features that occur more frequently in NF1 patients than in the 
general population. For example, 30 to 60% of patients suffer from learning disabilities, 
which most commonly affect the visuospatial integration skills (Riccardi 1981, Legius et 
al. 1994a). T2 -weighted magnetic resonance imaging studies from brains of NF1 patients 
have revealed high signal intensity lesions or “unidentified bright objects” with the 
incidence of 50% to 79 % (Itoh et al. 1994). The common complications of the NF1 
patients also include short stature (25-35 % of patients), scoliosis (12-20%), and 
headache (∼ 20%). Rare complications (in less than 5% of patients) include epilepsy, 
hydrocephalus, macroencephaly, cardiovascular problems, and an increased risk for 
malignancies (e.g. malignant peripheral nerve sheath tumors, neurilemmomas, juvenile 
chronic myelogenous leukemias, or pheochromocytomas) (Riccardi 1981, Stumpf et al. 
1988, Xu et al. 1992a, Legius et al. 1993, Shannon et al. 1994, Korf 2000, Lin et al. 
2000, North 2000, Hamilton et al. 2001). 

2.5.1  Neurofibromas 

Cutaneous neurofibromas are hamartomatous tumors arising from the connective tissue of 
peripheral nerves. Neurofibromas usually appear in late childhood or adolescence in all 
patients, but the number of tumors varies greatly (Cnossen et al. 1998). Thus, the NF1 
gene mutation predisposes to tumors, but the final pathogenesis of the neurofibromas 
remains obscure. Genetic and epigenetic factors such as modifying genes, LOH, 
hormonal changes in puberty, crush injury to skin, or cell microenvironmental factors 
may be included (Riccardi 1981, Menon et al. 1990, Basu et al. 1992, Riccardi 1993, 
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Colman et al. 1995, Guha et al. 1996, Sawada et al. 1996, Serra et al. 1997, Caronti et al. 
1998, Eisenbarth et al. 2000, Gutmann et al. 2000, Ingram et al. 2000, Riccardi 2000, 
Rutkowski et al. 2000, Mashour et al. 2001, Riccardi 2001). It is still not known which 
cell type is responsible for the initiation of neurofibroma formation. Different studies 
have proposed that Schwann cells, neurons, perineurial cells, fibroblasts, and mast cells 
may all be affected (Rosenbaum et al. 1995, Vogel et al. 1995, Kim et al. 1997, Hirvonen 
et al. 1998, Klesse &  Parada 1998, Atit et al. 1999, Kluwe et al. 1999, Ingram et al. 2000, 
Serra et al. 2000).  

The tissue architecture of a normal peripheral nerve and that of neurofibroma and 
neurofibrosarcoma is schematically demonstrated in Fig. 5. The peripheral nerve sheath 
(Fig. 5A) provides structural and metabolic support to nerves and potentiates the 
conduction of action potentials. The sheath consists of three different connective tissue 
compartments (Thomas 1963, Thomas et al. 1993). The outermost epineurium contains 
collagenous and elastic fibers and provides mechanical strength. Vasa nervorum, 
lymphatics, fibroblasts, mast cells, macrophages, adipocytes, endothelial cells, and 
pericytes are located within the epineurium (Gamble &  Eames 1964, Peters et al. 1976). 
The perineurium functions as a blood-nerve-barrier for the endoneurium. The perineurial 
cells form a tubular sheath around the nerve fibers, and they bind to the adjacent cells by 
tight junctions. Collagen fibers and elastin has shown to locate between the cells (Thomas 
1963, Peters et al. 1976). The endoneurial compartment contains a loose connective 
tissue matrix, where nerve fibers surrounded by Schwann cells are embedded. Mast cells, 
macrophages, endothelial cells, and pericytes reside within the endoneurium (Thomas 
1963, Gamble 1964, Oldfors 1980). Neurofibromas (Fig. 5B) are benign tumors that are 
composed of cells forming the nerve sheath and excessive deposition of collagenous 
extracellular matrix (Peltonen et al. 1984, Peltonen et al. 1986, Peltonen et al. 1988, 
Jaakkola et al. 1990, Cichowsky &  Jacks 2001). The tumor cells have previously been 
shown to display an aberrant response to growth factor stimulation, and to contain 
disorganized microfilamentous and intermediate filament cytoskeleton (Peltonen et al. 
1984, Peltonen et al. 1988, Kadono et al. 1994, von Deimling &  Krone 1997). Finally, 
malignant peripheral nerve sheath tumors (neurofibrosarcomas / malignant 
schwannomas) (Fig. 5C) develop due to LOH in the healthy allele of the NF1 gene (Basu 
et al. 1992, Legius et al. 1993, Wu et al. 1999, Cichowsky &  Jacks 2001). Further 
progression of malignant tumor may require accumulation of additional genetic 
abnormalities, such as inactivation of TP53 coding p53 tumor suppressor protein (Legius 
et al. 1994b). 
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Fig. 5. Normal peripheral nerve and a model of tumor development. A) Structure of a normal 
peripheral nerve. The epineurium, perineurium and constitute the nerve sheath. B) Benign 
neurofibromas comprise multiple cell types. The structure of the nerve sheath is disrupted 
and abundant collagenous material is produced. C) LOH of NF1 gene leads to malignancy 
(neurofibrosarcoma). The figure modified from Cichowsky &  Jacks (2001) and based on the 
findings presented in Peltonen et al. (1984). 

Drug therapy for complications of NF1 is under investigation. The most promising drugs 
are farnesyl transferase inhibitors, which inhibit the function of activated Ras proteins by 
preventing their association with the plasma membrane (Johnson et al. 1994, Yan et al. 
1995, Kim et al. 1997, Mahgoub et al. 1999). Viruses might also be useful tools for 
targeting molecules near the membrane bound Ras or GAPs (Nur-E-Kamal et al. 1997). 
Drugs targeted on the molecules downstream of the Ras-GTP might also act as 
therapeutic agents (Weiss et al. 1999, Adjei 2001).  

However, the drugs targeted to the Ras pathway are not enough to cure the symptoms 
of the NF1 syndrome, since the molecular functions of NF1 protein also involve the 
cAMP pathway and cytoskeletal associations. Several obstacles can be seen concerning 
gene therapy: the lack of a proper animal model with the human NF1 disease, the 
involvement of the modifying genes, the marked variation in the clinical picture, and 
dominant inheritance of the NF1 syndrome. Nowadays, only surgical operations, drugs to 
relieve symptoms (such as itching or pain), and common anti-cancer chemotherapeutics 
are used in the therapy of NF1 patients. 

2.5.2  Different types of neurofibromatoses 

There are also other syndromes, classified as different types of neurofibromatoses, 
sharing some features with NF1. Type 2 neurofibromatosis is the best characterized of 
these cancer predisposition syndromes, with an increased risk to schwannomas, 
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meningeomas, and ependydomas. The molecular defect is a mutation in the NF2 gene, 
which in turn affects the function of the protein product, merlin (Gutman et al. 1997, 
reviewed by Gutmann 2001). The classification of neurofibromatoses by Viskochil and 
Carey (1994) is presented in Table 2. Another classification by Riccardi (1992) presents 
different neurofibromatoses in a numerical order. Alternate or related forms of NF (Table 
2) are under investigation, and no absolute consensus has been reached yet (Riccardi 
1992, Moss &  Green 1994, Viskochil & Carey 1994, Poyhonen et al. 1997, Carey &  
Viskochil 1999, Poyhonen 2000, Tinschert et al. 2000, Ruggieri 2001).  

Table 2. Classification of neurofibromatoses (modified from Viskochil &  Carey 1994). 

Neurofibromatosis syndromes 
1. Type 1 neurofibromatosis, NF1 
2. Type 2 neurofibromatosis, NF2 
3. Alternate forms of NF1 or NF2 (conditions with incomplete / atypical features) 
 Mixed type 
 Localized NF (segmental, gastrointestinal, spinal, multiple café au lait spots) 
 Schwannomatosis 
4. Related forms of NF1 (conditions with additional features) 

Noonan 
Watson syndrome 

2.6  Skin 

Skin is the largest organ of the body and constitutes 6 % of body weight. The major 
functions of skin are the protection against physical and chemical harms, sensation, 
thermoregulation, and metabolic function (lipid storage and synthesis of vitamin D) 
(Wheather et al. 1987). Human skin consists of three layers, the outermost epidermis, the 
dermis and the underlying hypodermis or subcutis (Fig. 6). Epidermal appendages 
(glands, hair, nails, and mammary glands) develop from epithelium during the embryonic 
period (Larsen 1993, Holbrook 1997). 
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Fig. 6. Structure of human skin. The three layers of skin are epidermis, dermis and subcutis. 
Nerves, blood vessels, glands, and hairs are demonstrated. The epidermis (on the right) 
consists of different layers, or a strata of keratinocytes, and contains also some melanocytes, 
and Langerhans cells. The figure has been modified from Oikarinen et al. (1995). 

The main cell type of the epidermis is keratinocyte. Different layers of epidermis are 
distinguished on the basis of the morphological features of maturating keratinocytes (Fig. 
6) (reviewed by Watt 1989). Keratinocytes in the basal or germinative layer (or stratum) 
undergo mitosis and proliferate. Keratinocytes undergoing the process of differentiation 
move to stratum spinosum, where they become polyhedral in shape, and begin to produce 
tonofilaments. The keratinocytes in stratum granulosum contain keratohyalin granules, 
and the programmed cell death occurs in the outermost cells of this layer. The most 
superficial layer, stratum corneum, consists of flattened cells devoid of organelles, filled 
with keratin. These cells finally desquamate from skin surface (Wheather et al. 1987, 
Garrod 1993, Oikarinen et al. 1995). The keratinocytes of different epidermal layers 
express diverse pattern of cellular junctions. The intercellular junctions characterized so 
far in the epidermis are desmosomes, adherens-, and gap-junctions. The 
hemidesmosomes connect the basal keratinocytes to the basement membrane. The tight 
junctional molecules have been described to occur in the stratum granulosum. (Wheather 
et al. 1987, Garrod 1993, Salomon et al. 1994, Jensen et al. 1997, Pummi et al. 2001). 

Epidermis contains melanocytes, Langerhans’ cells and Merkel cells in addition to 
keratinocytes. Melanocytes represent every fifth to every tenth cell in the basal layer of 
epidermis (Fig.6) (Briggaman &  Wheeler 1975, Drzewiecki &  Kjaergaard 1977, Busam 
et al. 2001). Melanocytes protect skin from solar irradiation by producing melanin 
pigment. The pigment is donated to keratinocytes via numerous dendritic processes 
ramifying from each melanocyte (Wheather et al. 1987, Lambert et al. 1999, Hara et al. 
2000). Groups of melanocytes form nevi, which may locate at the dermo-epidermal 
junction or intradermally (Skender-Kalneas et al. 1996, Whitmore 1996). The 
Langerhans’ cells reside suprabasally, and represent about 1 % of epidermal cells. 
Langerhans’ cells are involved in the immunological defence system of skin. When the 
cells encounter antigen, they migrate to lymphatic nodes and play a role in the induction 
cutaneous inflammation in atopic dermatitis (Cumberbatch et al. 2000, Numahara et al. 



 31

2001, Reich et al. 2001). Merkel cells are restricted to the palmar or plantar regions of the 
skin, where they act as pressure-detecting mechanoreceptors (Moll et al. 1986). Merkel 
cells are found mainly in the basal layer of epidermis or in dermis associating with 
underlying free nerve endings (Kurosumi et al. 1979, Hartschuh &  Weihe 1980, Larsen 
1993, Yamada et al. 1996).  

Epidermis is supported and nourished by dermal fibro-elastic connective tissue. 
Dermis (Fig. 6) contains abundant vasculature, lymphatics, cutaneous nerves, and 
numerous sensory receptors (Wheather et al. 1987). Dermal fibroblasts produce 
intercellular supportive matrix (e.g. collagens and elastin) and have a role in wound 
healing (Sosnowski et al. 1993, Heldin &Westermark 1996, Yamaguchi &  Yoshikawa 
2001). Other cell types in the dermis are mast cells, macrophages, melanocytes, Merkel 
cells, and cells belonging to the immune system and skin appendages (Wheather et al. 
1987, Busam et al. 2001, Kambe et al. 2001, Streit &  Braathen 2001, Yamaguchi &  
Yoshikaw 2001). The subcutis or hypodermis (Fig. 6) beneath dermis contains variable 
amounts of adipose tissue, skin appendages, nerves, lymphatics, and vessels. 

The skin appendages include sweat, sebaceous, and mammary glands, hair and nails, 
which are embryologically derived from downgrowths of epithelium into dermis and 
subcutis (Fig. 6) (Wheather et al. 1987, Larsen 1993, Holbrook 1997). Sweat glands are 
coiled tubular glands in dermis or hypodermis, which secrete watery fluid and act as a 
component of the thermoregulatory mechanism in the body. Sebaceous glands are 
associated with hair follicles and secrete oily sebum to skin surface. Hairs are keratinized 
structures produced by hair follicles. The role of hair growth in man is merely cosmetic in 
significance, although the arrector pili muscle may cause body hair to erect in response to 
cold or fear via the sympathetic nervous system (Wheather et al. 1987).  

Cell cultures established from human skin are widely used by investigators. Cultures 
of epidermal keratinocytes can be induced to differentiate by raising the calcium 
concentration of the culture medium, by culturing into high confluency, or by using an 
air-liquid interphase culture systems (Hennings et al. 1980, Boyse &  Ham 1985, Garrod 
et al. 1996, Eckert et al. 1997, Tammi et al. 2000). The behavior of pure melanocyte 
cultures can be shifted from a proliferative state into maturation or senescence depending 
on the growth factors or cell culture agents used (Valyi-Nagy &  Herlyn 1991, Griesser et 
al. 1997, Hirobe &  Abe 1999). The cultures of dermal fibroblasts are easy to establish 
simply by allowing pieces of dermis to adhere to the bottom of a cell culture dish and 
letting fibroblasts to migrate out to form culture colonies. Cultured cells have also been 
used in the therapy of skin lesions by applying cell suspensions to the lesional areas (van 
Geel et al. 2001). The latest scientific progress in experimental design and in the therapy 
of skin lesions comes from organotypic skin cultures resembling the structure of normal 
human skin (Nakazawa et al. 1997, Limat et al. 1999, Berking &  Herlyn 2001, Pasonen-
Seppänen et al. 2001).  

2.6.1  Developing skin 

Skin originates from the embryonal ectoderm (future epidermis) and mesoderm (resulting 
in dermis or corium). Additional cells migrate to skin from the neural crest 
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(melanocytes), bone marrow (Langerhans’ cells), while the origin of Merkel cells is 
unknown (Ortonne &  Darmon 1985, Sadler 1985, Beiras et al. 1987, Larsen 1993, 
Holbrook 1997).  

Initially, epidermis consists of one layer of ectodermal cells, which produces simple 
squamous epithelium at the beginning of the second month. The periderm and the basal 
layer are already separated from the underlying watery dermis by an immature basement 
membrane. Desmosomes and adherens junctions already exists between cells. (Holbrook 
&  Odland 1975, Holbrook &  Odland 1980, Smith et al. 1988, Fujita et al. 1992). Blood 
vessels, nerves, and small bundles of collagen are detectable in the cell-rich dermis 
(Johnson &  Holbrook 1989, Larsen 1993). Melanocytes, Langerhans’ and Merkel cells 
begin to invade into epidermis during the first 3 months (Foster &  Holbrook 1989, 
Holbrook et al. 1989, Kim &  Holbrook 1995). At the time of the embryonic to fetal 
transition on the 11th to 12th weeks, the basal layer, or stratum germinativum, produces an 
additional zone of intermediate cells (Sadler 1987, Larsen 1993). Subsequently, the 
peridermal cells become large, and are seen as rounded blebs on the surface (Holbrook &  
Odland 1975). Many other changes are also observed, such as the expression of adult 
keratins, the cell junctions and the dermo-epidermal region start to resemble those in the 
adult, dermal papillae protrude into the overlying epidermis, subcutaneous tissue (or 
subcorium) becomes delineated, and the formation of the epidermal appendages is 
initiated (Larsen 1993, Holbrook et al. 1993, Holbrook 1997). Finally, by the 5th month, 
epidermis acquires its final organization and all layers are present: stratum basale, 
spinosum, granulosum, and corneum. Most hair follicles, sweat glands, and sebaceous 
glands are also present. At the same time, the peridermal layer is usually shed into the 
amniotic fluid (Holbrook &  Odland 1980, Polakowska et al. 1994).  

2.6.2  Cutaneous wound healing 

An insult causing damage to human skin is rapidly followed by blood coagulation 
cascade resulting in a clot. During the subsequent two weeks, the process of healing is 
completed (reviewed by Martin 1997). However, some remodeling of the scar area may 
occur as long as 1-2 years. The reconstitution of adult skin structure is neither 
aesthetically nor functionally perfect, and the dermal collagen meshwork, for example, is 
abnormal and a loss of epidermal appendages may occur. On the contrary, wound repair 
in embryos is always perfect, and differs in many ways from the process of adult skin 
healing (Martin 1997, Yamaguchi &  Yoshikawa 2001). The following text will 
concentrate on the normal adult wound healing process. 

The healing of a skin wound is a complex process requiring the collaborative efforts of 
many different cell types during the different phases of the process. The details of how 
growth factors, and matrix-cell or cell-cell interactions control the migration, 
proliferation, and gene expression of different cells in the wound is roughly understood. 
First, most skin wounds cause leakage of blood from damaged vessels. Wound repair is 
initiated with the aggregation of platelets and the formation of a fibrin clot, which 
protects the underlaying tissues and provides a temporary matrix for the invading cells. 
The clot acts as a reservoir of growth factors and chemotactic cytokines released from the 
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degrading platelets, activated coagulation pathways, injured cells, cleavage products of 
bacteria and components of the extracellular matrix (reviewed by Martin 1997). A subset 
of inflammatory leukocytes are attracted by these signals and migrate in to the lesion 
from the nearby capillaries within a few minutes (Martin 1997, Gillitzer &  Goebeler 
2001). Neutrophils, macrophages, mast cells, and lymphocytes clear away bacteria, 
damaged cells, and matrix debris (Martin 1997, Ravanti &  Kähäri 2000). In addition, they 
produce inflammatory and growth-promoting cytokines to the resident cells and tissues 
(keratinocytes, endothelial cells, fibroblasts, and nerves) and initiate the re-epithelization, 
connective tissue response, angiogenesis, and remodeling of granulation tissue (Bennett 
&  Schultz 1993, Clark 1993a, Clark 1993b, Heldin &  Westermark 1996). 

Re-epithelization begins several hours after the injury from cells at the wound edge. 
Basal keratinocytes become detached from the underlying basal lamina, and basal and 
some suprabasal cells proliferate and crawl into the clot matrix (Garlick &  Taichman 
1994b, Martin 1997). If the stumps of the hair follicles are intact, the epidermal cells of 
these follicles proliferate and form an additional pool of cells at the wound margins, 
enhancing recovery (Taylor et al. 2000). Keratinocytes at the wound edges receive 
motogenic and mitogenic signals produced by the clot, inflammatory cells, neighboring 
keratinocytes, and fibroblasts of the underlying dermis, such as keratinocyte growth 
factor, TGFα or β1, and epidermal growth factor (Werner et al. 1992, Bennett &  Schultz 
1993, Garlick &  Taichman 1994a, Martin 1997). As a result, keratinocytes begin to 
produce many new adhesion molecules (different integrin types) and keratin subtypes, re-
organize the actin cytoskeleton, and produce enzymes (e.g. matrix metalloproteases) 
which dissolve the matrix ahead of the migrating cells (Betz et al. 1993, Gibson et al. 
1993, Larjava et al. 1993a, Larjava et al. 1993b, Gailit et al. 1994 , Mitchison &  Cramer 
1996, Ravanti &  Kähäri 2000). Once the denuded wound surface has been covered by a 
monolayer of keratinocytes, migration ceases and the basal lamina and the stratified 
structure of epidermis are re-established (Martin 1997). 

The underlying connective tissue contracts and brings the wound margins closer to 
each other during the re-epithelization (Nedelec et al. 2000). First, the dermal fibroblasts 
adjacent to the lesion begin to proliferate, and on the 3rd and 4th days, cells migrate into 
the clot. The premigratory lag phase is due to the time required by fibroblasts to be 
aroused from quiescence by a diversity of growth factors originating from the wound site. 
The reactive cell status is attained subsequent to influence of, for example, different 
isoforms of PDGF and TGFβ 1-3, which also activate of Ras signaling pathway. As a 
result, the fibroblasts produce a new pattern of molecules to make the cells competent to 
migrate into the wound. (Clark 1993b, Satoh et al. 1993, Sosnowski et al. 1993, Yan et al. 
1994, Heldin &  Westermark 1996, Roberts &  Sporn 1996, Machesky &  Hall 1997, Nobes 
&  Hall 1999). About one week after the insult, the clot has been fully invaded by reactive 
fibroblasts, and a new collagenous matrix is produced. A subpopulation of the fibroblasts 
has transformed into contractile myofibroblasts that cause the shrinkage of the newly 
synthetized dermis (Vaughan et al. 2000, Gailit et al. 2001). At the end of the healing 
process, the programmed cell death occurs in the myofibroblastic subpopulation of 
fibroblasts (Cark 1993, Desmouliere et al. 1997). In the resulting scar tissue, the 
collagenous matrix is poorly reconstituted and mechanically inefficient, compared to 
unwounded skin or the perfect healing in embryos (Moulin et al. 2001). 
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Angiogenesis and the neural response are essential features of the wound healing 
process. The abundant vascular network supports the nutrition of the neodermis and 
epidermis, and serves as a source of inflammatory cells. Angiogenesis is promoted by 
growth factors released from damaged endothelial cells and macrophages, and produced 
by the keratinocytes and the fibroblasts lining the wound (Martin 1997). The sprouting of 
cutaneous nerves into a healing wound is an abundant, and possibly play a stimulatory 
role in the healing. The nerves supply different neuropeptides to the site of lesion, which 
may increase vascular permeability, relax smooth muscles, and induce mast cells to 
produce histamine (Dunnick et al. 1996, Martin 1997, Valent et al. 1998, Altun et al. 
2001, Wallengren et al. 2001). Taken together, normal wound healing is a complex 
process requiring the synergistic influence of many cell types and tissues, redundant 
growth factors, and extracellular matrix or environmental factors.  

2.6.3  Cell junctions 

Epithelial cells communicate and adhere to each other and/or to the underlying basement 
membrane by diverse junctions, which are presented schematically in Fig 7. Specialized 
junctions provide attachment and mechanical strength to the epithelial cells, and mediate 
signals from the neighboring cells or from the extracellular matrix to the cytoskeleton and 
the cortical cell cytoplasm. The epidermis consists of four different layers: stratum basale, 
spinosum, granulosum, and corneum (described in detail above in 2.6). Depending on the 
epidermal layer, the keratinocytes express a selected pattern of cell junctions. The 
expression of different junctions and junctional molecules have been shown to vary also 
during development. The following text concentrates on the cell junctions in the adult 
epidermis. 
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Fig. 7. Schematic representation of cell junctions in simple epithelium.  

Desmosomes are cell-cell junctions, which are attached to the intermediate filaments 
(Fig.7) (Green &  Jones 1996, Smith &  Fuchs 1998, Kowalzyk et al. 1999). Desmosomes 
mediate a strong adhesion between the epidermal keratinocytes from the basal to the 
cornified layer (reviewed by Garrod 1993). These junctions can rapidly respond to 
environmental changes, and allow the dynamic processes such as wound healing to occur 
(Garrod et al. 1996). The molecules forming the transmembrane calcium-dependent part 
of the demosome are desmocollins (types 1-3) and desmogleins (types 1-3). The 
cytoplasmic plaque contains plakoglobin, and desmoplakins (type 1-3). (Arnemann et al. 
1993, North et al. 1999). Hemidesmosomes are the cell-matrix junctions, which mediate 
adhesion between the basal cells and the basement membrane (Fig. 7) (Green &  Jones 
1996, Borradori &  Sonnerberg 1999). The cytoplasmic plaque is composed of plectin and 
BPAG1 (BP230), which are linked to intermediate filaments. The molecules of a 
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transmembrane part of the junction are the integrin α6β4, and BPAG2 (BP180/collagen 
XVII) (Hopkinson et al. 1998, Hopkinson &  Jones 2000). 

Adherens junctions (Fig. 7) mediate the cell-cell contacts of all living cell layers of the 
epidermis (Kaiser et al. 1993, Haftek et al. 1996). These junctions are connected to 
microfilamentous cytoskeleton (Tsukita et al. 1992, Nagafuchi 2001). The 
transmembrane molecules of the adherens junction are the calcium-dependent E- or P-
cadherins, while the plaque consists of plakoglobin and α- and β-catenin (reviewed in 
Yap et al. 1997). The assembly of adherens junctions seems to be a driving force for the 
formation of other cell junctions (e.g. desmosomes) (Green et al. 1987, Vasioukhin et al. 
2000). In addition to their adhesive function in epidermis, the adherens junctions have 
been assumed to participate in cellular communication, migration, and tissue 
morphogenesis (Marrs &  Nelson 1996, Huelsken et al. 2001).  

Gap junctions (Fig. 7) are intercellular channels, which are involved in cell-cell 
communication (Burge 1994, Richard 2000). The gap junctions form a pathway for 
passive diffusion of nutrients, metabolites, ions, and small signaling molecules up to 
~1000 Da in size between adjacent cells (Kumar &  Gilula 1996). Structurally, each gap 
junctional channel is composed of pair of connexons / hemichannels, which leave a 
narrow intercellular gap between the neighboring cell membranes (Shibata et al. 2001). 
Each connexon is composed of a hexameric assembly of connexin proteins lining the 
transmembrane channel (Beyer et al. 1990). Many different types of the connexins can 
join to form a wide divesity of gap junctional channels, depending on the tissue and the 
functional status of the cell (Goliger &  Paul 1994, Wiszniewski et al. 2000, Di et al. 
2001). Gap junctions are numerous in all layers of the epidermis and have an important 
role in the coordination of the keratinocyte growth and differentiation (Salomon et al. 
1994, Tada &  Hashimoto 1997). 

Tight junctions have not been characterized in human skin (Fig. 7). However, the tight 
junctional antigens and structural elements have been shown to locate in the granular 
layer of skin (Hashimoto 1971, Elias et al. 1977, Pummi et al. 2001). In the simple 
epithelia, the tight junctions form a permeability barrier and divide the plasma membrane 
of the cell to the basolateral and apical domains (for reviews Stevenson &  Keon 1998). 
The tight junctions are linked to microfilaments, and they comprise of transmembrane 
proteins (occludin and claudin), and the cytoplasmic plaque molecules (ZO1-3, cingulin, 
symplekin, and 7H6) (reviewed by Tsukita et al. 1999, Zahraoui et al. 2000).  

Focal adhesions (Fig. 7.) have been shown to appear in keratinocytes in vitro (Larjava 
et al. 1993, Leccia et al. 1999, and these molecules may play a role in e.g. the migration 
of the cells during wound healing (Cavani et al. 1993, Zambruno et al. 1995, Dipersio et 
al. 1997, Fleischmajer et al. 1998). Focal adhesions mediate the cell-matrix interactions 
(such as between keratinocytes and the cell culture substratum) and are linked to the 
microfilaments (Zhu et al. 1999, Zamir &  Geiger 2001). The molecular structure of the 
focal adhesions comprise a transmembrane α2/α3β1-integrins, and the cytoplasmic 
plaque containing vinculin, talin, α-actinin, and paxillin (Turner 2000, Shaller 2001). 
Recent evidence has suggested that syndecan-4 transmembrane proteoglycan, might 
control the assembly of the focal adhesions (Echtermeyer et al. 1999, Longley et al. 
1999, Cuochman &  Woods 1999). 
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2.7  Cellular transport of mRNA 

Pre-mRNA molecules are transcribed in the nucleus according to the genetic information. 
During and after transcription, mRNAs mature by the addition of a 5’ cap and a 3’ poly-A 
tail and by the removal of introns and alternatively spliced exons through pre-mRNA 
splicing (reviewed by Brogna 2001, Cooper 2001, Goldstrom et al. 2001, Lykke-
Andersen 2001). After synthesis, mRNA molecules are decorated by proteins, which 
influence, for example, on the mRNA export from the nucleus to the cytoplasm (Lamond 
&  Earnshaw 1998, Shyu &  Wilkinson 2000, Kamath et al. 2001, Lykke-Andersen 2001). 
Upon arrival in the cytoplasm, mRNA molecules interact with cytoplasmic RNA-binding 
proteins and are transported to free polysomes or ribosomes of the rough endoplasmic 
reticulum or to specific subcellular compartments for translation (Bassell et al. 1988, 
Bassell et al. 1999, Derrigo et al. 2000). Generally, transportation of mRNA is a 
mechanism to achieve an appropriate protein distribution within the cell. The following 
text will concentrate on the targeting of selected mRNAs to specific subcellular locations, 
where the protein is needed. This phenomenon saves energy in cellular transport and 
allows the local control of translation (St Johnston 1995, Nasmyth &  Jansen 1997, 
Bassell et al. 1999). 

The nucleotide sequences in the 3’ and the 5’ UTR of the RNA are responsible for the 
interaction between the mRNA and the RNA binding-proteins (RBP) (Bassel et al. 1999, 
Derrigo et al. 2000, Pesole et al. 2001). Specifically, the sequences in the 3’ UTR of the 
mRNA act as a “zip code” for the transport. The zip code or “cis-acting element” 
associates with a specific RBP or “trans-acting factor”, which mediates the transport of 
the mRNA to the site of translation (Ainger et al. 1997). The mRNA is transported as a 
ribonucleoprotein particle containing a sufficient protein synthesis machinery: RBP, 
translocation “motor” protein, ribosomes, and transcription factors.  

Microtubules, microfilaments, and intermediate filaments function as cytoskeletal 
tracks for mRNA transport (Bassell &  Singer 1997, Havin et al. 1998, reviewed by Jansen 
1999). Generally, microtubules appear to be involved in the long-distance transport in 
large cells, whereas microfilaments are involved in mRNA targeting in smaller cells 
(Sundell &  Singer 1991, Knowles et al. 1996). For instance, translocation of the myelin 
basic protein mRNA in oligodendrocytes requires microtubules, while fibroblasts 
transport β-actin mRNA via actin filaments (Sundell &  Singer 1991, Bassell et al. 1994, 
Carson et al. 1997, Havin et al. 1998). Furthermore, some mRNAs seem to require both 
microfilament- and microtubule-dependent transport routes (Bassell and Singer, 1997). 
Motor proteins, mediating the transport, have affinity for both the cargo and the tract. For 
example, dynein and kinesin mediate the movement of ribonucleoprotein particles along 
microtubules and myosin along actin filaments (Carson et al. 1997, Bassell et al. 1999, 
Latham et al. 2001, reviewed by Stebbings 2001).  

Once transported, mRNA seems to be anchored to either the tubulin or the actin 
cytoskeleton for translation (reviewed by Jansen 1997). If proper targeting and anchoring 
of mRNA is prevented with, for instance, antisense oligonucleotides against the zip code 
or with the cytoskeleton-disruping drugs, degradation of mRNA and a failure of 
translation occur (Kislauskis et al. 1994, Latham et al. 1994, Morris et al. 2000, 
Shestakova et al. 2001). Only relatively little is known about the regulation of mRNA 
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transport. Growth factors and environmental conditions play a role in mRNA targeting in 
some cells (Chigurel et al. 1998, Medrano &  Steward 2001). For instance, the PDGF has 
been shown to induce the transport of β-actin mRNA to the fibroblast lamellae (Latham et 
al. 1994), and cAMP-PKA pathway has been suggested to be involved in the localization 
of the β-actin mRNA in cultured neurons (Bassell et al. 1998). Taken together, the 
intracellular sorting of mRNA molecules is an important mechanism that regulates cell 
behavior and protein synthesis. 



3 Aims of the present study 

The purpose of the present study was to elucidate the potential role of NF1 gene 
expression in wound healing, and during cellular differentiation. The specific aims were 
as follows: 

1.  To study NF1 gene expression during cutaneous wound healing and in developing 
skin.  

2.  To elucidate the effect of growth factors - that operate through Ras - on the level of 
NF1 gene expression in fibroblasts. 

3.  To evaluate the tissue architecture of apparently healthy-looking skin in NF1 patients.  

4.  To assess the potential role of NF1 protein, and the distribution of NF1 mRNA in 
cellular differentiation. 

 



4 Materials and methods 

4.1  Materials (I-IV) 

The materials used are summarized below in Tables 3-5, and described in detail in the 
original publications (I-IV). 

Table 3. The tissues and cell lines used are listed below and described in detail in the 
original publications (I-IV). All tissue samples were collected with appropriate approvals 
from the ethical committees of the respective universities and university hospitals. 

Tissue samples, cell cultures and supplements used in vitro Used in 
Tissue samples  

Human adult skin (from 36 individuals, aged 18-67 years)A I-IV 
Skin of NF1 patients (from 19 individuals, aged 20-64 years)B II, III 
Post-operative scar samples, age of the scars 12d to 23 mo  
(from 26 individuals, aged 9-84 years)C 

I 

Human fetal skin, aged 19 and 34 gestational weeksD I 
Mouse brain E IV 
Mouse skin E IV 

Cell cultures  
Human adult keratinocytesA III, IV 
Keratinocytes cultured from NF1 patientsB III 
Human adult fibroblastsA I 
Human fetal fibroblasts (gestational age: 19 weeks)D I 
Mouse dermal fibroblastsE IV 

Supplements used in vitro / source  
PDGF AA, AB and BBF / Sigma I 

TGF βF / Sigma I 

ColchicineG / Sigma IV 
Cytochalasin DG / Calbiochem-Novabiochem, LaJolla, CA IV 

A Department of Surgery, University of Turku; B Department of Dermatology, University of Oulu, and 
Department of Surgery, University of Turku;C Department of Surgery, University of Turku, D Department of 
Pathology, University of Turku, E Department of Anatomy and Cell Biology, University of Oulu; F used on 
fibroblast cultures; G used on keratinocyte cultures 



 41

Table 4. The tools for protein analyses.  

Analytical tools Description Source / Reference Used in 
Primary antibodies 

NF1GRP(D) (Im,W) Rabbit Pab to human 
NF1 protein (aa:s 
2798-2818) 

Santa Cruz Biotechnology 
 Inc., (Santa Cruz, CA) /  
Gutmann et al. 1991 

I, III, IV 

NF1ab67 (Im) Rabbit Pab to human 
type II NF1 protein 

Hermonen et al. 1995 III 

NF1as159 (Im) Rabbit antiserum to  
human type III NF1 
protein 

III III 

Desmoplakin I and II (Im) Mouse Mab Boehringer Mannheim  
Biochemica (Germany) 

III 

Cytokeratin 14 (Im) Mouse Mab Sigma III 

Human integrin β4 (Im) Mouse Mab Gibgo BRL/ 
Life Technologies TM 

III 

α-tubulin (Im) Mouse Mab Sigma III, IV 

S-100 protein (Im) Rabbit Pab to cow Dako A/S, Glostrup,  
DK 

II 

Miscellanous 
Phalloidin Alexa Fluor 488  

conjugated 
Molecular probes IV 

Preimmune sera P67 From P67 immunized 
 rabbit  

Hermonen et al. 1995 III 

Preimmune sera P84 From P84 immunized 
rabbit 

Hermonen et al. 1995 I, III 

Preimmune sera P159 From P159 immunized 
 rabbit 

III III 

Polypeptide 46 aa 1097-1126 of NF1 
sequence (Marchuk et 
al. 1991) 

Hermonen et al. 1995 III 

Polypeptide 67 19 aa from alternatively 
spliced type II NF1  
protein 

Hermonen et al. 1995 III 

Polypeptide 84 aa 2795-2818 of NF1 
sequence (Nishi et al. 
1991) 

Hermonen et al. 1995 I, III 

Polypeptide 159 18 aa from  
alternatively spliced  
type III NF1 protein 

III I, III 

Abbreviations: Immunolabelings (Im); Western blotting analyses (W); polyclonal antibody (Pab); 
monoclonal antibody (Mab); peptide (P). Peptides and preimmune sera were used in control 
immunoreactions. 
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Table 5. The nucleic acid probes used in Northern hybridizations, RT-PCR, RNase 
protection assays and ISH. 

Nucleic acid probes Description/ method Reference Used in 
NF1 1.2 kb cDNA/  

Northern blot 
Nishi et al. 1991 I 

NF1 301 bp cRNA/  
RNase protection assay 

Nishi et al. 1991 
Hirvonen et al. 1998 

I 

NF1 Primers NF1G.C and  
NF1G.D/ RT-PCR 

Nishi et al. 1991 I 

NF1  
(sense, anti-sense) 

700 bp cRNA probes  

/ISH &  Northern Blot 

IV IV 

β-actin  primers 54 &  55 
/RT-PCR 

Nudel et al. 1983 I 

GAPDH  
(sense, anti-sense) 

CRNA: pGAPDH-13 / 
ISH 

Fort et al. 1985 
IV 

IV 

Abbreviations: complementary DNA (cDNA); complementary RNA (cRNA); reverse transcription 
polymerase chain reaction (RT-PCR); in situ hybridization (ISH). 
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4.2  Methods (I-IV) 

The methods used in the thesis are summarized below (Table 6) and described in detail in 
the original publications (I-IV). 

Table 6. The methods used in the original communications (I-IV). 

Method Used in  

Cell cultures 

Establishing and culturing keratinocytes III, IV 

Establishing and culturing fibroblasts  I, IV 

Protein analyses 

Indirect immunofluorescence labeling  I, III, IV 

Avidin-biotin immunolabeling I, II 

Immunogold labeling for electron microscopy  III 

Staining of actin filaments IV 

Western blot III 

Production of NF1as159 III 

RNA analyses 

Isolation of RNA I, IV 

Northern blot I, IV 

RNase protection assay I 

RT-PCR I 

In situ hybridization IV 

Construction of NF1 cRNA probe for ISH IV 

Microscopic techniques 

Light microscopy I, II, III, IV 

Conventional fluorescence microscopy  I, III, IV 

Confocal laser scanning microscopy (CLSM) III, IV 

Electron microscopy III 

Digital image analysis I, III 

Miscellaneous 

Hematoxylin-eosin staining II 

Toluidine blue staining  III 

Extraction of cytoskeleton  III 

Statistical analyses III 



5 Results 

5.1  Antiserum NF1as159 against carboxyterminus  
of NF1 protein (III) 

In order to investigate the expression of the NF1 protein isoform III (and IV), we 
designed an antiserum against a carboxyterminal, alternatively spliced sequence of the 
NF1 protein. First, an 18 aa peptide (ASLPCSNSAVFMQLFPHQ), P159, was 
synthesized with an automated peptide synthesizer. The identity of P159 was verified 
with matrix-assistant laser desorption mass spectrometry, and the purity of the peptide 
was confirmed with high-pressure liquid chromatography (HPLC). 

For the production of the polyclonal antiserum P159, we immunized rabbits as 
described in detail in communication III. Control or “null” serum was collected before 
the immunizations. The titers of the NF1as159 antiserum were analyzed by ELISA and 
varied from 104 to 105. Small amounts of immunoserum were collected every 8 weeks. 
Finally, the rabbits were sacrificed and all acquired blood was collected and used for the 
separation of antiserum.  

Immunolabelings (III) and Western analysis (data not shown) were applied to 
characterize the antiserum NF1as159 and to compare the serum with the commercially 
available carboxyterminal antibody NF1GRP(D). The epitopes recognized by these two 
antibodies are relatively closely located in the C-terminus of the NF1 protein. The 
indirect immunolabeling studies with cultured differentiating keratinocytes revealed that 
the NF1as159 resulted in a similar staining pattern, but with more non-specific 
background, compared to the affinity-purified NF1GRP(D) (III). Western blotting 
resulted in a typical 250 kDa NF1 protein band (data not shown). 
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5.2  NF1 tumor suppressor expression in human skin (I, III) 

5.2.1  NF1 protein is expressed in normal human skin (I, III) 

The immunolocalization of NF1 protein in normal human adult skin revealed an intense 
signal in all layers of the epidermis when samples were subjected to avidin-biotin 
immunolabeling with the commercial NF1 protein antibody NF1GRP(D), recognizing all 
isoforms of the protein. Dermal fibroblasts displayed a less intense immunoreaction for 
NF1 protein compared to epidermal keratinocytes in the same sample. The subcellular 
staining pattern for the NF1 protein was cytoplasmic with perinuclear and nuclear 
component visible in most cells (I).  

Immunoelectron microscopy studies of normal human epidermis were carried out with 
the antibody NF1GRP(D). The result demonstrated that the highest concentration of the 
immunogold particles, representative of the NF1 protein, was seen adjacent to bundles of 
intermediate filaments in the basal keratinocytes. Specifically, the NF1 protein was 
located in close proximity to desmosomes and hemidesmosomes, but not directly on 
these junctions (III). 

Immunohistochemical analyses of the skin of 19- and 34-week-old fetuses were 
carried out. Indirect immunofluorescence staining with NF1GRP(D) revealed a clearly 
positive immunoreaction in both epidermal keratinocytes and dermal fibroblasts. Two to 
three of the most basal layers of the developing human epidermis displayed the most 
intense immunoreaction for NF1GRP(D). The subcellular distribution of the NF1 protein 
was mostly cytoplasmic, but some perinuclear and nuclear staining was observed (I).  

5.2.2  Altered NF1 protein expression in the healing wounds (I) 

The expression of NF1 protein was studied in scars obtained from operations involving 
areas of healing wounds after the primary operation. Tissue samples were collected 
between 12 days and 23 months after the primary operation from a total of 26 patients 
and analyzed using avidin-biotin immunolabeling with the NF1GRP(D). All samples 
contained the scar, and the perilesional skin.  

The wounds contained numerous dermal fibroblasts with an increased cytoplasmic 
staining for the NF1 protein compared to perilesional fibroblasts. The intensity of the 
NF1 protein immunolabel in the scar fibroblasts did not correlate with the age of the scar 
or the age of the donor. Even the oldest scar contained localized areas harboring 
fibroblasts intensely positive for the NF1 protein. The epidermis also showed a clearly 
detectable immunosignal for NF1 protein in all layers, but no specific changes were 
detected in the epidermis above the scar compared to perilesional area.  
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5.3  Microscopic changes in the skin of NF1 patients (II) 

The histologic features of the skin of ten patients with type 1 neurofibromatosis 
syndrome were analyzed. Specimens from healthy-looking, apparently unaffected skin of 
the patients were studied by routine histology with hematoxylin-eosin staining and by 
immunohistochemical labeling for the S100 protein. The results revealed a small, occult 
neurofibroma in one of the samples. The tumor located deep in the dermis, around a hair 
follicle and adjacent to an arrector pili muscle. The histopathologic findings were 
consistent with a neurofibroma: fibroblasts and spindle-shaped S100 protein–positive 
Schwann cells were embedded in an abundant collagenous stroma. Furthermore, the skin 
of seven (out of 10) patients presented increased numbers of fibroblasts around hair 
follicles, and four of them contained a S100 protein–positive Schwann cells among the 
fibroblasts embedded in collagenous stroma. No corresponding findings were observed in 
the skin of the six control persons. 

5.4  NF1 tumor suppressor expression in cultured fibroblasts  
(I, IV) 

5.4.1  NF1 mRNA is expressed in cultured fibroblasts 
 (I, IV) 

The steady-state levels of NF1 mRNA were studied in cultured fibroblasts. First, cell 
cultures were initiated from the dermis of 14 healthy persons. The cultures were 
harvested and total RNA isolated. Northern analyses with NF1 sequence-specific cDNA 
probe revealed the presence of an 11-13 kb double band, representative of NF1 mRNA. 
An 1 µg aliquot of total RNA was subsequently used for reverse transcription followed by 
PCR. Specifically, the oligonucleotide primers GC and GD by Nishi et al. (1991) were 
used, resulting in amplification of the characteristic 303 and 366 bp bands, representative 
of the type I and II NF1 mRNA splice variants, respectively. To further analyze NF1 
mRNA expression in cultured fibroblasts, a 20 µg aliquot of total RNA was subjected to a 
highly sensitive and quantitative RNase protection assay with NF1 specific cRNA. The 
results indicated the presence of NF1 mRNA type I and II isoforms and the predominance 
of type I isoform (301 nucleotide band) in the cultured dermal fibroblasts (I). 

To study NF1 expression in developing skin, we cultured dermal fibroblasts from the 
skin of 19- and 34-week-old fetuses. Total RNA was isolated, and a 10 µg aliquot was 
subjected to Northern analysis with a NF1 specific 1.2 kb cDNA probe (Nishi et al. 
1991). After a relatively short (4 days) exposure time, an intense hybridization signal was 
visualized as an 11-13 kb band (I). 

When producing the NF1 specific cRNA probe for ISH, mouse fibroblast cultures 
were established and RNA isolated. A 650 bp mouse NF1 specific cDNA fragment 
corresponding to the bases 230-880 of human NF1 gene was amplified from mouse RNA 
and used for the production of a probe for ISH (IV). 
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5.4.2  Up-regulation of NF1 mRNA by selected growth factors (I) 

In vitro studies were designed to study the effects of different PDGF isoforms and TGFβ1 
on NF1 mRNA steady-state levels in cultured fibroblasts. These growth factors were 
selected, since they are known to have a major role in wound healing and to involve the 
Ras signaling pathway (Heldin &  Westermark 1996, Roberts &  Sporn 1996). Analyses of 
NF1 mRNA levels were performed using Northern blot, RNase protection analyses and 
RT-PCR in 14 different cell lines. Fibroblasts were cultured with DMEM supplemented 
with 2% FCS and different growth factors for two days. The concentrations of the PDGF 
isoforms were 0.1, 1, 10 and 30 ng/ml, while those of TGFβ1 were 0.5 and 5 ng/ml. 

The NF1 mRNA specific cDNA probe (Nishi et al. 1991) was used in the Northern 
analyses. Total RNA was isolated from fibroblasts treated with PDGF, and aliquots were 
subjected to the Northern hybridizations. The result demonstrated a typical 11-13 kb 
double band (Wallace et al. 1990). Specifically, the PDGF AB isoform elevated the NF1 
mRNA levels in a dose-dependent manner, whereas the maximal up-regulatory effect 
exerted by PDGF BB was reached with the concentration of 1 ng/ml. In contrast, 
treatment of the fibroblasts with PDGF AA did not show any apparent effect on the NF1 
mRNA levels. 

Aliquots of the total RNA from the fibroblasts cultured with TGFβ1 for two days, 
were analyzed with RNase protection assays. The NF1 sequence-specific cRNA-probe 
protected bands of 255 and 301 nucleotides representing the type II and I NF1 mRNA 
isoforms, respectively. Up-regulation of NF1 gene expression occurred in a dose-
dependent manner, when TGFβ1 concentrations of 0.5 and 5 ng/ml were used. In 
addition, the results indicated the predominance of type I NF1 mRNA in all samples of 
cultured human fibroblasts.  

In order to estimate the potential NF1 mRNA splice variant-specific effects exerted by 
PDGF or TGFβ1, fibroblasts were cultured with the PDGF isoforms (30ng/ml) and 
TGFβ1 (5 ng/ml). The oligonucleotide primers GC and GD (Nishi et al. 1991) resulted in 
the amplification of 303 and 366 bp cDNAs, representative of the type I and II NF1 
mRNA splice variants. In these experiments, different isoforms of PDGF and TGFβ1 did 
not cause apparent differences in the type I/type II NF1 mRNA ratio. 

5.5  NF1 tumor suppressor expression in cultured keratinocytes  
(III, IV) 

5.5.1  NF1 protein is expressed in cultured keratinocytes  
(III, IV) 

The expression of NF1 protein was studied in normal keratinocytes induced to 
differentiate by increasing the Ca2+ concentration of the culture medium from <0.1 mM to 
1.4 mM. Immunohistochemical analyses of cells were performed with three NF1 specific 
antibodies: NF1GRP(D), NF1as159, and NF1ab67. The subcellular distribution of NF1 
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protein displayed marked alterations at all time points during the first 48 hours of 
differentiation induced by high calcium concentration (III).  

When keratinocytes were cultured in a low calcium concentration, apparently all cells 
expressed the NF1 protein at a moderate level. The immunoreaction for the NF1 protein 
was found diffusely in the cytoplasm and in many cells associated with fibrillar structures 
perinuclearly, and in the cell periphery. Subsequently, the cultures were induced to 
differentiate using the medium with a high calcium concentration. The majority of the 
cells displayed only a weak immunoreaction to NF1 protein, while a small subpopulation 
of the keratinocytes (5-15%) showed an intense immunosignal manifesting as finger-like 
projections extending from the perinuclear area towards cell periphery (III, IV). Two 
neighboring cells often displayed similar organization of NF1 protein: the NF1-positive 
fingers of adjacent cells met, leaving only a narrow NF1-negative space between the 
cells. Typically, after the period of intense labeling for NF1 protein, immunoreactivity 
diminished to the backround level (III). Reappearance of NF1 immunoreactivity was seen 
in a population of cells positioned on top of the original monolayer 8-48 hours after the 
calcium switch (III, IV). CLSM analyses also showed some NF1 labeling in association 
with the filaments of the nucleus. 

Two different isoform specific NF1 antibodies were used to further characterize NF1 
protein in keratinocyte cultures. The type III NF1 protein isoform-specific antiserum 
(NF1as159) immunostaining was similar to the NF1GRP(D), but contained clearly more 
background noise. In contrast, the immunoreaction with the antibody NF1ab67 became 
detectable only after the cytoskeletal (CSK) buffer treatment (described on 5.5.2) with a 
labeling pattern different from immunostaining obtained with antibodies recognizing the 
C-terminus of NF1 protein. Specifically, NF1ab67 showed a labeling pattern of beaded 
filaments in differentiating cells rather than a linear labeling pattern (III). Western 
blotting from keratinocyte lysates demonstrated the presence of a 250 kDa NF1 band, 
which was abolished by preincubation of the antibody with an appropriate synthetic 
peptide (in more detail 5.5.2).  

5.5.1.1  Specific features of NF1 keratinocytes (III) 

Keratinocytes cultured from nine patients with NF1 were compared to healthy control 
cells. The morphological analyses were performed on keratinocytes cultured in either a 
low or a high calcium concentration for 4 hours, subsequently fixed and stained with 
toluidine blue. The results showed that the NF1 keratinocytes in the monolayer were 
larger and displayed a marked variation of cell size and morphology. The control 
keratinocytes were statistically significantly smaller in size, and more regular in 
morphology. The differences between normal and NF1 keratinocytes were most 
pronounced when differentiation was induced with the high extracellular calcium 
concentration.  

NF1 keratinocytes were induced to differentiate for 4 hours in a high calcium 
concentration, and subsequently subjected to indirect immunofluorescence labelings with 
the NF1GRP(D). These NF1 keratinocytes showed a reduced number of NF1 protein-
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positive “fingers”, or NF1 protein associated with cytoskeletal filaments, compared to the 
controls. 

5.5.2  NF1 protein expression during the cellular differentiation (III) 

5.5.2.1  NF1 protein associates with intermediate filaments (III) 

Since the induction of keratinocyte differentiation induced a rapid organization of the 
NF1 protein into finger-like projections, we investigated the potential interactions 
between the NF1 protein and cytoskeletal structures. We performed double 
immunolabelings with antibodies against the NF1 protein and a panel of cytoskeletal 
molecules. Co-localization between the different protein epitopes was analyzed with 
CLSM. 

Double immunolabelings for NF1 protein and tubulin, actin and cytokeratin 14 
(CK14) were carried out and analyzed with CLSM. The results revealed a high degree of 
co-localization between the NF1 protein and CK14 in a subpopulation of differentiating 
keratinocytes, which were intensively positive for NF1 protein. In contrast, NF1 protein 
did not co-localize with actin or tubulin. 

The association of NF1 protein with intermediate filaments was further analyzed by 
extracting cultures with the CSK buffer, which removes all other cellular components 
except intermediate filaments and proteins associated with these filaments (Fey et al. 
1984). Subsequently, the cultures were fixed and subjected to indirect 
immunofluorescence analyses. The results revealed the expected presence of CK14, but 
not tubulin or actin in the CSK buffer preparations. Furthermore, in CSK buffer treated 
cultures, a subpopulation of keratinocytes displayed an intense immunosignal for NF1 
protein. This indicated that the interaction between NF1 protein and the intermediate 
cytoskeleton is of a high affinity. To further study the association of the NF1 protein 
isoforms with intermediate filaments, the type II NF1 protein specific antibody NF1ab67 
was used to label differentiating keratinocytes. The NF1ab67 immunoreaction only 
became detectable after CSK buffer treatment and was associated with cytokeratin 
bundles with a labeling pattern of beaded filaments, suggesting that the epitope might be 
masked masked. 

Western blotting with NF1GRP(D) antibody was performed on CSK buffer-treated 
keratinocyte cultures undergoing different phases of differentation. Cell lysates were 
separated into two fractions by centrifugation. The insoluble fraction (intermediate 
filament cytoskeleton and associated proteins) and the soluble fraction (all other cellular 
proteins) were analyzed separately. The NF1 protein (250 kDa) band was preferentially 
found in the insoluble fraction, although faint bands were also seen in the soluble 
fraction. The most intense NF1 protein band was seen in proliferating cell cultures, and 
the expression gradually decreased during 24 hours after the induction of diffrentiation.  
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5.5.2.2  NF1 protein and formation of specific cell junctions (III) 

The subpopulation of differentiating keratinocytes displaying an intense NF1 
immunosignal on intermediate filaments was further characterized. Earlier studies have 
shown that both desmosomes and hemidesmosomes are linked to the cytokeratin 
containing intermediate filament cytoskeleton; and that the induction of differentiation 
initiates the transport of desmoplakin from the intracellular stores along intermediate 
filaments to the sites of new desmosomes (Garrod 1993, Garrod et al. 1996). Thus, 
double immunolabelings for the NF1 protein (antibody NF1GRP(D)) and selected 
components of desmosomes (antibody to desmoplakin) and hemidesmosomes (antibody 
to β4 integrin) were carried out. 

The results revealed a transient, simultaneous localization of both NF1 protein and 
desmoplakin on the intermediate filament cytoskeleton. Specifically, the analyses 
suggested that the order of events during keratinocyte differentiation was as follows: 
Localization of desmoplakin on the intermediate filaments becames evident after NF1 
protein has adhered to bundles of intermediate filaments. NF1 protein decorated the 
cytokeratin filaments only to a point where most desmoplakin was concentrated to cell-
cell-contact sites. Also, NF1 protein displayed a close association with β4 integrin in 
plaques at cell-substratum contact sites after the switch to a high calcium concentration. 
β4 integrin has previously been shown to cluster under differentiating keratinocytes 
following a calcium switch (Ryynänen et al. 1991, Garrod 1993). In summary, the 
increased calcium concentration of the cell culture medium induces a rapid organization 
of the NF1 protein into finger-like projections on intermediate filament bundles and the 
intense NF1 tumor suppressor labeling on intermediate filaments is timely delineated to 
the formation of desmosomes in differentiating keratinocytes. 

5.5.3  Targeting of NF1 mRNA in keratinocytes 

We have shown in publication III, that at least the pre-existing, and possibly also some 
newly synthesized NF1 proteins undergo a rapid relocalization during the formation of 
cell-cell junctions in differentiating keratinocytes. Thus, we investigated the distribution 
of the NF1 mRNA under the same conditions, to study whether the transcription of NF1 
mRNA is temporally associated with the changes observed at the NF1 protein level. ISH 
was used to study the localization of NF1 mRNA in keratinocyte cultures. The ISH was 
carried out with a NF1 specific cRNA probe. The specificity of the NF1 cRNA probe was 
verified by Northern analysis, and a typical 11-13 kb band representing NF1 mRNA was 
detected in mouse brain. 

When ISH for NF1 mRNA was performed on undifferentiated keratinocytes 
(maintained in <0.1 mM extracellular calcium), a faint or completely missing cytoplasmic 
hybridization signal was detected. The induction of keratinocyte differentiation by 1.4 
mM extracellular calcium resulted in an elevation of the cytoplasmic NF1 mRNA signal 
within the first 0.5 -4 hours in a subpopulation of the cells. NF1 mRNA was first evenly 
distributed throughout the cytoplasm, then the signal gradually polarized towards the 
cellular periphery adjacent to cell-cell junctions. The number of cells with polarized 
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targeting of theNF1 mRNA was counted in random microscopic fields. The results 
indicated that ~ 9 % of cells cultured in low calcium and 43 % of cells cultured in high 
calcium for 2 h displayed a polarized hybridization signal. By 8-12 hours, the NF1 
mRNA was often seen as condensed streaks below the plasma membranes facing the 
adjacent cell, and only rarely near the free cell borders. By 24-48 hours after the 
induction of differentiation, when the most cells are postmitotic, the NF1 mRNA 
disappeared. Reappearance of NF1 mRNA was seen in keratinocytes forming a bilayered 
culture. Hybridization of the same cultures with a GAPDH antisense cRNA probe showed 
evenly distributed hybridization signal in the same experiments, indicating the specificity 
of NF1 hybridizations. Control ISH was performed with a sense NF1 probe, which 
presented a hybridization signal at the background level. A nuclear hybridization signal 
was obtained on varying intensity with all probes. As a result, NF1 mRNA is actively 
transported to a specific cellular location and not targeted to free polysomes or ribosomes 
of the rough endoplasmic reticulum. 

We next detected the NF1 mRNA with ISH and NF1 protein (antibody NF1GRP(D)) 
with IIF in parallel cultures induced to differentiate in the high calcium concentration 
either for 2 hours (monolayer, forming cell junctions) or 16 hours (multilayer, migrating). 
NF1 mRNA and protein displayed similar distributions: a subpopulation of cells 
contained an intense signal for both the mRNA and protein. The NF1 mRNA 
hybridization signals were polarized towards the cell-cell contact zone after 2 hours of 
differentiation, but the free edges were characteristically devoid of both NF1 mRNA and 
NF1 protein-positive projections. After the 16 hours in high calcium concentration, the 
keratinocytes migrated to the top layer and showed a polarized NF1 mRNA hybridization 
signal as well as an intense immunosignal for NF1 protein. 

Two major routes for mRNA targeting have been identified: microtubules and 
microfilaments function as tracks for mRNA transport. The transported mRNA is also 
anchored for translation on either tubulin or actin filaments (Bassell &  Singer 1997, 
Jansen 1999). We performed ISH analyses to detect NF1 mRNA on keratinocyte cultures, 
where selective disruption of different the types of cytoskeletal filaments was performed. 
The disruption of microfibrillar cytoskeleton with cytochalasin D, but not microtubules 
with colchicine, caused a marked change in the subcellular distribution of NF1 mRNA in 
differentiating keratinocytes. When the number of cells showing polarized targeting of 
NF1 mRNA was counted, only 4 % the of cells cultured with cytochalasin D showed 
polarized targeting of mRNA. In contrast, parallel control cultures grown for 2 hours in 
high calcium presented a polarized NF1 mRNA hybridization signal in 43 % of the cells. 
In the cytochalasin D-treated cells, the hybridization signal for NF1 mRNA was also 
weaker as compared to the controls, suggesting that the abolition of mRNA transport via 
actin containing microfilaments may affect the half-life of the NF1 mRNA. 



6 Discussion 

6.1  Methodological aspects 

6.1.1  Tissues and cell cultures 

The present study was carried out on human cells and tissues. This is a point to note, 
since not even the transgenic NF1 knock-out mice develop a phenotype comparable to 
type 1 neurofibromatosis in man (Stumpf et al. 1987, Guo et al. 2000, Lakkis &  
Tennekoon 2001). The samples of healthy, healing, and NF1 skin were studied with 
respect to histology and/or the NF1 expression.  

Post-operative scar samples were obtained 12 days to 23 months after the primary 
operation during the years 1994-1996 at the Department of Surgery, University Hospital 
of Turku, Finland. It was not possible to obtain a collection of samples, which would 
cover all different phases of wound healing or to have a nice and complete age- and sex-
matched series of samples. Yet, this material was considered sufficient to demonstrate that 
a local upregulation of the NF1 gene is part of the normal response to tissue trauma. 

The cultures of dermal fibroblasts were established from the normal skin to reveal the 
effect of PDGF and TGF β1 on the expression of NF1 protein. These growth factors were 
selected since both are known to play a role in wound healing and to activate signaling 
mediated by Ras proteins (Satoh et al. 1993, Meyer-Ingold &  Eichner 1995, Heldin &  
Westermark, 1996, Roberts &  Sporn 1996, Teruel et al. 1996). Interestingly, PDGF BB 
and TGFβ1 have been shown markedly enhance the growth of the neurofibroma cells 
compared to control fibroblasts (Kadono et al. 1994).  

We also utilized cultured normal and NF1 keratinocytes, since keratinocytes from rat 
and human skin had earlier been shown to be immunoreactive for NF1 protein (Malhotra 
&  Ratner 1994, Hermonen et al. 1995, Peltonen et al. 1995). Furthermore, the Ras 
signaling pathway is known to be involved in the formation of cell-cell and cell-matrix 
interactions, and modeling of the cytoskeletal structures of during differentiation 
(Henrard et al. 1990). The induction of the cellular differentiation has been shown to alter 
the NF1 tumor suppressor levels, isoform ratios, and subcellular distribution in other cell 
types (Gutman et al. 1995b, Li et al. 2001).  
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6.1.2  NF1-specific antibodies  

Two commercial polyclonal antibodies against NF1 protein were available at the time of 
the preparation of the present study. Only NF1GRP(D), recognizing the carboxyterminal 
2798-2818 residues of the NF1 protein, was recommended for immunohistochemistry by 
the manufacturer.  

Other polyclonal antisera or antibodies raised against polypeptides were also used. The 
NF1ab67 recognize an alternatively spliced amino acids of type II NF1 protein in the 
GRD (Hermonen et al. 1995). The NF1as46 recognized the residues 1097-1126, while 
the NF1as84 detected the residues 2795-2818 outside of the GRD (Marchuck et al. 1991, 
Nishi et al. 1991). For this study (III), we raised NF1as159 against the alternatively 
spliced residues in the type III NF1 protein. 

Differences in the immunolabeling of epidermis were observed depending on antibody 
or the staining protocol (Malhotra &  Ratner 1994, Hermonen et al. 1995, Peltonen et al. 
1995). Specifically, the NF1GRP(D) and NF1ab67 label the basal cells most intensely, 
when using ethanol fixation and IIF. In contrast, when the skin samples were fized with 
formalin and subjected to avidin-biotin immunolabeling with NF1GRP(D), the labeling 
of all epidermal cell layers was seen. The NF1as159, NF1as46 and NF1as84 seem to 
label all cell layers.  

One plausible explanation is that the NF1GRP(D) recognizes only a specific type of 
NF1 protein conformation, and different fixation procedures may influence the epitope 
presentation. This is in agreement with findings obtained from rat skin, where the NF1 
protein was detected to locate near desmosomes with immunoEM, but not with 
immunohistochemical procedure (Malhotra &  Ratner 1994).  

6.2  Discussion of the results 

6.2.1  NF1 protein in skin  

When the present study was initiated, little was known on the expression of NF1 protein 
in skin. Early PCR-studies on tissues had demonstrated expression of the NF1 gene in 
virtually all tissues, including skin (Daston &  Ratner 1992). I was engaged in NF 
research with a task to participate in efforts for the production of a panel of NF1 protein 
specific antibodies, not commercially available in 1992-1993. As a result, three different 
antibodies revealed a pronounced immunosignal for NF1 protein in the epidermis of skin 
overlying cutaneous neurofibromas, and in cultured keratinocytes. These early results 
have partially been reported by Hermonen et al. (1995). During the final preparation of 
the report, the findings on the distribution of NF1 protein in rodent skin were 
independently reported by Malhotra &  Ratner (1994). Even though the targets of my 
investigation were originally the neurofibromas, the findings above (Hermonen et al. 
1995) diverted my focus primarily to skin of normal control persons and patients with 
NF1. 
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6.2.1.1  Up-regulation of the NF1 protein during  
normal wound healing 

The expression of the NF1 protein was assessed during normal cutaneous wound healing. 
The up-regulation of the NF1 tumor suppressor protein was shown to occur as a normal 
response to tissue injury in dermal fibroblasts.  

The expression of Ras has been linked to proper wound healing by Sosnowski et al. 
(1993). The levels of Ras have also shown to be upregulated in response to physical harm 
(UV light) in dermal fibroblasts (Ponten et al. 1995). Interestingly, the upregulation of the 
NF1 tumor suppressor is seen in astrocytes after stimulation by the proinflammatory 
cytokines, and in response to ischemia (Hewett et al. 1995, Giordano et al. 1996). Since 
the NF1 protein acts as a negative regulator for Ras, it seems reasonable that the 
increased levels of the NF1 protein may participate in controlling the normal healing 
process. 

An increased levels of the NF1 protein has shown to occur in the fibroblasts of 
astrocytic tumors, which might result a positive feedback regulation by elevated levels of 
activated Ras (Gutmann et al. 1996). Thus, the increased expression of NF1 tumor 
suppressor by wound fibroblasts may be a factor counteracting excessive fibrosis and may 
contribute to the restoration of the architecture of injured tissue. Supporting this idea, the 
NF1 knockout mice have been shown to display aberrant cutaneous wound healing, an 
altered response of fibroblasts to cytokines, and excessive proliferation of keratinocytes 
due to an environmental assault (Atit et al. 1999, Atit et al. 2000). 

These results collectively demonstrate that an up-regulation the NF1 gene takes place 
in normal wound healing, and that tissue repair is aberrant in the NF1 knockout mice. 
Thus, the expression of the NF1 gene is likely to control cell growth, and restoration of 
normal tissue architecture during wound healing.  

6.2.1.2  NF1 protein in the developing skin 

In the present study, the expression of NF1 gene was analyzed in skin of 19 and 34 weeks 
old human fetuses. Both skin samples displayed intense signal for NF1 protein in dermal 
fibroblasts and in epidermal keratinocytes. This is in agreement with study by Malhotra &  
Ratner (1994), who described that the skin of mouse embryos displayed the NF1 protein 
immunosignal. In contrast, when the NF1 protein was analyzed in skin of adult rats, no 
NF1 mRNA or protein expression was observed (Malhotra &  Ratner 1994). This might 
reflect the differences between species. 

6.2.1.3  Type 1 neurofibromatosis syndrome and skin 

The tissue architecture was analyzed from samples of apparently healthy-looking skin of 
NF1 patients. Surprisingly, small masses of neurofibromatous tissue were observed in the 
vicinity of hair follicles. These results suggest that the skin of patients with NF1 might be 
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more widely affected than previously thought, and that occult neurofibromas are not rare. 
Passive and active bending of the hair cause mechanical stress to hair follicle which, we 
speculate, could be a factor favoring the development of neurofibromas. The finding that 
masses of neurofibromatous tissue is located near hair follicles supports the theory that 
epigenetic factors (e.g. trauma or even skin temperature) might cause abnormal growth in 
NF1 deficient cells, leading to development of tumors (Atit et al. 1999, Kaufmann et al. 
2001, Riccardi 2001). Some other reports support the theory, that double inactivation of 
the NF1 gene (LOH) occurs in 3-36% of benign neurofibromas (Colman et al. 1995, 
Sawada et al. 1996, Serra et al. 1997, Eisenbarth et al. 2000, John et al. 2000). We did 
not analyze LOH from our samples. Thus the occurrence of the LOH in the 
“microneurofibromas” remains to be elucidated in future studies. 

6.2.2  Elevation of NF1 mRNA expression by growth factors 

The influence of selected growth factors on NF1 gene expression was studied in vitro. 
Different isoforms of PDGF and TGFβ1 were selected because their signaling pathways 
include the activation of Ras proteins and these growth factors are operative during 
wound healing (Satoh et al. 1993, Yan et al. 1994, Bornfeldt et al. 1995, Heldin &  
Westermark 1996, Roberts &  Sporn 1996, Teruel et al. 1996). 

Cultures of dermal fibroblasts displayed upregulation of NF1 mRNA levels in response 
to PDGF BB, AB and TGFβ1 treatment. In contrast, PDGF AA did not alter the levels of 
NF1 mRNA. The differences between the isoforms of PDGF may partly be explained by 
the fact that the number receptors recognizing the PDGF BB isoform has been reported to 
be 10 - 20 times higher than the number of receptors binding the PDGF AA isoform in 
human dermal fibroblasts (Hart et al. 1988, Seifert et al. 1989).  

Other investigators have also reported elevated levels of NF1 protein in response to 
growth factor stimulation, which might result from positive feedback regulation by 
increased levels of activated Ras (Hewett et al. 1995, Giordano et al. 1996, Largaespada 
et al. 1996, Griesser et al. 1997, Badache &  De Vries 1998, Guha 1998, Zang et al. 
1998). In contrast, a simple growth arrest induced by starvation and the subsequent 
release of cell cycle did not alter the NF1 expression in fibroblasts, until the expression 
was induced by contact inhibition (Kitano et al. 1994, Norton et al. 1996).  

As a summary, in vitro results suggest that the expression of the NF1 tumor suppressor 
protein can be upregulated by diverse growth factors. The elevated levels of NF1 protein 
could in turn maintain the Ras activity in the appropriate level, and enable the proper 
wound healing process.  

6.2.3  Role of NF1 protein during cellular differentiation 

Appropriate differentiation of keratinocytes has been shown to require Ras signaling 
pathway. Unregulated, oncogenic Ras cause abnormal differentiation, defective formation 
of cell junctions, and increased proliferation in keratinocyte cultures (Espada et al. 1999, 
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Tomakidi et al. 1999, Shi &  Isseroff 2000, Delehedde et al. 2001). The present study 
supported this idea by showing that the transiently elevated expression of the NF1 protein 
occurs during differentiation of keratinocytes, and the NF1 protein might serve to 
counteract Ras activity and allow the appropriate level of growth signals for cells.  

The results revealed that all proliferating keratinocytes expressed NF1 protein at the 
moderate level. When the cultures were induced to differentiate, a subpopulation (5-15%) 
of cells displayed an intense immunoreaction for the NF1 protein in fibrillar projections 
extending into cell periphery. Specifically, the observed intense NF1 tumor suppressor 
signal on the cytokeratin filaments was of high affinity and temporally limited to the 
period during which the formation of desmosomes takes place. Thus, apparently all 
keratinocytes in a differentiating culture undergo a short period when the cells are 
intensely immunoreactive for NF1 protein. It has earlier been suggested that induction of 
cellular differentiation lead to the transport of desmoplakin to junctions along the 
intermediate filaments (Garrrod et al. 1996). Additional studies are needed to solve 
whether the interaction between CK14 and NF1 protein is direct or indirect.  

After the period of intense labeling the immunoreactivity vanished leaving the cells 
practically negative for the NF1 protein. The reappearance of the NF1 protein was seen in 
cells located in or migrating into the 2nd cell layer. Furthermore, the NF1 protein also 
displayed a close association with β4 integrin in hemidesmosomal plaques at cell-
substratum contact sites in vitro, and associated with intermediate filaments in close 
proximity to hemidesmosomes in vivo using immunoEM.  

Li et al. (2001) have earlier demonstrated an increased expression of the NF1 tumor 
suppressor, and association between the NF1 protein and tubulin or F-actin filaments 
during the neuronal differentiation. The NF1 protein has also shown to associate with 
paxillin and syndecan that might serve to localize the NF1 protein near cell surface 
receptors and signaling molecules (Schlessinger et al. 1995, Cohen et al. 1998, Hsueh et 
al. 2001, Perrimon &  Bernfield 2000, Li et al. 2001). Gutmann et al. (2001) 
demonstrated, that heterozygosity for the NF1 tumor suppressor resulted in abnormalities 
in cell attachment, spreading and motility in astrocytes. Thus, the results of present study 
and by others suggest that the function of NF1 tumor suppressor is associated with the 
formation of cell-cell and cell-matrix junctions. This probably also explains a high NF1 
immunoreactivity of migrating keratinocytes, and a variation in cell size and shape in the 
cultured NF1 keratinocytes detected by us. In contrast to other, we did not detect 
association of NF1 protein with actin or tubulin. 

6.2.3.1  Detection of nuclear NF1 signal 

An NF1 protein immunolabel and a NF1 mRNA hybridization signal were observed to 
locate in the nucleus of some differentiating keratinocytes in communications III and IV 
of the present study. Nuclear localization of NF1 protein has also been demonstrated to 
occur in neurons by Li et al. (2001), and the NF1 amino acid sequence has supposed to 
contain a potential nuclear targeting sequences (Marchuck et al. 1991). On the other 
hand, recent evidence has demonstrated that polyribosomes and limited protein synthesis 
can occur within the nucleus, near the site of transcription to serve as “a quality control” 
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for mRNA (“nonsense mediated RNA decay”) (Mangiarotti 1999, Brogna 2001, Ibora et 
al. 2001). Taken together, the role of the nuclear NF1 protein remains to be characterized. 

6.2.4   Expression and translocation of NF1 mRNA  
during differentiation  

Rapid changes in NF1 protein levels were observed in a subpopulation of differentiating 
keratinocytes. Therefore, the NF1 mRNA was assessed in the same culture system using 
ISH to investigate whether the expression of the NF1 mRNA is temporally associated 
with the changes observed at the NF1 protein level. The NF1 RNA probe for 
hybridization was produced, and chosen to recognize nucleotides 230-880 of the NF1 
gene sequence (amino acids 10-227). Thus, the probe recognizes all alternatively spliced 
NF1 mRNAs known to date. 

The results revealed that NF1 mRNA increases transiently in the cytoplasmic 
compartment of the differentiating keratinocytes. The NF1 mRNA gradually moved to the 
cell periphery near the cell-cell contact zone, and finally disappeared from the postmitotic 
keratinocytes in the monolayer. A reappearance of the NF1 mRNA hybridization signal 
was noted in keratinocytes migrating to form the second cell layer of the cultures. 
Hybridization of parallel cultures with a GAPDH specific probe resulted in an even 
hybridization signal thorough the cytoplasm, indicating that the targeting of NF1 mRNA 
was not a general mode of RNA processing in differentiating keratinocytes. 

The elevated levels of the NF1 protein and NF1 mRNA were seen on the parallel 
cultures. Earlier, the NF1 mRNA and protein expression during the differentiation of the 
Schwann cells was studied by Gutmann et al. (1993b). Interestingly and partly 
contradictory to our results, the NF1 mRNA levels peaked within the 1-6 hours, but the 
elevated protein levels were apparent after 24-72 hours of stimulation. 

Microtubules, microfilaments and intermediate filaments have been shown to function 
as cytoskeletal tracks for mRNA transport (Sundell &  Singer 1991, Knowles et al. 1996). 
The present study revealed that when the microfilaments were disrupted, the inhibition of 
the NF1 mRNA polarization, and a general reduction of the NF1 mRNA hybridization 
signal intensity occurred. The results suggest that NF1 mRNA is targeted to cell periphery 
via actin filaments, and the disruption of microfilaments may result in degradation of 
mRNA molecules. Actin filaments might also provide an interesting link to Ras and NF1 
protein interaction. Specifically, the activation of Ras can cause a disruption of actin 
filaments at + end (reviewed by Adjei et al. 2001). Thus, the potential tracts for NF1 
targeting would be lost, resulting in a lowered mRNA level. 

It is feasible to speculate that active targeting of NF1 mRNA and translation at the site 
of function would provide efficiency and economy to cells, since NF1 mRNA (11-13 kb) 
and the protein product (~ 250 kDa) are exceptionally large (Wallace et al. 1990, Gutman 
et al. 1991, St Johnston 1995). Interestingly, a study by Mochizuki et al. (2001) 
demonstrated that when COS-1 cells were stimulated with epidermal growth factor 
(EGF), active Ras is mostly located at the free edges of the cells while GAP activity was 
most intense within the cell-cell contact zones. During the differentiation of 
keratinocytes, proper functioning of the Ras signaling pathway is essential (Nobes &  Hall 
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1999, Holzer et al. 2001, Vasioukhin et al. 2001, Walsh &  Bar-Sagi 2001). Thus, 
targeting of the potential translational unit with NF1 mRNA to the cell-cell contact zone 
in the vicinity of the plasma membrane would direct the synthesis of the NF1 protein near 
Ras-GTP during the formation of cell junctions. The potential translation of NF1 mRNA 
along microfibrils might serve to localize NF1 protein synthesis to the closely located 
intermediate cytoskeleton, which is decorated by NF1 protein during the formation of 
desmosomes. A question for further studies is to elucidate if different mRNA splice 
variants are transported to diverse subcellular compartments. Another interesting topic for 
further studies might be which proteins bind to NF1 mRNA 3’ UTR and possible locally 
control the translation. 



7 Conclusions 

The present study demonstrated that NF1 p21rasGAP expression is upregulated in 
response to cutaneous trauma. The fibroblasts embedded in scar tissue displayed elevated 
NF1 protein levels. In vitro studies demonstrated that NF1 mRNA levels increased when 
fibroblast cultures were incubated with selected growth factors operative during normal 
wound healing, which are known also to activate the Ras pathway. These findings 
emphasize that epigenetic factors may regulate NF1 gene expression. Thus, the action of 
the NF1 gene appears to be an integral part of normal tissue repair. It is also feasible to 
assume that enhanced NF1 tumor suppressor expression may serve to limit excessive 
fibrosis in wound healing. 

The results of the present study demonstrate that apparently healthy looking skin of 
NF1 patients contains small masses of neurofibromatous tissue in the vicinity of hair 
follicles. We speculate that bending of the hair might be an environmental factor causing 
continuous stress, or microtrauma, which might provoke proliferation of NF1 protein 
deficient cells. 

As Ras proteins play a role in the regulation of cell differentiation and the formation of 
cell junctions, the functional expression of NF1 protein was elucidated using 
differentiating keratinocytes as an in vitro model. The results revealed that a 
subpopulation of clustering keratinocytes became intensely immunoreactive for NF1 
protein shortly after the induction of differentiation. Double immunolabelings and 
immunoelectron microscopy showed that NF1 protein was associated with intermediate 
filaments projecting towards the neighboring cells. Furthermore, the present study 
demonstrated that the high-affinity association of NF1 protein with bundles of 
intermediate filaments was short-lasting. Specifically, the intense NF1 tumor suppressor 
signal on intermediate filaments was temporally limited to the period in which the 
formation of desmosomes takes place. The results clearly demonstrate that the function of 
NF1 is associated with the formation of cell junctions, and thus with cellular 
communication. 

In further studies, NF1 mRNA expression was studied by ISH in the same cell culture 
model during the differentiation of keratinocytes. In analogy to NF1 protein, a rapid 
elevation of NF1 mRNA levels was detected following the initiation of differentiation. 
Interestingly, the NF1 mRNA hybridization signal polarized towards cell-cell contact 
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zones. The hybridization signal disappeared in postmitotic cells, but reappeared in 
keratinocytes migrating to the second layer. These findings recognize a potential way for 
posttranscriptional modification of NF1 expression. Subplasmalemmal translation would 
direct the synthesis of NF1 protein so as to allow it to interact with cell membrane bound 
Ras-GTP or transmembrane protein syndecan, both related to functions/interactions of 
NF1 protein. This is the first study to demonstrate that NF1, or any tumor suppressor 
mRNA, belongs to the rare mRNAs not targeted to free polysomes or ribosomes of the 
rough endoplasmic reticulum.  

In conclusion, the results of the present study show that NF1 protein is involved in 
tissue repair, and in the formation of cellular contacts. These findings serve to explain 
how NF1 protein exerts its tumor suppressor function. 
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