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1. Introduction 

In this study two different effects of the splice process, aberrant and alternative 

splicing, on the function of the tumor suppressor protein neurofibromin were 

investigated. Aberrant splicing was found to be elevated in tumor tissues and may 

therefore be involved in tumor progression. A previously unknown alternative exon 

of NF1 was identified which codes for a transmembrane domain thereby 

conveying a new function to neurofibromin. Looking for mechanisms regulating 

alternative splicing it was found that intron sequences surrounding alternative 

exons are highly conserved in evolution and may play an important role in this 

regulation.  

 

1.1. NF1 as a Model for the Outcome of Different Splice Processes 

NF1 is a tumor suppressor gene and responsible for the autosomal dominant 

disease Neurofibromatosis type 1 (NF1). It seems to be very sensitive to variation 

of the gene dosage as the penetrance is reported to be nearly 100%. NF1 shows 

high inter- and intrafamilial variation of symptoms which was attributed to yet 

unidentified mofifying genes (Easton et al., 1993). Tumorigenesis, as for all tumor 

suppressor genes, is triggered by the functional loss of the second allele. The NF1 

gene is unusually large, spanning approximately 350 kb of genomic DNA and 

comprising 60 exons. Several alternatively spliced isoforms originate from it. Even 

though the NF1 gene was identified over 10 years ago, the only function of 

neurofibromin known so far is a Ras-GAP activity conveyed by the GAP-related 

domain (GRD) located in the middle of the protein. The functions of the rest of the 

protein and most of its isoforms are still unclear but a lot of work is presently done 

to elucidate them. As NF1 is one of the most common inherited diseases in 

human, the NF1 gene is very well screened for mutations. This screening revealed 

a broad spectrum of different mutations distributed over the whole gene. The 

mutational spectrum shows a predisposition to mutations resulting in splice errors. 

Remarkably, only in about 60% of the NF1 patients screened the mutation can be 

identified (Fahsold et al., 2000). This suggests that not all sequences relevant for 

neurofibromin function are known yet. Those sequences could either be unknown 

alternative exons or essential regulatory sequences located in introns. In addition, 
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splice errors of the NF1 gene without mutation have been reported to be induced 

by cold shock in vitro (Ars et al., 2000 b). It therefore seems that splice processes 

have to be considered in more detail when searching for the cause of the disease.  

 

1.2. Background 

1.2.1. Investigation of Genes Involved in Human Diseases Can Lead to 

Insights About Normal Splicing 

Genes of higher eucaryotes consist of coding exons and intermediate introns. This 

structure is phylogenetically first found in the amoeba Entamoeba and the 

amoeboflagellate Naegleria (Logsdon, 1998). Precise removal of the introns from 

the primary transcripts is a critical step in gene expression. It is carried out by the 

spliceosome, a complex comprising five small nuclear ribonucleoproteins 

(snRNPs) and a large number of non-snRNP proteins. The boundaries between 

exon and intron are defined by three conserved intronic sequence elements: the 

GT dinucleotide of the 5’ splice site, the branch point sequence situated at a 

defined distance upstream of the 3’ exon, and the AG dinucleotide with a 

preceding polypyrimidine tract forming the 3’ splice site. Mutations in these 

conserved sequences can lead to splice errors such as exon skipping or intron 

retaining. Also, cryptic splice sites, which normally are not used because their 

match to the consensus is too poor, can be activated either by mutations in the 

normal splice site or by mutations improving the cryptic site. Via instability or 

dysfunctionality of the altered transcript or the shortened protein this results in 

functional loss of the allele. Since the elucidation of the splice site consensus 

sequences such events have been described for many genes involved in human 

disease. Since such genes often are routinely screened for mutations in patients a 

lot of information about the outcome of different splice mutations could be gained. 

The NF1 gene is a good model gene for studying splice processes for several 

reasons. First, NF1 is one of the most common autosomal dominantly inherited 

tumor diseases in humans, characterized by multiple tumors of the peripheral 

nervous system, brain tumors and malignant tumors. Because this disease is so 

common the NF1 gene is especially thoroughly screened for mutations. Second, 

the NF1 gene is very large, spanning approximately 350 kb of genomic DNA on 
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chromosome 17, and encodes a mRNA of 12.2 kb containing up to 60 exons 

(Huson and Hughes, 1994; Shen et al., 1996). This is a remarkably high number 

as the majority of human genes possess less than 13 exons (Lewin, 1997). Third, 

the NF1 gene seems to be predisposed to splice mutations as it has recently been 

described that most mutations in the tumor suppressor gene NF1 result in splice 

errors (Ars et al., 2000 a; Serra et al., 2001). Fourth, this tumor suppressor gene is 

especially dependent on the correct dosage of the gene product. Therefore, 

almost all mutations affecting splicing will be detected because they result in the 

distinct disease phenotype. Via this approach it is possible to elucidate sequences 

other than the splice sites involved in the regulation of splicing, as exonic or 

intronic splice enhancer/silencer elements.  

 

1.2.2. Aberrant and Alternative Splicing 

Beside the splicing events resulting in the wildtype transcript there are also those 

events leading to different variants from the same pre-mRNA. On the one hand, 

aberrant splicing is caused by splice errors mostly resulting in a dysfunctional 

transcript. Aberrant splicing can be due to mutations in splice relevant sequences 

or due to errors of the splice machinery. In the following, I will only refer to it as 

splice errors without mutation. On the other hand, alternative splicing means a 

process by which different functional transcripts are generated. 

 

1.2.2.1 Aberrant Splicing 

Splicing is a complex mechanism involving the concerted action of many 

elements. Therefore it is unlikely that normal splicing is completely free of errors. 

Indeed, occasional reports showed exon skipping at a low frequency without 

corresponding mutation for several genes (Berg et al., 1996; Frost et al., 2000; 

Gayther et al., 1997; Lee and Feinberg, 1997; Peters et al., 1998; Turpin et al., 

1999; Wang and Chang, 1999). These findings were frequently dismissed as 

artifacts. In the NF1 gene aberrant splicing was suggested to be induced by cold 

shock during mutation analysis on cDNA level (Ars et al., 2000 b). Errors of the 

splicing machinery would be particularly interesting concerning genes with a high 

number of exons and genes highly dependent on the dosage of the gene product 
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as tumor suppressors. The NF1 tumor suppressor gene contains 60 exons and is 

therefore among the genes with the highest number of exons. Exon skips that alter 

the reading frame usually lead to premature stop codons. Such transcripts are 

then recognized and degradated by the nonsense mediated decay pathway (NMD) 

(Culbertson, 1999). A mechanism recognizing in-frame alterations in splicing, 

though, is hard to conceive of because there would be no possibility for the cell to 

discriminate between aberrant and alternative splicing. The question arises what 

the reason is for these splice errors. It has previously been suggested that some 

mutations lead to an altered secondary structure of the pre-mRNA which could 

prevent the recognition of the respective splice site by the splice machinery 

(Hoffmeyer et al., 1998). The freshly transcribed pre-mRNA presumably has only 

limited time to fold freely before it is complexed with proteins. It is conceivable that 

in some cases misfolding occurs which then leads to the aberrant splice event. 

Another interesting question is what factors influence this error rate. Aberrant and 

alternative splicing was shown to be influenced in vitro by temperature, cellular 

stress (Turpin et al., 1999) or pH of the medium (Mauduit et al., 1999). Therefore it 

seems likely that these environmental factors have a general influence on aberrant 

splicing. However, this has not yet been investigated systematically. 

 

1.2.2.2. Alternative Splicing 

Alternative splicing, in contrast to aberrant splicing, is not the result of splice 

errors. It leads to the production of different protein isoforms from one gene, 

thereby expanding its coding capacity. The recent sequencing and analysis of the 

human genome revealed that it contains 30’000-40’000 protein-coding genes, 

which is only two to threefold more than invertebrates like Caenorhabditis elegans 

or Drosophila melanogaster. The higher complexity of vertebrates was therefore 

suggested to be achieved by posttranscriptional mechanisms, especially 

alternative splicing, generating new functions of existing proteins. This view is 

supported by an alignment of expressed sequence tags (EST) to the genomic 

sequence which revealed that more than 55% of the genes in human undergo 

alternative splicing (Kan et al., 2001). Each new isoform that is identified will lead 

to a better understanding of the different functions that can arise from a single 

gene. It therefore seems to be promising to search for new splice variants of 
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known genes, especially of genes with large introns. Until now, 60 exons of NF1 

are known, three of which (9br, 23a and 48a) are alternatively spliced (Cichowski 

and Jacks, 2001; Shen et al., 1996). A fourth alternative exon, 23b, was found to 

be expressed only in rodents (Skuse and Cappione, 1997).  

 

1.2.2.3 Conservation of Alternative Exons 

Since alternative splicing conveys additional functions to a protein and is 

suggested to account for much of the complexity of higher eucaryotes it is 

interesting to investigate the fate of alternative exons in evolution and to elucidate 

when they arose. According to Kan et al. (2001) only 11% of the alternative splices 

they found were conserved between human and mouse. It therefore seems that a 

lot of alternative splicing events are species specific. All the more interesting is a 

high conservation of alternative exons. The NF1 gene is very old and in parts 

highly conserved even between human and yeast. This conservation, however, 

does not include the alternative exons of human NF1. Investigation of the 

pufferfish Fugu rubripes revealed that one of the known alternative exons is 

conserved between human and fish (Kehrer-Sawatzki et al., 1998). The 

conservation of the alternative NF1 exons, however, has not been investigated in 

detail. 

 

1.2.2.4. Conservation of Intron Sequences Surrounding Alternative Exons 

The existence of alternative splicing raises the question how alternative and 

constitutive exons differ. A lot of data concerning the recognition of specific 

sequence elements by splice factors has been reported over the last few years. 

Some of these elements are located in the exon itself, others in the surrounding 

intron sequences. It is to be expected that alternative exons need more of these 

elements for their sometimes complex regulation. Cross-species comparison is a 

powerful tool for elucidation of conserved sequence elements.  
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1.3. Questions Addressed in this Study 

1.3.1. Aberrant splicing in the NF1 gene 

The disease NF1 shows high inter- and intrafamilial variability of symptoms. This 

variability has been attributed to modifying genes. However, as the NF1 gene is 

not yet completely understood, there might be mechanisms independent of 

modifying genes influencing the variability. Aberrant splicing may be such a 

mechanism. It has been reported for several genes but no systematical studies 

have been performed yet to investigate the extent, the cause of, and factors 

influencing aberrant splicing. Such investigations would help to understand the 

biological significance of these splice products.  

Therefore my first question was to what extent does aberrant splicing occur in the 

NF1 gene. To elucidate this, I systematically investigated the extent of aberrant 

splicing in the NF1 gene in vitro and in vivo. Since I found the amount of aberrant 

exon skipping to be very low, I had to establish new methods for a reliable 

measurement and quantification, excluding possible artifacts. The 

presence/absence of aberrant splicing of several in-frame exons was then 

investigated in human dermal and brain tumors, tumor cell cultures and primary 

cells.  

The results obtained for the NF1 gene raised the question if the extent of aberrant 

splicing is the same in other tumor suppressor genes. I chose to investigate on the 

one hand the NF2 gene, which comprises 16 exons and on the other hand the 

TSC2 gene, organized in 41 exons.  

The observations I made for all three genes led to the question what the cause of 

aberrant splicing is. My hypothesis is that an altered secondary structure of the 

pre-mRNA prevents the recognition of the respective splice site by the splice 

machinery. To test this, simulations of the minimal and higher free energy 

secondary structures of the pre-mRNAs were carried out to examine a possible 

correlation with aberrant transcripts. This hypothesis is, however, difficult to 

approach experimentally.  

Aberrant and alternative splicing was shown previously to be influenced in vitro by 

temperature, cellular stress or pH of the medium. Interestingly, temperature and 

pH are often altered in tumor tissues. Therefore, I addressed the question if 

increased aberrant splicing could represent an additional mechanism for the 
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reduction of tumor suppressor protein without a mutation. To elucidate this, I 

systematically tested the influence of the above mentioned factors on aberrant 

splicing of the NF1 gene in vitro in cell cultures and in vivo in tumor and normal 

tissues. 

 

1.3.2. Alternative Splice Products of NF1 and Their Function  

Variability of NF1 might also be due to a yet unknown variability of the NF1 mRNA, 

for example due to alternative exons. This led me to the question if there are any 

unknown alternative exons of the NF1 gene and if so, what functions do they have. 

I therefore searched for additional alternative splice products within the framework 

of screening for aberrant splice products. Any new alternative exons were 

subsequently investigated for their expression pattern and putative function.  

 

1.3.3. Conservation of Alternative NF1 Exons  

The evolutionary history of alternative exons can lead to new insights about their 

relevance, their origin and maybe even their function. Therefore my next question 

was how conserved any newly found exon is and what its fate in evolution was. 

The respective NF1 gDNA sequence and the in vitro expression was investigated 

in several vertebrate and one insect species. In addition, I addressed the question 

how conserved the other alternative NF1 exons 9br, 23a and 48a and the rodent-

specific exon 23b are. This was investigated in silico in Drosophila, Fugu, mouse 

and human.  

 

1.3.4. Intron Conservation around Alternative Exons 

Also, important regulatory NF1 sequences implicated in variability might have not 

been elucidated yet. I therefore addressed the question how conserved the 

intronic sequences surrounding the alternative NF1 exons are. This was 

investigated by cross-species comparison, a method which has been reported to 

be a powerful tool for elucidation of conserved sequence elements. To broaden 

the sample survey, alternative exons of two other genes, the cystic fibrosis 

transmembrane conductance regulator (CFTR) and the Wilms tumor 1 (WT1) 
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gene, were examined. Finally, I wanted to answer the question what functions the 

identified conserved sequences have. This was investigated primarily in silico.
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2. Materials and Methods 

2.1. Investigation of Aberrant Splicing 

2.1.1. RNA was Obtained from the Following Tissue Samples and Cell 

Cultures 

Tissue from human basalioma, naevus and NF1 neurofibroma (a gift from K. 

Kunzi-Rapp, Department of Dermatology, University of Ulm), sporadic 

intramedullar neurinoma, sporadic meningiomas, NF2 schwannoma, NF1 and NF2 

meningioma, astrocytoma grade IV, spongioblastoma and skin and prostate 

biopsies from healthy donors were stored directly after excision in RNAlater 

(Ambion, Austin, TX) or liquid nitrogen. The histology of the tumors was analysed 

and recorded in parallel. Cells from a neurofibroma of NF172 (NF172T), human 

melanoma cells (brown melanoma (BM)), glioblastoma multiforme cells (MG), 

HeLa cells, a human hepatoma cell line (HuH7), primary fibroblasts from dermis 

(FC7, FC9, FC11, FC14), or from nervus suralis (N21, N26, N57) of healthy 

donors were cultured with DMEM containing 10% fetal calf serum (FCS). Primary 

human melanocytes (MC13) and keratinocytes (KC6) of healthy donors were 

cultured as described (Kaufmann et al., 1999). The appropriate informed consent 

was obtained from human subjects. Cultured cells were detached and lysed for 

RNA extraction. Single cell clones of HeLa cells for the investigation of aberrant 

splicing were obtained by dilution of a cell suspension and subsequent culture of 1 

cell per well in a 96-well microtiter plate (Nunc, Wiesbaden, Germany). One week 

after plating, the clones were screened and only those cultured further that arose 

from one cell. Peripheral blood cells were isolated from fresh blood samples of two 

healthy donors (C14, C15). Subconfluent cultures of HeLa cells or FC14 were 

incubated for one day at temperatures ranging from 7°C to 41.5°C or in a medium 

with a pH of 6.3 to 7.4, lysed in the culture flasks on ice and harvested with a cell 

scraper for RNA extraction.  

 

2.1.2. RNA Isolation and cDNA Synthesis 

The techniques used were standard procedures, mostly provided with the 
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respective kit system. They were carried out according to the manufacturers 

protocols unless noted otherwise. Total RNA was isolated using the RNeasy spin 

columns (Qiagen, Valencia, CA), quantified by measuring the optical density at 

260 nm, its quality verified on a 0.8% agarose gel, DNase I treated (Invitrogen Life 

Technologies, Carlsbad, CA) and stored at –70°C. 1 µg of total RNA was reverse 

transcribed using random hexamers (SuperScriptTM First Strand Synthesis system; 

Invitrogen Life Technologies, Carlsbad, CA). cDNA synthesized with oligo dT 

primers from RNA of several tissues of human adults (liver, leukocytes, brain, 

spleen, kidney, heart) was purchased from Origene (Rockville, MD). cDNA 

synthesized with random hexamers or oligo dT primers from RNA of Fugu rubripes 

liver, gonad and brain were a kind gift from Dr. H. Kehrer-Sawatzki. 

 

2.1.3. Detection of NF1 Exon 8 Skip  

PCRs were carried out with 3 µl cDNA and the primers Nf1/Nf335 (Table 1), 

wildtype (wt) product: 326 bp, exon 8 skip (∆-E8): 203 bp. To avoid cross-

contamination during the electrophoresis in bufferless, precast 2% agarose gels 

(E-gelsTM, Invitrogen, Carlsbad, CA), the PCR products were loaded one empty 

lane apart. The gel fragment, where the PCR product of 203 bp should reside, was 

excised with a fresh scalpel, washed three times in H2O, and the DNA extracted 

using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA) and reamplified. To 

exclude processed pseudogenes as a source of shortened amplification products, 

genomic DNA from the cells was amplified with the primers Nf1/Nf335. To rule out 

PCR artifacts, a plasmid containing only the NF1 wildtype sequence from exon 4a 

to exon 11 was constructed with the TOPO TA cloning system (Invitrogen, 

Carlsbad, CA) and a RT-PCR product made with primer pair Nf672 (5’ TAG TCG 

CAT TTC TAC CAG GTT A 3’)/Nf732 (Table 1). The plasmid DNA was then 

subjected to the same procedure as the cDNA, with 28 cycles for PCR 

amplification and reamplification, respectively. 

 

2.1.4. Investigations of Additional NF1 Exons, NF2 and TSC2  

The primer pairs used for detection of aberrant splicing in NF1, NF2 and TSC2 

and the respective PCR product length are shown in Table 1. The PCR products 
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were either sequenced with the respective forward primer on an ABI 373 

sequencer (PE Applied Biosystems, Foster City, CA) or digested by restriction 

endonucleases to confirm the presence of specific skips. In the case of NF1 exon 

8 skip Pst I, cutting in exon 8, and Dra III, cutting in exon 9, were used, in the case 

of NF1 exon 10b skip Xmn I, cutting in exon 10a, and BsmAI, cutting in exon 10b.  

 

Table 1. Primer Pairs for Detection of Aberrant Splicing in NF1, NF2 and 

TSC2 

exon 
skip 

primer pair wildtype 

product 

skip product  

NF1  
∆-E7 

Nf6H (5’-AATCATTCTCCTTATCTTGTGTC-3’) 

Nf92 (5’-GAGAATGGCTTACTTGGATTAAA-3’) 

285 bp ∆-E7:111 bp 

NF1  
∆-E7 

Nf6H2 (5’-GCACCAAACGTAAAGCAGCAGT-3’) 

Nf8R (5’-AAGCAAGAAACAAGGCAGTCAATC-3’) 

374 bp ∆-E7: 200 bp 

NF1 
∆-E8 

Nf1 (5’-AGATAACTCTGTCAT TTTCCTAC-3’) 

Nf335 (5’-GTTTCACCAAACATATTTCGAAG-3’) 

326 bp ∆-E8: 203 bp 

NF1  
∆-E9 

Nf8H (5’-TAAGCCCTCACAACAACCAACA-3’) 

Nf335  

180 bp ∆-E9: 105 bp 

insE9br: 210 bp 

NF1 
insE9br 

Nf9brH (5’-ATCACCAATAGCACTTTCAAGC-3’) 

Nf335 

- insE9br: 118 bp 

NF1  
∆-E10a 

Nf9H (5’-CTGGCTCAGAATTCACCTTCT-3’) 

Nf10bR2 (5’-TTAGTTTCACCATGGACAAGAG-3’) 

306 bp ∆-E10a: 174 bp 

NF1  
∆-E10b 

Nf1  

Nf732 (5’-AAGCATTTGTGAGCTAATCTCC-3’) 

732 bp ∆-E10b: 597 bp 

NF1  
∆-E10c 

Nf10bH (5’-CTCTTGTCCATGGTGAAACTAA-3’) 

Nf732 

257 bp ∆-E10c: 143 bp 

NF2  
∆-E9,  
∆-E10, 
∆-E11 

NF2-C1 (5´-CGAAACATCTCGTACAGTGAC-3´) 

NF2-C2 (5´-GCAGGTCCTGCTTCAGCTG-3´) 

591 bp ∆-E9: 516 bp 

∆-E10: 477 bp 

∆-E11: 468 bp 

TSC2  
∆-E14, 
∆-E15, 
∆-E17, 
∆-E16 

TSC2-H (5´-AGAGATTCTTCAGGAGCGAGTC-3´) 

TSC2-R (5´-TCTTCTTCTCAGAGCCTCTCTC-3´) 

627 bp ∆-E14: 471 bp 

∆-E15/∆-E17: 

510 bp 

∆-E16: 504 bp 

 

Primer pairs used for detection of specific exon skips in human and the respective 

wildtype and skip product length. Primer pair Nf9brH/Nf335 specifically amplifies 

only exon skipped product. 
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2.1.5. Frequency of NF1 Exon 8 Skipping 

Four different methods were used for measurement of the NF1 exon 8 skip 

frequency. In the first method, the fact that patient NF172 carries a splice site 

mutation in NF1 intron 8, resulting in skip of exon 8 with equal expression of both 

alleles was taken advantage of. This expression was measured with TAMRA-

labelled RT-PCR products made with primer pair Nf1/Nf335 and separated on an 

ABI 310 sequencer (data not shown). To estimate the order of magnitude of the 

exon 8 skipped product in normal cells, PCR products were made from HeLa, C14 

and serial dilutions (1:10, 1:100, 1:1000) of NF172T cDNA with primer pair 

Nf1/Nf335. After separation on a 1.5 % agarose gel and scanning with a CCD 

camera, the band intensities of these products were measured with the 

ImageQuantTM software (Molecular Dynamics, Sunnyvale, CA). Gel extraction at 

203 bp and reamplification was then carried out as described above. The band 

intensities of the reamplification products were also measured and corrected for 

equal amount of amplification product. After which, the amounts of the controls 

were compared to the dilutions of NF172T. Secondly, the frequency of aberrant 

splice products was determined with radioactive PCRs using 32P-dCTP. The 

labelled PCR products were separated on 2% agarose gels and the intensity of the 

bands measured on PhosphoImager using ImageQuantTM. To test the accuracy, 

0.5, 2, 4 and 6 µl of PCR products derived from FC11 were measured. The ratio of 

the NF1 ∆-E8 to wildtype band was 3.27 +/- 0.073 (SEM). Thirdly, the PCR 

products were separated on 2.5% agarose gels, southern blotted, hybridized with 
32P-labelled RT-PCR products and measured on PhosphoImager. Lastly, for 

measurement of the frequency at various temperatures or pH three independent 

PCRs each were performed for 26, 28 or 30 cycles and the band intensities 

measured. After gel extraction (GFX kit, Amersham Pharmacia Biotech, 

Piscataway, NJ) and reamplification (26, 28 or 30 cycles) the band intensities of 

the reamplification products were standardized to equal amplification band 

intensities. To exclude PCR artifacts in these measurements, three cDNAs were 

made from mixing NF172T RNA, which contains 50% NF1 exon 8 skip and 50% 

wildtype NF1 mRNA, with HeLa RNA, which contains nearly 100% wildtype NF1 

mRNA, at the ratios 1:12, 1:25 and 1:49. The amount of NF1 ∆-E8 in the resulting 



2. Materials and Methods_________________________________________ 13 

cDNAs was then measured by separation of TAMRA-labelled PCR products on an 

ABI 310 automated sequencer (PE Applied Biosystems, Foster City, CA) and 

evaluation with the GeneScanTM software. Products of three independent PCRs of 

these cDNAs were then subjected to the gel extraction and reamplification 

procedure as described above. The resulting measurements were referred to the 

sample with the ratio 1:12. 

 

2.1.6. Frequency of NF1 Exon 10b Skipping  

Transcripts lacking NF1 exon 10b were amplified with skip-specific primer Nf10a/c-

H (5’ CAA TAC GAA TGG CAC CGA ATT C 3’, pos. 1376-1392 + 1528-1532, 

underlined: nucleotide change (C→T) conveying the specificity) and TAMRA-

labelled primer Nf732, together with a known amount of internal PCR standard. 

For the PCR standard, a PCR product 31 bp shorter than the 10b skipped product 

was made with primer pair Nf10a/c-S-H (5’-CAA TAC GAA TGG CAC CGA ATC 

C-3’, pos. 1376-1392 + 1528-1532) and Nf10a/c-S-R (5’-AAG CAT TTG TGA GCT 

AAT CTC CAC AAA TCA ATG CTA TCT AAC T-3’, pos. 1583-1602 + 1713-1734), 

cloned into a TOPO TA vector (Invitrogen Life Technologies, Carlsbad, CA), 

linearized and quantified with a low mass ladder (Invitrogen Life Technologies, 

Carlsbad, CA). The products from the competitive PCRs were separated on an 

ABI 310 automated sequencer and the peak area integrated with the GeneScan 

software. The amount of 10b skipped transcript for one cDNA sample was 

calculated from the ratios of transcript to standard peak area as described 

(Kaufmann et al., 1999). The measured amounts of 10b skipped transcripts were 

then standardized to equal amounts of NF1 wildtype transcript, which were 

measured as follows. First, a plasmid containing the sequence for a NF1 standard 

was linearized and quantified with a low mass ladder. Then, a competitive PCR 

was performed with different amounts of NF1 standard plasmid and primer pair 

NF1-H/NF1-R (Kaufmann et al., 1999), the latter being TAMRA-labelled. The 

resulting PCR products were measured with the ABI 310 as described above. 

 

2.1.7. Simulation of Minimum Free Energy Structures of NF1 pre-mRNA 

RNA secondary structures have been suggested to play a role in splice site 



2. Materials and Methods_________________________________________ 14 

recognition (Coleman and Roesser, 1998; Estes et al., 1992). The simulations of 

RNA secondary structures were carried out in collaboration with Dr. W. Leistner, 

Max-Delbrück-Centrum, Berlin. For the calculation of minimum free energy 

structures, mfold version 3.0 (Mathews et al., 1999) was used. The kinetics of the 

folding process is determined by the transcription rate, the formation of stable and 

metastable structures (Repsilber et al., 1999) and the window within which the 

naked RNA can fold before hnRNPs associate with it (Eperon et al., 1988). This 

window was speculated by Eperon et al. to be about 110 nucleotides. The 

calculation was based on the knowledge of the functional sequences (e.g. splice 

sites) and the assumed window length. To mimic transcription, the sequence was 

built up by small sections. Section length and sequence starting points were varied 

until characteristic structures, e.g. for a splice site, were observed. Aside from the 

minimum free energy structures, the calculation of structures with higher free 

energies was also carried out. 

 

2.2. Investigation of Alternative Splicing 

2.2.1. RNA was Obtained from the Following Tissue Samples and Cell 

Cultures 

The human tumor tissues, primary cell cultures and cell lines investigated are 

described in chapter 2.1.1. The cell cycle dependence of the expression of NF1-

10a-2 was investigated in human fibroblasts (FC7) synchronized by serum 

starvation and then cultured for 5 days with 10% serum. The DNA content per cell 

in these cultures was measured with a cell counter (CGA, Muenster, Germany). 

Primary human fibroblasts were cultured with a medium containing 10% or 1% 

FCS, primary melanocytes were differentiated by omission of phorbol myristate 

acetate (PMA) from the medium. Primary human keratinocytes were differentiated 

by addition of Ca2+ or PMA to the medium (Kaufmann et al., 1999). RNA isolation 

and cDNA synthesis was carried out as described in chapter 2.1.2. 

 

2.2.2. Detection of NF1-10a-2  

Human cDNAs were amplified using the primer pair Nf9H/Nf10bR2 (Table 1) 
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resulting in a wildtype amplification product of 306 bp representing sequences of 

exons 9, 10a and 10b. Amplification conditions in the thermal cycler GeneAmp 

9600 (PerkinElmer, Boston, MA) were: denaturation at 94°C for 2 min followed by 

30 cycles of 93°C for 30 sec, 49°C for 30 sec and 72°C for 30 sec and a final 

extension step at 72°C for 10 min. The reamplification was performed with the 

DNA extracted from the piece of gel corresponding to the length of 350 bp. The 

piece of agarose gel of this area was excised with a fresh scalpel, washed three 

times in H2O and the DNA was extracted using the QIAquick Gel Extraction Kit 

(Qiagen, Hilden, Germany). With 2 µl of this extract a reamplification PCR was 

performed under the same conditions as described above. In addition, cDNA was 

amplified using the NF1-10a-2 specific primer Nf10a2H (5’ GCA CCG ATG CCA 

ACC AGT C 3’, position 1387) and primer Nf10bR2, annealing at 46°C, 40 cycles, 

resulting in a PCR product of 157 bp. To exclude that the NF1-10a-2 product 

originates from a pseudogene sequences, human gDNA was amplified with primer 

pairs Nf9H/Nf10bR2 and Nf10a2H/Nf10bR2. To examine if exon 10a-2 is spliced 

into the full-length NF1 product or only into the NF1 N-isoform in human, RT-PCR 

was carried out with primer pair Nf1/Nf1000 (5’ CTA TCC ATA GAG GAG TTC 

CCT 3’, position 1986), annealing at 52°C, yielding only a product from the NF1 

full-length form. Reamplification was carried out with primer pair 

Nf10a2H/Nf10bR2. 

 

2.2.3. Sequencing 

RT-PCR products for the detection of the NF1-10a-2 splice product were 

sequenced using either the forward primer Nf9H or the exon 10a-2 specific primer 

Nf10a2H. In addition, PCR products generated with primer pairs Nf1/Nf10a2R (5’ 

GAA GCC CAC TGC CAT GCA AA 3’, position 1392+19) and Nf10a2H/Nf732, 

both with annealing at 52°C, were sequenced with both primers, respectively, to 

rule out mutations in the coding sequence surrounding exon 10a-2 in human. 

 

2.2.4. Expression Analysis of NF1-10a-2  

Expression of NF1-10a-2 was tested on the one hand by hybridization of an 

oligonucleotide probe comprising the complete exon 10a-2 sequence to a human 
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multiple tissue expression array (MTE-Array, Clontech, Palo Alto, CA), containing 

spots of poly A+ RNAs. The 45 bp probe was end-labeled with γ-ATP using a T4-

Polynucleotide kinase (Amersham Pharmacia Biotech, Uppsala, Sweden) and 

unincorporated ATP was removed with Oligo Quick Spin columns (Roche 

Diagnostics, Mannheim, Germany). Hybridization was carried out in 10 ml 

UltraHybTM (Ambion, Austin, TX) overnight at 60°C. Washing was performed twice 

for 30 minutes at room temperature and twice for 30 minutes at 60°C. The array 

was scanned with a PhosphoImager (Molecular Dynamics, Sunnyvale, CA) and 

the signal intensity measured with the ImageQuant software.  

On the other hand, the alternative splice product was quantified in relation to the 

wildtype product in cDNAs from human cell cultures and tissues. To that end, 

PCRs were carried out with TAMRA-labeled primer Nf9H and unlabeled primer 

Nf10bR2, the PCR products separated on an ABI 310 automated sequencer, the 

peak areas measured using the GeneScanTM software (PE Applied Biosystems, 

Foster City, CA) and the percentage of NF1-10a-2 of the total NF1 mRNA amount 

calculated. 

 

2.2.5. Generation of a Plasmid Containing a NF1-10a-2/EGFP Fusion Gene 

This was carried out in collaboration with Dipl. Biol. Ralf Müller, Department of 

Human Genetics, University of Ulm .For cloning into the enhanced green 

fluorescence protein (EGFP) vector pEGFP-N1 (Clontech, Palo Alto, CA) PCR 

products generated from a control cDNA with the primer pair Nf9H/Nf10bR2 were 

reamplified using the primer pair 10a2CH (5’ CTC AGA TCT CGC CAC CAT GGT 

GTC AGA ATT CAC CTT CT 3’)/10a2CR (5’ TCG AAG CTT TAG TTT CAC CAT 

GGA C 3’). To generate PCR products with sticky ends these products were 

reamplified using the primer pairs 10a2N1 (5’ GAT CTC GCC ACC ATG GTG TCA 

GAA TTC ACC TTC T 3’)/10a2N4 (5’ TTA GTT TCA CCA TGG AC 3’) and 

10a2N2 (5’ TCG CCA CCA TGG TGT CAG AAT TCA CCT TCT 3’)/10a2N3 (5’ 

AGC TTT AGT TTC ACC ATG GAC 3’). After blunting/kinasing reaction 

(SureCloneTM Ligation Kit, Amersham Pharmacia Biotech, Uppsala, Sweden) the 

PCR products were mixed, denatured and renatured and then ligated in pEGFP-

N1 linearised with Bgl II and Hind III (NEB, Beverly, MA). PCR products of the 

resulting plasmids containing the wildtype NF1 sequence (pEGFP-NF1(wt)) and 
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the NF1-10a-2 sequence (pEGFP-NF1(+10a2)) were sequenced using the primers 

10a2fusH (5’ AAC TCC GCC CCA TTG ACG 3’) and 10a2fusR (5’ CCT CGC 

CGG ACA CGC TGA ACT T 3’). 

 

2.2.6. Transfection and Detection of the NF1-10a-2/EGFP Fusion Protein 

This was carried out in collaboration with Dipl. Biol. Ralf Müller, Department of 

Human Genetics, University of Ulm. HeLa cells were stably transfected with 

pEGFP-N1, pEGFP-NF1(wt) and pEGFP-NF1(+10a2) using Effectene according 

to the manufacturers protocol (Qiagen, Hilden, Germany) and selected for 2 

months by geneticin treatment. EGFP fusion proteins were detected by 

immunoprecipitation with the GFP 290 antibody (Abcam, Cambridge, UK) followed 

by western blotting with the JL-8 antibody (Clontech, Palo Alto, CA) using a 

standard protocol (Sambrook et al., 1989). To investigate the subcellular 

localization of the fusion proteins the cells were grown on LabTekTM chamber 

sildes (Nunc, Wiesbaden, Germany), washed with PBS (phosphate buffered 

saline), fixed with 4% paraformaldehyde for 30 minutes, washed again twice with 

PBS and mounted using Vectashield T-1000 (Vector Laboratories, Burlingame, 

CA). Fluorescence microscopy was carried out with an Axioskop microscope (Carl 

Zeiss Mikroskopie, Göttingen, Germany).  

 

2.2.7. Comparative Sequence Analysis of Human NF1 Exon 10a-2 

To investigate for possible functions of the splice product NF1-10a-2, its deduced 

amino acid sequence was examined for common sequence motifs using TMpred 

(http://www.ch.embnet.org/software/TMPRED_form.html) (Hofmann and Stoffel, 

1993) and SMART V3.1 (http://smart.embl-heidelberg.de/) (Schultz et al., 1998). 

For elucidation if the exon 10a-2 sequence appears in other genes, its nucleotide 

sequence was compared to the complete GenBank (as of 18.05.2001) using the 

FastA3 algorithm at the European Bioinformatics Institute 

(http://www.ebi.ac.uk/fasta33) (Pearson and Lipman, 1988). 
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2.3. Investigation of the Conservation of Alternative Exons 

2.3.1 RNA was Obtained from the Following Tissue Samples and Cell 

Cultures 

Cultures of a cell line derived from a rat schwannoma (Rattus norvegicus), 

fibroblast like cells derived from mouse (Mus musculus), cat (Felis catus), dog 

(Canis familiaris) cow (Bos taurus), horse (Equus caballus), sheep (Ovis aries), 

griffon vulture (Gyps fulvus) and several primates as the new world monkey 

Callithorix geoffrey, gorilla (Gorilla gorilla) and orang-utan (Pongo pygmaeus) (kind 

gifts of W. Just, W. Krone and W. Schempp) were cultured with DMEM containing 

10% fetal calf serum (FCS). RNA isolation and cDNA synthesis was carried out as 

described in chapter 2.1.2. 

 

2.3.2. Analysis of the Expression of NF1-10a-2 in Different Species 

cDNAs from different species were amplified using the same primer pair as for 

human cDNA (Nf-9H/Nf10b-R2) as the respective sequences were sufficiently 

homologous except in Fugu rubripes. Fugu cDNA was tested for expression of 

NF1-10a-2 with a PCR with primer pair Fugu-Nf7-H (5’ CGC CGC CAT CGC CTG 

TGT C 3’)/Fugu-Nf10b-R (5’ TGG GGT CTG CGT GGA TGA GTT TGA 3’), 

annealing at 61°C, yielding at wt product of 560 bp. The region where the NF1-

10a-2 product was expected was gel extracted and reamplified with the same 

primer pair. Alternatively, a reamplification with a specific forward primer Fugu-

Nf10a-2-H (5’ GCC CGA CAA CGA TGG CGA TGT TAC 3’) and Fugu-Nf10b-R, 

annealing at 65°C, was performed, resulting in a product of 198 bp. 

 

2.3.3. DNA Isolation and Amplification from Several Species 

To analyse the NF1 intron 10a sequence of various species genomic DNA was 

isolated from cells either with the DNeasy Kit (Qiagen, Hilden, Germany) or with 

the salting-out method (Sambrook et al., 1989). PCR products were generated 

with the following primer pairs using system 1 of the Expand Long Template PCR 

System (Roche Diagnostics, Mannheim, Germany). PCR conditions in a Perkin 

Elmer GeneAmp 9700 were: 2 minutes at 92°C, then 10 cycles of 10 seconds, 
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92°C, 30 seconds annealing (60 -65°C), 8 minutes 68°C, then 20 cycles of 10 

seconds, 92°C, 30 seconds annealing, 10 minutes, 68°C, and a final elongation of 

10 minutes at 68°C. The primers In10aH and In10aR are derived from the human 

sequence, the species-specific primers are derived from the sequences obtained 

from the first PCR product. Primer pairs for cow and sheep DNA: 1. In10aH (5’ 

TTG GAT TGG TGG CCT AAG ATT GAT GC 3’, position in human NF1 cDNA 

1267)/In10aR (5’ TAC TTA TAG CTT CTT TCT CCA GGT CT 3’, position 1446), 

2. Cow-In10a-H (5’ CAC TTT TCT CAC ACA TAA ACA TTG GGA 3’)/In10aR, 3. 

Cow2-In10a-H (5’ AGC TTT CTT TGT TCT ATC AGT GTT CTT CT 3’)/In10aR. 

Annealing was 65°C for all three pairs. Primer pairs for horse DNA: 1. 

In10aH/In10aR, annealing at 65°C, 2. Horse3-In10a-H (5' TAG GCT CTT TGA 

TAT TGA AGT TTG TGT TTA 3’)/Horse3-In10a-R (5’ CCC TTT GTA AGA ATC 

AGA CAT CAG AAC T 3’), annealing at 63°C. Primer pairs for mouse DNA: 1. 

In10aH/Mouse-In10a-R (5’-CAT TTG TAG CTC CTT GTC TCT AGG TCT 3’), 

annealing at 65°C, 2. Mouse-In10a-H (5’ AGA TTG TGC CCA TGG TTT CCT TAC 

TC 3’)/Mouse-In10a-R, annealing at 62°C. Primer pairs for cat DNA: 1. Cat-In10a-

H (5’ CAT TGA TTG GTG GTG CTT TGT CTT CT 3’)/In10aR, annealing at 63°C. 

Primer pairs for dog DNA: Cat-In10a-H / In10aR, annealing at 60°C. Primer pairs 

for vulture DNA: 1. GW-In10a-H (5’ GGC CCA AGA TCG ATG CTG TTT ACT G 

3’)/GW-In10a-R (5’ CAG CAT GGA TCA GTT TTA CCA AGG ATA A 3’), 2. GW2-

In10a-H (5’ TCA TTT GTC TTG CTT GCT TTC TGT TGA G 3’)/GW-In10a-R, both 

annealing at 62°C. PCR products of cat and dog DNA were also generated with 

Taq DNA polymerase (Amersham Pharmacia Biotech, Uppsala, Sweden) and 30 

cycles of 30 seconds at 92°C, 30 seconds annealing and 30 seconds at 72°C. 

Primer pairs for cat were: 1. Nf10aH (5’ CAT TGG ATT GGT GGC CTA AGA 3’, 

position 1265)/Nf10a2R, annealing at 49°C, 2. Nf10a-nested-H (5’ TTG ATG CTG 

TGT ATT GTC ACT C 3’, position 1286)/Nf10a2R, annealing at 52°C, 3. Cat10aH 

(5’ CTA GCT AAT GGT GTT TGT TCT TCA 3’)/Cat10aR (5’ TCA ATT GGT TCC 

ATA CGA GTT TTA 3’), annealing at 55°C. Primer pair for dog was: Cat3-In10a-H 

(5’ GGC GCA CAC CCA GCA ATA C 3’)/Dog2-In10a-R (5’ CAA CAG CAG CCA 

ATA AGA ACA GAA 3’), annealing at 54°C. Intron 9 of the griffon vulture NF1 

gene was amplified with Taq DNA polymerase and primer pair GW-In9-H (5’ 

TGGCAC AGA ATT CCC CAT CAA CAT TTC 3’)/GW-In9-R (5’ GCC CCA CAG 

CCT TGA ATA GCT TTA TGA A 3’) and GW-In9-H3 (5’ TAT GAA AAT GGC ATC 
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AGT CAG TGT TGA GCA 3’)/GW-In9-R, annealing at 65°C. 

 

2.3.4. Sequencing 

The PCR products derived from cDNA or gDNA of the various species were 

purified by gel extraction or PCR product purification with the GFX kit according to 

the manufacturers protocol (Amersham Pharmacia Biotech, Uppsala, Sweden) 

and then sequenced on an ABI 373A sequencer (PE Applied Biosystems, Foster 

City, CA). PCR products from gDNA were sequenced using the respective forward 

primers. 

 

2.3.5. Comparative Sequence Analysis of the Evolutionary Conservation of 

Alternative NF1 Exons 

For the investigation of the evolutionary fate of alternative NF1 exons, different 

approaches were used. First, the human protein sequence of neurofibromin was 

compared to non-rendundant GenBank using the algorithm Blast at the National 

Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). 

Second, direct comparison of human alternative NF1 exons to the complete NF1 

sequence of Drosophila melanogaster (GenBank accession number: L26500, 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide) and Fugu rubripes 

(accession number: AF064564) was performed using BestFit of the Genetics 

Computer Group package (Accelrys, Burlington, MA) with various gap creation 

and gap extension penalties. Alignment of the NF1 intron 10a sequences of 

various species (GenBank accession numbers AF457133 to AF457138) to the 

human sequence and the human NF1 exon 9br to the vulture intron 9 sequence 

(accession number AF457133) was also carried out using BestFit with the most 

stringent gap creation and gap extension penalties yielding a complete alignment.  
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2.4. Investigation of Intron Sequences Surrounding Alternative 

Exons 

2.4.1. Comparative Sequence Analysis of Intron Conservation Surrounding 

Exons 

The alignments of the NF1 intron 10a sequences were used to calculate the 

identities for 50 nt windows 600 bp up- and downstream of exon 10a-2, which lies 

764 bp downstream of exon 10a in the 8 kb sized intron 10a. The values 

calculated for each species were fixed in a graph (Figure 17). For the calculation 

of mean intron identities around all constitutive NF1 exons, the human and mouse 

NF1 intron sequences were aligned with BestFit as described in chapter 2.3.5. The 

respective sequences are available from GenBank (accession numbers: human 

NT_010799; mouse exon 2 to exon 27b: AL591126, exon 28 to 49: AC008161). 

The identities of 50 nt windows 350 bp up- and downstream of the respective 

exons were calculated and mean values together with the standard deviation fixed 

in a graphical display (Figure 18A).  

 

Alignment of the mouse and cat CFTR gene sequences to the human sequence 

was carried out as described for NF1 except for very large introns or introns 

extremely differing in size where only smaller parts of the sequences were aligned. 

The sequences were obtained from GenBank, accession numbers for human: 

AC000111 and AC000061, mouse: AF162137, cat: AC091436 and AC091382, 

and Fugu: AJ271361. For calculation of the mean intron identity as described for 

NF1 the alternatively spliced CFTR exons 4, 5, 9, 12 were excluded. Also, exon 24 

was excluded because the alternative exon 24a lies directly upstream of it 

(Yoshimura et al., 1993). The mean intron identity is shown in Figure 19 A and B. 

Alignment of CFTR intron 10 was additionally carried out with Dialign 

(Morgenstern et al., 1998; http://genomatix.gsf.de/cgi-bin/dialign/dialign.pl; 

Genomatix, Munich, Germany) and sequences of human, chimpanzee (Pan 

troglodytes, AC087834), Papio cynocephalus anubis (AC091381), cat, dog (Canis 

familiaris, AC091119), mouse, rat (Rattus norvegicus, AC091268), cow (Bos 

taurus, AC089993) and pig (Sus scrofa, AC092478).  

 



2. Materials and Methods_________________________________________ 22 

WT1 sequences were also obtained from GenBank (accession numbers: human 

AL049692, mouse AL512584, fugu AL021531) and the alignment carried out as 

described for NF1. The exons 4, 5 and 9 were excluded for the calculation of the 

mean intron identity, which is shown in Figure 20 A. 

 

2.4.2. Search for Intron Sequence Elements 

The highly conserved intron sequences surrounding alternative exons were 

investigated for known intronic splice elements with FindPatterns (pattern no.1-6 

and 8-17, as described below) or BestFit (pattern no. 7, 17-19) of the GCG 

package. The following pattern sequences were tested for: 1. (A/U)GGG repeats 

(Sirand-Pugnet et al., 1995), 2. PTB binding site: CUCUCU (Chou et al., 2000, 

Chan and Black, 1997), 3. SF1 binding site: GGGGCUG repeats (Carlo et al., 

2000), 4. UGCAUG repeats and variants (Modafferi and Black, 1997, Huh and 

Hynes, 1994, Hedjran et al., 1997), 5. hnRNP A1 binding site: UAGGGU (Chabot 

et al., 1997), 6. CE4m repressor (Blanchette and Chabot, 1999), 7., 8. and 9. IAS 

2 and IAS 3 (del Gatto et al., 1997), 10. 5’ splice site consensus (Lou et al., 1995), 

11. multiple copies of UGC (Jin et al., 1999), 12. downstream control sequence 

(DCS) (Markovtsov et al., 2000), 13. GAR repeats (Pret et al., 1999), 14., 15. and 

16. conserved intronic element (CIE) 1, 2 and 3 (Standiford et al., 2001), 17., 18. 

and 19. muscle specific enhancer (MSE) 2, 3 and 4 (Cooper, 1998). 

 

2.4.3. Search for Promoter and snoRNA Elements 

The complete intron sequences surrounding the alternative exons investigated 

here were examined for RNA polymerase II and III promoter sequences in sense 

and antisense orientation. Search for RNA polymerase II promoters was carried 

out with Promoter 2.0 (Knudsen, 1999; http://www.cbs.dtu.dk/services/Promoter/). 

RNA polymerase III promoter elements were searched for with FindPatterns of the 

GCG package. These elements included the A and B box consensus sequences 

(RRYNNARYGG and (G/A)TTCRANNC) of the type II promoter (Knippers, 1995), 

and the TATA box, proximal sequence element (PSE) (consensus 

TNACCNTNAN(T/C)NNAA(G/A)(T/G); Boyd et al., 1995) and downstream 

sequence elements (DSE) (Oct-1 consensus ATGCAAAT, Sp1 consensus 
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(G/T)(G/A)GGCG(G/T)(G/A)(G/A)(C/T) (both in Boyd et al., 1995), Staf1 

consensus YY(A/T)CCCRN(A/C)AT(G/C)C(A/C)YYRCRN (Myslinski et al., 2001)) 

of the type III promoter. Search for sequences characteristic of snoRNAs was also 

carried out with FindPatterns. The C and D box consensus sequences 

(RUGAUGA and CUGA) of the C/D box type and the H box (consensus ANANNA) 

of the H/ACA type (Weinstein and Steitz, 1999) were searched for. 

 

2.4.4. Search for Open Reading Frames 

The intron sequences containing alternative exons were searched for open 

reading frames in sense and antisense orientation with the algorithm Frames of 

the GCG package. 

 

2.4.5. Detection of Antisense Transcripts 

As the highly conserved intronic sequences may contain unknown transcribed 

sequences, antisense transcripts were tested for with a specific RT-PCR. To this 

end, human RNA was treated with DNase I, amplification grade (Invitrogen Life 

Technologies, Carlsbad, CA). The success of this treatment was tested with a 

primer pair amplifying only genomic DNA (NF2-10-H (5’ CAT CTT CAC GTT TAC 

TGC TAC CTG 3’)/NF2-10-R (5’ ATG TCC ACG GCC AAA AGA CTC CT 3’), 

annealing at 60°C, product size from gDNA: 332 bp) using 2 µl RNA as template 

and subsequent reamplification using 2 µl of the amplification product. Then, 

reverse transcription according to the manufacturers protocol (SuperScriptTM First 

Strand Synthesis system; Invitrogen Life Technologies, Carlsbad, CA) with the 

following gene specific forward primers was performed (Table 2). 5 µl of the cDNA 

was then amplified with the following nested primer pairs (Table 2). 

Reamplification was carried out with 1 µl amplification product and the same 

primer pair. Reamplification products were sequenced with the respective forward 

PCR primers. 
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Table 2. Primers Used for the Detection of Antisense Transcripts in the 

Human NF1, CFTR and WT1 Gene 

 

exon specific RT forward primer nested PCR primer pair annea-
ling of 
PCR 
primer 
pair 

PCR 
product 
size 

NF1 
9br 

NF1-9br-U-H1  
(5’ TGT GGC TAG TTA 
CTT TAA TTG TGA AA 3’) 

NF1-9br-U-H2 (5’ TAT TTT TGT CTA 
CAA CTG ACT ACA 3’) 
NF1-9br-U-R (5’ CAG GCA TGC TTG 
GAA CCC AGA AAG 3’) 

55°C 98 bp 

NF1 
10a-2 

NF1-10a2-U-H1  
(5’ TCT ATT ATT GGC 
TGC TGT CGC TCA C 3’) 

NF1-10a2-U-H2 (5’ GAT CAG ATG CCA 
ACC AGT CAC 3’) 
NF1-10a2-U-R (5’ CTA TAC ACA GAA 
AAG TCA AAG AAA C 3’) 

52°C 116 bp 

NF1 
23a 

NF1-23a-U-H1  
(5’ GTG CTG TGA CTT 
GTT TGT GCT 3’) 

NF1-23a-U-H2 (5’ TTG TTT GTG CTC 
ATC TCT GTT 3’) 
NF1-23a-U-R (5’ ACA GCT AAT AAA 
AAG TTC TCC 3’) 

47°C 101 bp 

NF1 
48a 

NF1-48a-U-H1  
(5’ CCT TTT TTA AAT CTT 
ATG AAC ATC 3’) 

NF1-48a-U-H2 (5’ GCT TCT CTG CCT 
TGC TCT AAA TCA GC 3’) 
NF1-48a-U-R2 (5’ ATG CTA TGT GCC 
CAG GAT GAG TGT GG 3’) 

69°C 149 bp 

CFTR 
10b 

CFTR-10b-U-H1  
(5’ TGC AAA CAT TCA 
TGA TTC AGT AT 3’) 

CFTR-10b-U-H2 (5’ AAA GCA CTT GCG 
TAT GTA ATG ATG 3’) 
CFTR-10b-U-R (5’ TGT TGT GCA TGC 
TTT CTC CTA TCC 3’) 

58°C 88 bp 

WT1 
5 

WT1-5-U-H1  
(5’ GGC TTT TCA CTG 
GAT TCT GG 3’) 

WT1-5-U-H2 (5’ TGA AAT GGA CAG 
AAG GGC AGA GCA 3’) 
WT1-5-U-R (5’ GCC ATC TCC GCA TTG 
TCC AC 3’) 

58°C 52 bp 

WT1 
9 

WT1-9-U-H1  
(5’ GTT AGG GCC GAG 
GCT AGA CCT TCT 3’) 

WT1-9-U-H2 (5’ TCC CGG TCC GAC 
CAC CTG AAG AC 3’) 
WT1-9-U-R (5’ TTT TCC AAT CCC TCT 
CAT CAC AAT 3’) 

55°C 136 bp 

 

Primers, located around the respective alternative exons, used for a specific 

reverse transcription (RT) and a nested amplification PCR. The annealing 

temperatures and respective product sizes in base pairs (bp) for the PCR primer 

pairs are also given. NF1: neurofibromatosis type 1 gene, CFTR: cystic fibrosis 

transmembrane conductance regulator gene, WT1: Wilms tumor 1 gene
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3. Results 

My study can be divided into four parts. In the first part I present the results of my 

investigation on aberrant splicing, its extent and possible cause and influences on 

this mechanism. In the second part, I describe the finding of a previously unknown 

alternative exon of the NF1 gene and investigations of its function. In the third part, 

my results concerning the conservation of this and other alternative exons during 

evolution are shown. In the fourth and last part, I present the finding of high intron 

homology around alternative exons and investigations about the relevanve and 

function of these intron sequences. 

3.1. Aberrant Splicing 

Aberrant splicing, i.e. splice errors without a mutation, has been described for the 

NF1 and other genes. However, it has not been investigated systematically yet. I 

investigated aberrant skipping/inclusion of seven in-frame NF1 exons in several 

human tissue samples and cell cultures. Different conditions as temperature and 

pH were tested for their influence on aberrant splicing. Finally, two other tumor 

suppressor genes were examined for aberrant splicing. 

 

3.1.1. Aberrant Skipping of NF1 Exon 8 Can Be Detected in HeLa and 

Peripheral Blood Cells 

First, aberrant skipping of NF1 exon 8 was investigated. This exon was chosen 

because a germline mutation G to A at position 1185+1(G→A) of the NF1 gene 

was identified in NF1 patient NF172 during mutation screening in the Department 

of Human Gentics (University of Ulm). This mutation leads to skip of exon 8 (∆-E8) 

with equal expression of both alleles and can therefore be used as a positive 

control. Investigation of cDNA from HeLa cells and blood cells of healthy donors 

(C14, C15) showed no ∆-E8 transcript after PCR amplification. However, if the 

region of the agarose gel corresponding to ∆-E8 was reamplified, the ∆-E8 

transcript was detected (Figure 1A). By sequencing it was confirmed that the 

shortened transcripts indeed lacked exon 8 (Figure 2). Sequencing of the 

branchpoint, 5’ and 3’ splice sites of the NF1 exons 7 to 9, showed no mutations.  
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Figure 1. A. Skipping of NF1 Exon 8 in Normal Blood Cells. PCR products 

separated on 1.5% agarose gels stained with ethidium bromide. Lane 1: NF172 

fibroblasts, amplification; lane 2: blood cells of a healthy donor (C14), 

amplification; lane 3: blood cells of C14, reamplification; M: 100 base pair (bp) 

ladder; wildtype (wt): 326 bp; exon 8 skip (∆-E8): 203 bp. 

 B. Exclusion of PCR Artifacts by Investigation of a Plasmid Containing Only 

the Wildtype NF1 Sequence of Exons 4a to11. PCR products separated on 

1,5% agarose gels stained with ethidium bromide. Lane 1: plasmid, amplification; 

lane 2: plasmid, reamplification; M: 100 bp ladder; wt: 326 bp, ∆-E8: 203 bp. 

 

Amplification of genomic DNA of HeLa and C14 cells with the same primers 

yielded no product, excluding the amplification of a processed pseudogene. 

Amplification, gel extraction and reamplification of plasmid DNA, containing only 

the wildtype NF1 sequence of exon 4a to exon 11, yielded no exon 8 skipped 

product thereby excluding PCR artifacts (Figure 1 B). Different methods were used 

to measure the frequency of the NF1 exon 8 skip. Firstly, the amount of ∆-E8 

transcripts was estimated by comparison of the reamplification products of diluted 

NF172T cDNA with HeLa and C14 cDNA as described in chapter 2.1.5. The 

aberrant transcript amounted to about 1%. Secondly, in radioactive amplifications, 

the relation of the radioactivity of the ∆-E8 band to the wildtype band was about 

5% in HeLa cells, 4% in C14, 2% in C15. Thirdly, in southern blot hybridisation, 

using PCR amplification products and a specific radioactive probe, relations of 

about 5% in HeLa, 1% in C14 and 0.5% in C15 were measured. 
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Figure 2. Sequencing of Aberrant Splicing Products of NF1, NF2 and TSC2. 

cDNA reamplification products of NF1, NF2 and TSC2 exons and corresponding 

sequence data achieved by sequencing of the PCR products. 

 

3.1.2. Aberrant NF1 Exon 8 Skipping in Tumors and Cultured Cells  

The ∆-E8 transcript was found, in addition to the wildtype product, after 

reamplification in cDNA derived from NF1 neurofibroma, sporadic intramedullar 

neurinoma, sporadic meningiomas, NF2 schwannoma, NF2 meningioma, 

basalioma and naevus (Figure 3A), but also in cDNA derived from adult human 

heart, liver and spleen (data not shown). In addition, it was detected after 

reamplification in cDNA derived from human melanoma, glioblastoma and 

hepatoma cell lines and human primary fibroblast, melanocyte, keratinocyte and 

peripheral nerve cell cultures of healthy donors (Figure 3 B).  
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Figure 3. NF1 Exon 8 Skipping in Human Tumors (A), Primary Cell Cultures 

and Cell Lines (B). Reamplification PCR products separated on 2% agarose gels 

stained with ethidium bromide. A. Lane 1: NF1 neurofibroma; lane 2: sporadic 

intramedullar neurinoma; lanes 3 and 4: sporadic meningiomas; lane 5: NF2 

vestibularis schwannoma; lane 6: NF2 meningioma; lane 7: dysplastic naevus; 

lane 8: basalioma; lane 9: HuH7 cells; lane 10: H2O; M: 100 bp ladder. B. Lane 1: 

peripheral nerve cells; lane 2: melanocytes; lane 3: keratinocytes; lane 4: 

fibroblasts; lane 5: H2O; lane 6: C14; lane 7: C15; lane 8: glioblastoma cells; lane 

9: brown melanoma cells; lane 10: HuH7; M: 100 base pair (bp) ladder. wildtype 

(wt): 326 bp; exon 8 skip (∆-E8): 203 bp; ∆-E9/10a (1213-1299): 239 bp. The 239 

bp reamplification product detectable in several tumors represents another 

aberrant splice product lacking parts of NF1 exon 9 and 10 (∆-E9/10 (1213-1299)) 

as shown by sequencing.  

 

Restriction digestion of the PCR products with Pst I and Dra III confirmed that the 

reamplified products indeed lacked exon 8. An acquired mutation of the splice 

sites of exon 8 in a single cell cannot account for the low frequency of ∆-E8 

transcripts in HeLa cells, as the investigation of 10 single cell clones of HeLa 

showed a low level presence of ∆-E8 transcripts in all clones (data not shown).  
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3.1.3. Aberrant Splicing of Further NF1 Exons 

In addition to exon 8, six more in-frame exons of NF1 (7, 9, 9br, 10a, 10b and 10c) 

were investigated. The results of the aberrant splicing involving these exons are 

summarized in Table 3. PCR products lacking NF1 exon 7 were detected in all 

tumor tissues tested and in most cell cultures. Skipping of exon 9 was detected in 

all cell cultures and most tumors. The insertion of exon 9br was detected in all 

samples. Also, skipping of exon 10b was found in all cell cultures and most tumor 

tissues investigated (Figure 4). No PCR products lacking exons 10a and 10c were 

detected (Table 3). Sequencing confirmed the respective aberrantly spliced 

transcripts (Figure 2). 

 

 

M    1    2    3     4     5     6     7    8    9    M 

724 bp

589 bp

 
 

Figure 4. Aberrant Splicing of NF1 Exon 10b in Human Tumors.  

Lane 1: NF1 neurofibroma; lane 2: sporadic intramedullar neurinoma; lanes 3 and 

4: sporadic meningiomas; lane 5: NF2 vestibularis schwannoma; lane 6: NF2 

meningioma; lane 7: basalioma; lane 8: dysplastic naevus. lane 9: H2O; M: 100 

base pair (bp) ladder; wildtype: 724 bp; exon 10b skip: 589 bp.  
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Table 3. Aberrant Splicing of NF1 Exons in vivo and in vitro 

 

    NF1    

 ∆-E7 ∆-E8 ∆-E9 insE9br ∆-E10a ∆-E10b ∆-E10c 

in vivo        

neurofibroma 1 1 n 1 n 1 n 

neurinoma 1 1 n 1 n n n 

meningioma 1 1 n n 1 n - n 

meningioma 2 1 1 n 1 n n n 

NF2 schwannoma 1 1 n 1 n 1 n 

NF2 meningioma 1 1 n 1 n 1 n 

basalioma 1 1 n 1 n 1 n 

naevus 1 1 n 1 n 1 n 

blood cells C14 1 1 1 1 n 1 n 

blood cells C15 1 1 1 1 n 1 n 

in vitro        

HeLa n 1 2 1 n 1 n 

MG 1 1 2 1 n 1 n 

BM 1 1 2 1 n 1 n 

HuH7 1 1 2 1 n 1 n 

keratinocytes n 1 2 1 n 1 n 

melanocytes 2 1 2 1 n 1 n 

nerve cells 2 1 2 1 n 1 n 

fibroblasts n 1 2 1 n 1 n 

 

Aberrant splice products detected after first (1) or second reamplification (2), not 

detectable (n) or not investigated (-). 

 

These data demonstrate that aberrant splicing does not affect all exons to the 

same extent. Also, it seem that not all in-frame NF1 exons are prone to aberrant 

splicing. Radioactive PCRs confirmed that the rate of aberrant splicing differs in 

the investigated NF1 exons. In the sporadic meningioma aberrant splicing was  

about 2% for ∆E-9 and 20% for insE9br. In C14 it was approximately <0.5% for 

∆E-9 and 11% for insE9br. Genomic DNA amplification of HeLa and C14 cells with 

the respective primer pairs yielded no products of the expected size range, thus 

excluding that a processed pseudogene sequence was responsible for the 
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observed shortened transcripts.  

 

To investigate whether aberrant splicing also concerns out-of-frame exons, cells 

were treated with puromycin, which inhibits the nonsense-mediated mRNA decay 

(Culbertson, 1999). In cDNA of these cells multi-exon skipped NF1 transcripts (∆-

E24-27b and ∆+E23a/-E24-27b), which are frame-shifted, were detected (data not 

shown). To find out if aberrant splicing is species specific, cDNAs derived from 

murine liver and cultured murine melanoblasts were investigated for NF1 exon 8 

and 10b skip. Both skip products could be detected. 

 

3.1.4. Simulation of NF1 pre-mRNA Secondary Structures 

To look for a possible cause of aberrant splicing, secondary structures of the 

respective pre-mRNAs were calculated. It is well known that folding of pre-mRNA 

molecules is dependent on the sequence and the given conditions in vitro or in 

vivo. It is supposed that the secondary structures obtained with the algorithms 

described (Eperon et al., 1998; Flamm et al., 2000) are useful approximations for 

the functional structures in vivo (Chen and Dill, 2000). It was possible to interpret 

observed alternative splicing caused by mutations in the NF1 (Hoffmeyer et al., 

1998) and hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene (Hennig 

et al., 1995) on the basis of predicted alterations of the minimal free energy 

secondary structures. Aside from the lowest free energy secondary structures 

most probably formed under physiological conditions, alternative structures with 

higher free energies are possible. Their formation may to a certain extent be 

dependent upon conditions such as temperature and pH. I suggest that these 

alternative structures, if not recognized by the splice machinery, could be a cause 

of aberrant splicing. Mutations leading to exon skipping in the NF1 gene are 

predominantly located at the splice donor sites (Ars et al., 2000 a; Fahsold et al., 

2000). This seems also to be true in general if one reviews the published 

mutations resulting in exon skipping in other genes Therefore, I concentrated my 

investigations on these regions. The mutation in NF1 intron 8 (1185+1(G→A)) and 

a second mutation at this site (1185+1(G→U)) (Horn at al., 1996) both cause exon 

8 skipping. The minimal free energy secondary structure of the intron 8 splice 

donor site of both mutated NF1 pre-mRNAs was simulated and compared to the 
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wildtype structure (Figure 5 A-C).  
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Figure 5. Simulated Secondary Structures for NF1 Intron 8 Splice Donor Site. 

Simulations were calculated with the mfold algorithm. A window of 100 nucleotides 

(nt) was used, comprising the last 56 nt of exon 8 (123 bp in size) and the first 43 

nt of intron 8 (251 bp in size). An arrow marks the starting point, a line the gap of 

this open structure. A. wildtype minimal free energy structure; B. minimal free 

energy structure of a sequence carrying the splice donor site mutation 

1185+1(G→U); C. minimal free energy structure of a sequence carrying the splice 

donor site mutation 1185+1(G→A); D: wildtype higher free energy structure.  

 

As can be seen in Figure 5 B and C, the minimal free energy simulations of the 

exon 8 sequences carrying a mutation at the splice donor site are quite different 

from the wildtype minimal free energy structure (Figure 5 A). I suggest these 

altered structures to be the cause of exon skipping. The higher free energy 

structure simulated for the wildtype sequence is also remarkably different from the 

minimal free energy one, pointing to the possibility that such structural alterations 

might be the cause of aberrant exon skipping. To investigate this further, 

secondary structures of NF1 pre-mRNA splice donor sequences of exons 
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undergoing aberrant splicing (NF1 exon 8, exon 10b) and those that do not (NF1 

exon 10a, exon 10c) were simulated and compared. Structures with higher free 

energies are presumably rarely formed and their occurrence is dependent on the 

temperature. Their influence on the splice process was not investigated up to now. 

For exon 8 and exon 10b, which are skipped, structures that immediately follow 

the minimal free energy structure in the energy scale show altered structure motifs 

in the splice donor site regions (exon 8: Figure 5 A, D). For exon 10a and exon 

10c where exon skipping was not detectable such structure alterations were not 

predicted (exon 10c: Figure 6 A, B).  

 

 
Exon 10c  Intron 10c 
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 Exon 10c  Intron 10c 

B 

 
 

Figure 6. Simulated Secondary Structure for NF1 Intron 10c Splice Donor 

Site. 

Simulations were calculated with the mfold algorithm. A window of 100 nucleotides 

(nt) was used, comprising the last 49 nt of exon 10c (114 bp in size) and the first 

51 nt of intron 10c (2731 bp in size). An arrow marks the starting point. A. wildtype 

minimal free energy structure ; B. wildtype higher free energy structure. A line 

marks the gap of this open structure. 

Therefore, I suspect that the aberrant splicing in 5 out of 7 of the NF1 exons 
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correlates with differences in the probability of the primary transcripts to achieve 

the regular structure necessary for normal splicing. The splice site score values 

calculated as described (Shapiro and Senapathy, 1987) do not correlate with the 

presence/absence of aberrant splicing. 

 

3.1.5. Occurrence of Aberrant NF1 Exon 8 Skipping is Temperature and pH 

Dependent  

Since the simulations of the secondary structure suggest a dependence of 

aberrant splicing on factors like temperature and pH, this was tested 

experimentally in vitro. The amount of NF1 exon 8 skipping was measured by the 

use of gel extraction and reamplification (fourth method for frequency 

measurement, chapter 2.1.5.) in HeLa cells and primary fibroblasts (FC7) which 

were cultured at different temperatures for 2 days. In both cases, aberrant splicing 

clearly increased at higher temperatures as well as low temperatures, especially 

7°C (Figure 7A). Radioactive PCR of HeLa cDNAs confirmed this. In addition to 

temperature, also other types of cellular stress were investigated. The amount of 

∆-E8 product increased in HeLa cells cultured at low pH (Figure 7B). Furthermore, 

as shown by radioactive PCR, reduction of FCS from 10% to 1% increased the 

amount of NF1 ∆E-8 transcripts in cultured fibroblasts derived from peripheral 

nerve (N26, 370%) or dermis (FC11, 160%). 
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Figure 7. Amount of NF1 ∆-E8 in HeLa and Fibroblasts (FC7) Cultured at 

Various (A) Temperatures (7-41.5°C) and (B) pH (6.3-7.3). The value measured 

for 37°C (A) and pH 7.3 (B), respectively, was arbitrarily defined as 100%. 

 

The method of gel extraction and reamplification was tested beforehand for 

possible PCR artifacts. cDNAs were made from mixtures of NF172T and HeLa 

RNA at the ratios 1:12, 1:25 and 1:49. They contained 2.5% (1:12), 1.5% (1:25) 

and 0.8% (1:49) exon 8 skipped transcript as shown by measurement of labelled 

PCR products on an ABI 310 sequencer (chapter 2.1.5.). The separated PCR 

products of these cDNAs were then subjected to gel extraction and reamplification. 

As shown in Figure 8 the amount of the measured reamplification products 

corresponds to the expected amount. Although there is variation there is no 

evidence for PCR artifacts obscuring the measurement.  
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Figure 8. Exclusion of PCR Artifacts 

The amounts of reamplification products of each measurement were standardized 

on the 2.5% of the third cDNA. The resulting mean percentage of three 

measurements (squares) together with the standard error of the mean (error bars) 

were plotted against the expected percentage derived from the measurement of 

labelled PCR products. 

 

3.1.6. The Level of Aberrant Splicing is Elevated in Tumor Tissues 

The conditions in tumor tissues are altered in comparison to healthy tissues, 

showing higher temperature and lower pH. Therefore, it was investigated if 

aberrant splicing is influenced also in vivo by these factors. The level of NF1 exon 

10b skipping was investigated with skip-specific PCR in three tumor tissues (NF1 

meningioma, sporadic spongioblastoma, and astrocytoma grade IV) in comparison 

to peripheral blood cells of a healthy donor (set to 100%), skin (124%) and two 

prostate biopsies (56% and 69%) of healthy donors. The amount of exon 10b 

skipped transcript was elevated in all three tumor tissues (197% in meningioma, 

227% in spongioblastoma, 232% in astrocytoma). 
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3.1.7. Aberrant Splicing of NF2 and TSC2 in Tumor Tissues and Cultured 

Cells 

In addition to NF1 also two other tumor suppressor genes were investigated. First, 

the neurofibromatosis type 2 (NF2) gene, located on chromosome 22, which is 

organized in 16 exons. The main symptoms of NF2 are the bilateral schwannomas 

of the nervus acusticus (Gusella et al., 1999). Second, the tuberous sclerosis 2 

(TSC2) gene, located on chromosome 16 and comprising 41 exons. Complete 

inactivation of TSC2 leads to formation of hamartomas (Au et al., 1999). Aberrant 

splicing was also found to occur in NF2 and TSC2. Using primers flanking NF2 

exon 9 to exon 11 (Table 1), shortened PCR products were found after 

reamplification of the cDNAs from tumors and cultured cells (Figure 9 A). 

Sequencing confirmed the presence of NF2 ∆-E10 which was detectable in all 

tumors and cultured cells. NF2 ∆-E9/10 could be seen in NF1 neurofibroma, 

sporadic intermedullar neurinoma, NF2 meningioma and basalioma. Further PCR 

products visible in Figure 9A consisted of at least two overlapping sequences as 

shown by sequencing. Using primers flanking TSC2 exon 14 to exon 17 (Table 1) 

aberrant products were found after reamplification in addition to the wildtype 

product. Sequencing of the 510 bp product revealed skipping of TSC2 exon 15. 

This transcript was detectable in all tumors, tissues and cell cultures tested except 

in a sporadic intramedullar neurinoma and meningioma (Figure 9 B). Amplification 

of gDNA with the NF2 or TSC2 primers did not result in products of the size 

described for reamplification of cDNA (Table 1). Therefore, pseudogenes can be 

excluded as a source of these transcripts. In C14 and a sporadic meningioma, 

radioactive PCR showed a ratio of <0.5% aberrant splice products in NF2 ∆-E10 

and TSC2 ∆-E15. Simulation of the secondary structures of NF2 exon 10 and 

TSC2 exon 15 pre-mRNAs, in both cases demonstrate that the splice donor 

structures at higher free energies are clearly different from the minimal free energy 

structures (data not shown). 



3. Results                           _________________________________________ 38 

M   1   2    4    6    7   8    9   10 11 12 13

M  1   3   4 5   6   7   8   9  10 11 12 13 

A. NF2 B. TSC2

591 bp

477 bp

402 bp

627 bp

510 bp

 
 

Figure 9. PCR Reamplification Products of NF2 (A) and TSC2 (B) in Human 

Tumors and Cultured Cells.  

A. PCR products generated with NF2-C1/C2. NF2 wildtype (wt): 591 bp; NF2 exon 

10 skip (∆-E10): 477 bp; NF2 ∆-E9/10: 402 bp. All other bands visible consist of 

overlapping sequences. M: 100 base pair (bp) ladder. 

B. PCR products generated with TSC2-H/R. TSC2: wt: 627 bp; TSC2 ∆-E15: 510 

bp. All other bands visible consist of overlapping sequences. M: 20 bp ladder. 

Lanes 1: HeLa; 2: melanocytes MC13; 3. fibroblasts FC11; 4: lymphocytes C14; 5: 

lymphocytes C15; 6: NF1 neurofibroma; 7: sporadic intramedullar neurinoma; 8 

and 9: sporadic meningiomas; 10: NF2 vestibularis schwannoma; 11: NF2 

meningioma; 12: dysplastic naevus; 13: basalioma. 
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3.2. Alternative Splicing 

Alternative splicing leads to the production of different protein isoforms from one 

gene, thereby expanding its coding capacity. High inter- and intrafamilial variability 

of NF1 has been described. This variability might also be related to mRNA 

variability due to alternative splicing. I detected a previously unknown alternative 

exon of the NF1 gene and investigated its expression patterns and putative 

function. 

3.2.1. Detection of an Additional Splice Product of NF1 

Within the framework of screening for aberrantly spliced transcripts also possible 

new alternative NF1 splice products were searched for. In cDNA derived from 

human cells amplified by a PCR with primers lying in exon 9 and in exon 10b an 

additional product of approximately 350 bp was faintly visible aside from the 

wildtype PCR product of 306 bp (Figure 10 A). Gel extraction, reamplification and 

sequencing of this RT-PCR product revealed an insertion of 45 bp between exon 

10a and 10b which does neither alter the reading frame nor does it contain an in-

frame stop codon (Figure 10 B). By comparison with the human sequences of 

GenBank the 45 bp sequence was found to be localized in NF1 intron 10a 764 bp 

downstream of the end of exon 10a. Then, the surrounding intron sequences were 

investigated for their ability to function as splice sites. Calculations according to 

Shapiro and Senapathy (1987) yielded a 5’ splice site score of 79% and a 3’ splice 

site score of 73.4%, both lying in the same range as the splice sites of the 

surrounding NF1 exons (exon 9: 87.2%, 62.7%; exon 9br: 79%, 83%; exon 10a: 

86.1%, 87.8% and exon 10b: 79.4%, 85.1%). A sequence 69 bp upstream of the 

insert matches the branch point consensus YNYURAC. The 45 bp sequence was 

therefore termed exon 10a-2. cDNA amplification with a forward primer specific for 

the respective splice product NF1-10a-2 yielded a product of the expected 157 bp 

from all human cell cultures tested (Figure 10 C). Sequencing confirmed that it 

indeed contained exon 10a-2.  
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Figure 10. Expression of NF1-10a-2 in Cultured Cells.  

A. Detection of NF1-10a-2 in cDNAs derived from cultured human cells and 

lymphocytes. PCR with the primer pair Nf9H/Nf10bR results in a NF1 wildtype 

product of 306 bp and an additional product of 351 bp. Lanes 1: HeLa; 2: 

melanocytes (MC13); 3: peripheral nerve cells (N57); 4: fibroblasts (FC7); 5: 

keratinocytes (KC6); 6: lymphocytes (C14); 7: lymphocytes (C15); 8: brown 

melanoma (BM); 9: glioblastoma (MG); 10: H2O. PCR products were separated on 

a 2% agarose gel stained with ethidium bromide. M: 100 base pair (bp) ladder. B. 

Sequence of the of the additional cDNA product. Exon 10a-2 is represented by a 

dotted line. C. Expression of NF1-10a-2 detected by PCR with NF1-10a-2 specific 

forward primer Nf10a2H and Nf10bR. Lanes 1: HeLa; 2: melanocytes (MC13); 3: 

peripheral nerve cells (N57); 4: fibroblasts (FC7); 5: keratinocytes (KC6); 6: 

lymphocytes (C14); 7: lymphocytes (C15); 8: brown melanoma (BM); 9: 

glioblastoma (MG); 10: reamplification of gel extract of the 351 bp PCR product 

with Nf9H/Nf10bR; 11: H2O. M: 100 bp ladder. 
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Exon 10a-2 is spliced into the full-length NF1 product. This was demonstrated by 

RT-PCR using a primer pair amplifying only the full-length NF1 product with a 

subsequent reamplification with the NF1-10a-2 specific primer pair. To exclude 

that the RT-PCR product results from traces of genomic DNA of an unknown NF1 

pseudogene sequence genomic DNA was amplified using one primer pair 

spanning exons 9 to 10b (Nf9H/Nf10bR2) and one spanning exons 10a-2 to 10b 

(Nf10a2H/Nf10bR2). Both PCRs yielded no product. The cDNAs also showed no 

alteration in the NF1 wildtype sequence surrounding exon 10a-2. This was shown 

by sequencing RT-PCR products made with two NF1-10a-2 specific primer pairs 

(Nf10a2H / Nf732: 393 bp; Nf1 / NF10a2R: 420 bp). These data indicate that the 

RT-PCR product containing exon 10a-2 does not result from a NF1 pseudogene.  

 

3.2.2. NF1-10a-2 is Expressed in vivo at Low Abundance in All Tissues and in 

vitro in All Human Cell Cultures Tested  

To investigate the expression of NF1-10a-2 in vivo, hybridization of an NF1-10a-2 

specific probe to the poly A+ RNA spots of a human multiple tissue expression 

array (see chapter 2.2.4.) was performed. Faint signals were detected in all tissue 

spots with slightly higher signals in tissues of the central nervous system (cerebral 

cortex, cerebellum, medulla oblongata and spinal chord), tissues of the heart (both 

ventricles and apex of the heart), mammary gland, kidney, testis, salivary gland 

and lymph node. In fetal human tissues of week 20 and 33 slightly higher signals 

were detected in heart and thymus. Then, the expression of NF1-10a-2 in relation 

to the wildtype NF1 product was measured in cultured cells and tumor tissues by 

RT-PCR. The amount of NF-10a-2 was very low in vitro and in vivo varying 

between 0.64 and 4.2% in relation to the wildtype NF1 mRNA (Table 4).  
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Table 4. Amount of NF1-10a-2 mRNA  

 

                               amount of NF1-10a-2 mRNA (%) 

A. in vitro  

primary cells   fibroblasts (FC7)    1.69 +/- 0.17 

fibroblasts (FC9)   1.71 +/- 0.09  

peripheral nerve cells (N57) 2.58 +/- 0.17 

melanocytes (MC13)  2.08 +/- 0.13 

keratinocytes (KC6)   2.86 +/- 0.15 

cell lines  HeLa     1.26 +/- 0.02 

Brown melanoma (BM)  1.51 +/- 0.12 

human glioblastoma (GM)  2.8 +/- 0.09 

hepatoma (Huh7)   0.64 +/- 0.06 

B. in vivo 

normal tissue blood cells (C14)    1.89 +/- 0.09 

blood cells (C15)   2.29 +/- 0.19 

tumors  neurofibroma    3.3 

intramedullar neurinoma  1.8 

meningioma     2.8 

NF2 schwannoma    3.2 

NF2 meningioma   3.7 

basalioma      4.2 

naevus    2.4 

 

The amount of NF1-10a-2 mRNA was measured in relation to the wildtype NF1 

mRNA set to 100%. With exception of the tumor tissues, all measurements were 

performed three times and the mean values together with the standard error of the 

mean (SEM) are shown. 

 

To look for a possible regulation of NF1-10a-2 expression, cultured keratinocytes, 

melanocytes and fibroblasts were investigated under several culture conditions. 

Differentiation of keratinocytes by addition of Ca2+ or phorbol-myristate-acetate 

(PMA) reduces the amount of NF1-10a-2, whereas the differentiation of 

melanocytes by PMA, or of dermal and peripheral nerve fibroblasts by serum 
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starvation, had no influence (Figure 11 A). The expression of NF1-10a-2 also is 

not related to the cell cycle in cultured fibroblasts (Figure 11 B). 
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Figure 11. Expression of NF1-10a-2 (% of NF1 mRNA) in Differentiated Cells 

(A) and its Dependence on Cell Cycle (B). A. Primary melanocytes (MC13) were 

differentiated by PMA omission (+/-PMA), keratinocytes (KC6) cultured in normal 

serum-free medium (Keratinocyte-SFM) by incubation with Ca2+ and PMA, 

respectively, and dermis (FC7) or peripheral nerve fibroblasts (N21) by serum 

deprivation (+/- FCS). B. Primary fibroblasts (FC7) were synchronised by serum 

reduction, then cultured for 5 days with 10% serum and the number of cells with 

double DNA content in relation to the total number of cells measured to show the 

cell cycle.  

 

In summary, NF1-10a-2 has no clear tissue specific expression pattern as other 

alternative NF1 splice products but is expressed ubiquitously at a low level. The 

reduction of the expression in differentiating keratinocytes remains to be 

investigated in detail. 

 

3.2.3. NF1-10a-2 Codes for a Putative Transmembrane Helix 

To look for a function of this splice product the exon 10a-2 sequence was 

compared to known sequences and motifs. No homology to known NF1 

pseudogenes was found. Comparison with the human sequences from GenBank 

(NCBI) yielded no homology over 70% to known genes. Search for a protein motif 

in the NF1-10a-2 splice product yielded a significant score for a transmembrane 
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helix motif not found in the wildtype protein (score 578, TMpred; score 521, 

SMART, V3.1). Near exon 10a possible protein kinase C sites, casein kinase II 

phosphorylation sites and a N-myristoylation site were detected (ScanProsite) 

(Figure 12).  

 
                                       ***    ***           ***      

            ######                     ++++           ++++           

  AA435-VQGCGAHPAIRMAPMPTSHCFAWQWASVASLTFKEKVTSLKFKEKPTDLETRSYKYLLA  

                     ||||||||||||||||||||               

           exon 10a  / exon 10a-2   / exon 10b 

 

Figure 12. Motifs in the NF1-10a-2 Amino Acid Sequence.  

The amino acid sequence of NF1-10a-2 shows a transmembrane helix (|) lying 

upstream of possible protein kinase C phosphorylation (*: TFK, SLK, SYK) and 

casein kinase II phosphorylation sites (+: TFKE, TDLE) and downstream of a N-

myristoylation site (#: GAHPAI). Exon 10a-2 is shown in italics and boldface.  

 

The sequences N-terminal of the transmembrane helix (exons 1-10a) are 

predicted to lie inside the cytoplasm. This would mean that the Gap-related 

domain of neurofibromin (coded for by exons 21-27a) would lie within the lumen of 

an organelle like the endoplasmic reticulum. 

 

3.2.4. Preferential Localization of a NF1-10a-2-EGFP Fusion Protein in 

Perinuclear Structures 

The presence of the transmembrane motif suggests a membrane localization of 

this neurofibromin isoform. To investigate the intracellular localization of NF1-10a-

2 HeLa cells were stably transfected with plasmids containing part of the sequence 

of the splice product or part of the wildtype NF1 sequence. The expression of the 

fusion proteins was detected by immunoprecipitation followed by western blotting 

using two antibodies against EGFP (Figure 13 A). Fluorescence microscopy 

revealed perinuclear granular signals in HeLa cells transfected with the NF1-10a-2 

sequence. In contrast, transfection with the wildtype NF1 sequence resulted in 

cytoplasmic signals, with the plain pEGFP-N1 vector in nuclear signals (Figure 13 

B). This suggests that the amino acid sequence of exon 10a-2 leads to a 
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localization of the respective neurofibromin isoform in perinuclear structures, as for 

example the endoplasmic reticulum. I therefore assume that this neurofibromin 

isoform has a membrane bound function. 

 

+10a2       
wt

EGFP

1      2       3       4

A.

 

B.

1                                                     2         3

pEGFP-N1 pEGFP-N1-
NF1(wt)

pEGFP-N1-
NF1(wt+10a2)

pCMV

pCMV pCMV

MCS

EGFP

NF1(wt) NF1(wt+10a-2)

EGFP EGFP

Kanr Kanr Kanr

 
 

Figure 13. Localization of an NF1-10a-2-EGFP Fusion Protein. A. Detection of 

the fusion proteins in lysates of the transfected cells by immunoprecipitation 

followed by Western blotting using different antibodies (see chapter 2.2.6.). Lane 

1: HeLa cells, lane 2: HeLa cells stably transfected with pEGFP-N1, lane 3: with 

pEGFP-NF1(wt) and lane 4: with pEGFP-NF1(+10a2). The arrows indicate the 

bands of the fusion proteins pEGFP-NF1(wt) (40.7 kD), pEGFP-NF1(+10a2) (42.4 

kD) and pEGFP-N1 (26.9 kD). B. Fluorescence microscopy of HeLa cells 
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transfected with pEGFP-N1 (1), pEGFP-NF1(wt) (2) or pEGFP-NF1(+10a2 ) (3). 

The design of the respective fusion plasmids is shown above the fluorescence 

miscroscopy pictures. Kanr: kanamycin resistance gene, MCS: multiple cloning 

site, pCMV: cytomegalie virus promoter, EGFP: enhanced green fluorescence 

protein, wt: wildtype, kD: kilo Dalton. 
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3.3. Conservation of Alternative Exons 

As alternative splicing is thought to contribute profoundly to the diversity of higher 

eucaryotes it is interesting to investigate the conservation of alternative splice 

forms. This can lead to new insights about their relevance, their origin and maybe 

even their function. I primarily investigated the history of the newly found 

alternative exon 10a-2, but also that of the other alternative NF1 exons.  

3.3.1. The Fate of the Alternative NF1 Exon 10a-2 in Evolution  

To look into the evolutionary fate of NF1 exon 10a-2 I investigated several 

species. Two genes with homology to NF1, IRA1 and IRA2, are known in the yeast 

Saccharomyces cerevisiae (Ballester et al., 1990; Buchberg et al., 1990). Protein 

sequence comparison of neurofibromin to GenBank showed that the similarity 

between yeast IRA1 and IRA2 and human NF1 extends from human exon 16 to 

40. Therefore, the sequence of interest is not present in yeast. Similarly, the 

protein related to neurofibromin of the fungus Neurospora crassa shows homology 

to human NF1 exon 13 to 40. No homolog was found in Caenorhabditis elegans. 

Nucleotide sequence analysis revealed also no exon 10a-2 homolog in the NF1 

gene of Drosophila melanogaster where human exon 10a and 10b homologous 

sequences are located one after the other in Drosophila exon 6. The Drosophila 

NF1 gene has only very small introns. The intron sequences present in vertebrates 

containing the alternative exon must therefore have either been acquired during 

evolution or lost again in the insect lineage. Since it has been described that the 

rate of DNA loss from unconstrained regions is a lot faster in Drosophila than in 

mammals (Petrov et al., 1996), the gene structure found in Drosophila is 

presumably due to intron loss. In intron 10a of Fugu rubripes, however, which is 

773 bp in size, a sequence with 50% identity to the human exon 10a-2 was 

identified 407 bp downstream of Fugu exon 10a (Figure 14 A). It is 62 bp in length 

and possesses possible splice sites (Table 5).  
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Table 5. Splice Site Scores for Human NF1 Exon 10a-2 and its Homologs in 

Various Species 

 

 Splice Site Score Table used for 

calculation 

 3’ 5’ (Shapiro and 

Senapathy) 

Human 72.1% 79.9% Primates 

Cat 65.6% 76.7% Other Mammals 

Dog 65.6% 57.7% Other Mammals 

Horse 59.6% 78.4% Other Mammals 

Mouse 75.1% 61.2% Rodents 

Vulture 69.3% 80.1% Other Vertebrates 

Fugu 77.4% 59.8% Other Vertebrates 

 

The scores were calculated with the method described by Shapiro and Senapathy, 

1987. Different tables are described in this publication for the calculation of splice 

site scores in different species. I chose the respective table that fit best. 

 

The 5’ splice site score, however, of this Fugu exon 10a-2 homolog, is not very 

good and the sequence would lead to a frame-shift if spliced into the transcript. 

Investigation of Fugu cDNA derived from kidney, gonad and brain showed 

expression of the wildtype NF1 mRNA, but no product containing in addition the 

putative exon sequence. Two interpretations of these findings are conceivable. 

First, the sequence found in Fugu could represent an exon that was functional in 

the ancestor of fish and whose function was lost during fish evolution. Second, the 

exon 10a-2 homologous sequence of Fugu could be a new exon not yet functional. 
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B.
Human    AACTCCTATGGAATCAATTTAAAAAGATAATTATA............AGATTGTGG
Cat      -----g-------c-----g---c---c-g---c-............g---ca-a-
Horse    -----a-------g------g--tg--cg----c-............gt-----a-
Mouse    --tc-a--ga--g-ggg---tc-t--c----g---............--------.
Vulture  ..---aa---a--g---a-g-tc--a---cc-t--gttgaaagctac-aca---tt

Human    AAGTCATTTTTTTGGTGTTTATGT...............ATAGCAAGAGTATTATA
Cat      ------.---c-----a-------...............--------------c--
Horse    c-----.---ca----a-----c-...............---------------c-
Mouse    ..cc---gg---cct-ac-c----...............g---g-----c---.--
Vulture  --c-tgc-----aca---a---a-tcatctgttgagaaa---c--g-g-----g-.

Human    CAAGAGCAACTCTTGACATTGATTGGTGGTGCTTTGTCTTCTGCTTCTTATTTTCT
Cat      --t-.---------------------------------------------------
Dog                                                   g----------
Horse    --t-.--------a----------------a-------------------------
Mouse    --t-.--g--------tg----c-----------------------ac-t-ccga-
Vulture  .--tg-------.------------------------------------------c

Human    A...TTATTGGCTGCTGTCGCTCACATGATCAGATGCCAACCAGTCACTGTTTTGC
Cat      -ttc----------------------------------------------------
Dog      gttc--------------t----------------------------------c--
Horse    gttt----------------g-a--------------------------a-----t
Mouse    c...----------t---t------g--g----g---t-g-----------.....
Vulture  gttc------------------------g---------------------------

Human    ATGGCAGTGGGCTTCTGTGGCTGTAAG....TATGACCCATTGTAACTACATCAGA
Cat      ---------------------------....-----t-------------c-----
Dog      -......a----------a------t........----------------------
Horse    ------------------------g--....--------g----------c-----
Mouse    g-ca-------------------g---taca-----t-------------c-----
Vulture  ------------c-----t--------....-------------------cg----

Human    aaagtccttggtttctttgacttttctgtgtatagttaccattatagtcacatctT
Cat      ---------------------------------------tg-------t-----a-
Dog      ---------.a----------------c----------..g-------------a-
Horse    -------------a-----------------------------------g----a-
Mouse    ----------a--------------t--aa------------------------a-
Vulture  ----c-t--cc--g--c-------------c----------c-gc------.....

Human    GTCATTTCAACTGAAAATATAGCATGTCTTCACCTGTTGG................
Cat      ----------a------cg--------t--t----a----taaaacattttttggt
Dog      ----------a-------g----
Horse    ----------a-------g--a-----t--t---aa----................
Mouse    ----------a-------g--t------------------................
Vulture  c---c----t---.gg---c--a-g--.ag---......-................

Human    ................TTTTATCTAGTA.AGT.TAGTCATTTCACAGTTAGGAGAT
Cat      aaaaattggtaaaaaw----t---g---.---.---c---------c-.....c--
Dog      
Horse    ................c-c---t-----.-a-.---c---------c-cctt----
Mouse    ................---------a--.-ac.--tg---c-t---......c--a
Vulture  ................-----ca--..-g---g---......g--t-.g------c

exon 10a-2

branchpoint

exon 10a-2

A. 

Human       TTTGT...........CTTCTGCTTCTTATTTTCTATTATTGGCTGCTGT 
|||||           | ||  |||| | ||| || |||||   ||  |

Fugu        TTTGTGTGTGTCCCAGCGTCGCCTTCGT.TTTACTTTTATTTATTGTGGG 

Human       CGCTCACATG.......ATCAGATGCC.....AACCA.....GTCACTGT
| ||  |||       || ||||| |      ||||     || | |||

Fugu        TGTTCGTATGTTTGTCCATTAGATGGCGATGTTACCACAAGTGTTAATGT

Human       T..TTGC..ATGGCAGTGGGCTTCTGT.......GGCTGTAAGTATGACC
|  ||||  ||| |    ||||  |||       | ||||||  | |  |

Fugu        TCGTTGCTAATGAC....GGCTAATGTAAGATTAGCCTGTAATAAAGTTC

Human       CATTGTAACTACATCAGAA...........AAGTCCTTGGTTTCTT
|||| |   | |   ||||           || ||||   ||| ||

Fugu        CATTTT..TTCCTGGAGAAGCCTTGTGCTGAATTCCTACATTTATT

exon 10a-2 homolog

exon 10a-2 homolog

C.
Human     .TTATTTGACAGAATTATAAATTGAGGTA....GA.CATAGGGGTTCTCTCT

||  ||| |||||  |||||||||||||    || | | |||| ||| |||
Mouse     CTTGCTTGGCAGAAGAATAAATTGAGGTATGTGGAGCGTGGGGGATCTGTCT

||      ||          |           ||     |       |||||
Fugu CTCCAGACGCTCCGAGTCGGACCACATGTGAGGGGCTCAGAATTCCGTGTCT

Human     TCTGGTGAGATCCTTTTTTCTTTTAGGTCCCCAAGAATTCCCA...TCCCTC
||||||  |||||||||||||||||||| ||||||| ||||  ...|  |||

Mouse     TCTGGTAGGATCCTTTTTTCTTTTAGGTTCCCAAGAGTTCCTG...TTTCTC
||| | ||    ||| | || |  ||||| ||   |||| |||   | ||||

Fugu      TCT.GCAGCTGGCTTATGTCCTGAAGGTTTCC...AGTTGCTGATCTCTCTC

Human    C.ATGGTTTA....AATAATAGGTAGGTTCTTGTATTATAAAGGAAGC.TGT
|  || ||||....|||||||||||||| ||| |||||  ||| | || | |

Mouse     CTGTGATTTA....AATAATAGGTAGGTCCTTATATTAGGAAGCATGCTTAT
|  | || |    |  |||  |||| | ||     |     |  ||  

Fugu      ATCCG.TTCAGAGGATGAATGAGTAGCTGCTCCACCTCCCTGGTCTGGGGGC

Human     GAAGAAAAGGCACTGGCAGTAACATTACTTGTAAGTAAGTTTTTTTTTTTCT
|||||||||   ||||||| |||||  ||||||||||||   ||||||  ||

Mouse     GAAGAAAAGTGGCTGGCAGGAACATGGCTTGTAAGTAAG...TTTTTTCACT
|            |         | |   |        | ||

Fugu   TGGTCCACAGACACCTGCTGGGGTCCAGATCTTCATTTAAGGCCTGTTTGTA

exon 23b homolog

exon 23b homolog

 
 

Figure 14. Homolog of NF1 Exon 10a-2 in Fugu rubripes (A.), High Sequence 

Homology Between NF1 Intron 10a of Human and Several Other Species (B.) 

and Homolog of nf1 Exon 23b in Human and Fugu (C.).  

A. NF1 exon 10a-2 homologous sequence in intron 10a of Fugu rubripes. A match 

to the human sequence is represented by a vertical line, a gap by dots. The exon 

10a-2 homologous sequence is highlighted by a box. B. Nucleic acid sequence 

alignment of NF1 exon 10a-2 and surrounding intron sequences between several 

species. A match to the human sequence is represented by a dash, a gap by dots. 

The exon 10a-2 homologous sequence and the putative branch point are 

highlighted by a box. C. Nucleic acid sequence comparison of NF1 exon 23b and 

surrounding intron sequences between human, mouse and Fugu. A match to the 

mouse sequence is represented by a vertical line, a gap by dots. The exon 23b 

homologous sequence is highlighted by a box. 
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Sequencing of genomic DNA and cDNA of the bird griffon vulture (Gyps fulvus) 

revealed expression of exon 10a-2 and high homology to the human sequence 

(Figure 15).  

 

Vulture......................................

Mouse.......................................

Rat............................................

New World Monkeys.................

Old World Monkeys, Human.....

Cat............................................

Dog...........................................

Cattle, Sheep............................

Horse........................................

Fugu rubripes...........................

Drosophila melanogaster.........

100%++

100%++

50%+-

95.6%++

95.6%++

---

80%+-

100%++

n.d.n.d.-

80%+-

Identity to 
human E10a-2

E10a-2
present

E10a-2
expressed

Caenorhabditis elegans............

Fungi (yeast, neurospora)........ ---

---

---

 
 

Figure 15. Phylogenetic Tree Showing the Relationship between the Species 

Investigated for NF1 Exon 10a-2. For each species the information whether exon 

(E) 10a-2 is expressed and/or present in the genomic DNA sequence is shown, 

and, if present, its identity to the human sequence. The phylogenetic tree is 

derived from the Tree of Life (http://phylogeny.arizona.edu/tree/phylogeny.html). 

 

The further evolutionary fate of this exon was then examined by sequencing of 

genomic DNA and/or cDNA of various non-primate mammalia (horse, cattle, 

sheep, dog, cat, rat and mouse) and cDNA of primates (Gorilla gorilla, Orang utan, 

Callithorix geoffrey). The complete sequence of mouse NF1 was available from 

GenBank. In genomic DNA of horse, dog, cat, mouse (Figure 14 B) and all 

primates investigated exon 10a-2 homologous sequences were found, but not in 

gDNA of cattle and sheep (Figure 15). Both have lost a major part of intron 10a 
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including exon 10a-2 homologous sequences. Their intron 10a comprises 2114 bp 

and 2094 bp, respectively, compared to 8064 bp of the human intron 10a. The 

subsequent investigation of cDNA of those species with exon 10a-2 homologous 

sequences revealed NF1-10a-2 expression and high identity of the exon 10a-2 

sequence to the human sequence in horse, cat and all primates. No expression 

and lower exon homology was found in dog, rat or mouse (Figure 15). This is due 

to different mutations. In the dog sequence the reading frame is retained but 4 bp 

of the 5’ splice site are deleted resulting in a reduced splice site score most likely 

responsible for the missing expression (Table 5). The loss of expression in mouse 

is explained by an alteration of the invariant T of the 5’-splice site consensus, 

which is mutated to G. Also the branch point shows one substitution whereas the 

3’-splice site still matches the consensus (Figure 14 B). Furthermore, the mouse 

exon 10a-2 homologous sequence comprises 40 bp and would lead to a 

premature stop codon formed by the last base of exon 10a-2 and the first two 

bases of exon 10b if spliced into the transcript. Investigation of cDNA from several 

primates revealed 100% identity to the human exon 10a-2 sequence on nucleotide 

level. Altogether, it can be said that NF1 exon 10a-2 is definitely an evolutionary 

old exon which is highly conserved among birds and mammals. Unfortunately, the 

common ancestor of fish, birds and mammals cannot be investigated. But from my 

data I suggest that this common ancestor already possessed an exon 10a-2 

homologous sequence. The high conservation between birds and mammals points 

either to an important function of the neurofibromin isoform containing exon 10a-2 

or of the respective exon 10a-2 nucleotide sequence. Since exon 10a-2 is only 45 

bp in length, it cannot be said if the high nucleotide identity between human, 

primates, cat, horse and vulture is exceptional. Interestingly, some mammalian 

species have lost the complete exon, others only its expression by independent 

events. Therefore, the functional constraint responsible for the long-time 

conservation does not seem to apply anymore to these species.  

 

3.3.2. The Fate of the Rodent-Specific Alternative NF1 Exon 23b in Evolution  

Intriguingly, another alternative NF1 exon described in the literature seems to 

have a similar fate. Exon 23b was found to be expressed in rodents but not in 

human. The inclusion of this 41 bp exon leads to a frame-shift and a stop codon at 
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position 41 of exon 24 thereby shortening the Gap-related domain (GRD) of 

neurofibromin. The resulting protein is, however, stable and retains the ability to 

bind Ras (Mantani et al., 1994; Skuse and Cappione, 1997). In silico sequence 

comparison between the human, mouse, Fugu and Drosophila NF1 sequence was 

performed. No homologous sequence was identified in Drosophila as the 

sequences homologous to human NF1 exon 23-2 and 24 are contiguous in 

Drosophila exon 9. In Fugu, a homolog with 54,2% identity to the human sequence 

was found (Figure 14 C). The surrounding sequences possess the invariant 

dinucleotides neccessary for splicing with a 5’ splice site score of 57,1% and a 3’ 

splice site score of 84,2%, calculated with the table ‘other vertebrates’ (Shapiro 

and Senapathy, 1987). Comparison between the mouse and human exon 23b 

sequence revealed 76,2% identity but also a 1 bp deletion at position 24 of the 

human exon sequence causing a premature stop codon at position 6 of exon 24 

(Figure 14 C). The splice site scores of the human sequence calculated with the 

table ‘primates’ are 89,2% for the 5’ splice site and 91,2% for the 3’ splice site. The 

respective mouse scores calculated with the table ‘rodents’ are 88,8% for the 5’ 

splice site and 90,7% for the 3’ splice site. Therefore, it seems likely that exon 23b 

is spliced into the transcript in human but rapidly degraded by the nonsense 

mediated decay pathway (Culbertson, 1999). It is, however, unclear why the 

rodent transcript is stable while the human transcript is not. It only seems certain 

that the function of exon 23b to produce a protein is lost in human. 

 

3.3.3. The Evolutionary History of the Alternative NF1 Exons 9br, 23a and 48a 

All three of these exons are expressed in human. Except for the vulture intron 9 all 

sequences compared were obtained from GenBank. No homolog of NF1 exon 9br 

was found in Drosophila melanogaster or Fugu rubripes, but a homologous 

sequence with 53,3% identity to the human exon 9br was identified in griffon 

vulture intron 9 (Figure 16 A). It is of the same size with no insertions or deletions. 

NF1 exon 23a is not found in Drosophila, but highly conserved and also expressed 

in Fugu (Kehrer-Sawatzki et al., 1998). A homolog of NF1 exon 48a with 52,3% 

identity to the human sequence could be identified in Drosophila intron 18a (Figure 

16 B). It shows an equal part of insertions and deletions with respect to the human 

sequence.  
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Human NF1 exon 48a         CTTCTCTGC..CTTGCTCTAAAT.........CAGCAGTTTTCATGCAGCTGTTCCCTC
|||| ||||  ||| | | ||||         |  || |||       || |||||||

Drosophila NF1 intron 18a  CTTCACTGCTTCTTTCCCCAAATTTCCTTTCGCCCCAATTT.......GTTCTTCCCTC

A.
Human NF1 intron 9     ATTTTTGTCTACAACTGACTACATAGAGCACTTTCAAGCATGGACTTGGCACTGCTGTAAGTGGCTGAG

|||| |  | ||| |  | |  | | |  |  || ||  | | | | ||||||   | || | |  ||| 
Vulture NF1 intron 9   ATTTATCCCAACATCGTAATGAAAACACTATATTAAAAAAAGTATTAGGCACTTTGGCAAATAGGGGAG

B.

exon 9br homolog

 

 

Figure 16. Homologs of NF1 Exons 48a and 9br  

A. Alignment of the human to the vulture NF1 intron 9 sequence. The homolog to 

human exon 9br is marked by a box. A vertical line represents a match to the 

human sequence. B. Alignment of the complete human NF1 exon 48a to the 

Drosophila NF1 intron 18a. A vertical line represents a match to the human 

sequence, a dot represents a gap. 
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3.4. Conservation of Intron Sequences Surrounding Alternative 

Exons 

Mutations leading to NF1 may also be located in unknown intronic regulatory 

sequences important for alternative splicing. Such sequences might also 

contribute to the high variability of NF1 symptoms. I therefore investigated the 

conservation of intronic sequences surrounding alternative NF1 exons with a 

cross-species comparison approach. Since this revealed uncommonly high intron 

conservation surrounding most alternative NF1 exons, two other genes were 

investigated in addition. 

3.4.1. Intron Sequences Flanking NF1 Exon 10a-2 Are Highly Conserved Over 

a Remarkably Long Range 

An alignment of the intron 10a sequence of five species to the human sequence 

was performed. This revealed an unexpectedly high conservation of the intronic 

sequences surrounding this exon (Figure 14 B). Comparison of 600 bp up- and 

downstream in 50 nt windows and graphical display for the individual species 

compared with human (Figure 17) revealed that this high conservation extends 

over several hundred base pairs, especially in the mammalian species. This is 

remarkable because the time since the divergence of these species (primate-

ferungulate divergence) is estimated at 95 million years ago (Janke et al., 1997). 

This is a sufficiently long time to expect no homology at all of unconstrained 

regions. Therefore the highly homologous intronic regions are most likely actively 

conserved. 

 

The extent of the homology obviously changes during evolution. The intron 

sequences of the vulture, which is evolutionarily farthest away from human, shows 

high homology only about 100 bp up- and downstream of the exon. Interestingly, 

mouse and dog, which are not expressing 10a-2 anymore, still show high intron 

homology. The length of this high homology, however, is not as extended in 

mouse as in cat or horse. In the dog intron two large insertions, one up- and one 

downstream of the exon, were observed. The rest of the sequence still shows very 

high homology to the human sequence.  
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Figure 17. Comparison of NF1 Exon 10a-2 and Surrounding Intron 

Sequences. The identities of 50 nt windows of alignments between the human 

intron 10a sequence and that of serveral other species were calculated for 600 bp 

up- and downstream of exon 10a-2. The identities are displayed as columns. The 

three grey columns in the middle represent exon 10a-2. The lines represent the 

identites smoothed with an average of four neighboring values. 

 

Since I wanted to know if the extended intron sequence conservation around this 

alternatively spliced exon was exceptional for NF1 the intron sequences 

surrounding all constitutively spliced NF1 exons of human and mouse were 

aligned, the identities of 50 nt windows calculated and the mean identities together 
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with their standard deviation displayed in a graph. This investigation showed on 

average no extended homology of intron sequences around the exons (Figure 18 

A). The mean values were then compared to the values calculated for the intron 

sequences surrounding NF1 exon 10a-2 (Figure 18 B). The high homology of 

intron sequences around exon 10a-2 thus is considerably broader than the 

average identity of human and mouse intron sequences. This is a very interesting 

finding since exon 10a-2 is alternatively spliced. Alternative exons, as their name 

implies, are not always spliced into the transcript. Therefore they must be highly 

regulated. This prompted me to investigate the other alternative NF1 exons to see 

if this was a general phenomenon. 

 

3.4.2. Conservation of Intronic Sequences Surrounding Other Alternative 

NF1 Exons 

The human and mouse sequences surrounding the alternative NF1 exons 9br, 

23a, 23b and 48a were compared to the mean intron identity around the 

constitutively spliced exons of the human and mouse NF1 gene. This revealed that 

the intron sequences surrounding exons 9br, 23a and 23b but not 48a show a 

higher sequence identity than the mean values (Figure 18 C-F). But there are also 

differences in the intron homology between the alternatively spliced exons. The 

highly homologous sequence stretch around exon 9br is much narrower than that 

around exon 10a-2. The homologous region around exon 23a is even broader 

than that around exon 10a-2. Remarkably, also the sequences surrounding the 

rodent-specific exon 23b show high homology over a broad range in human. Exon 

48a seems to be an exception. First, the exon itself is not very conserved although 

expressed in both species. Second, the upstream sequences are not remarkably 

homologous except for a sequence stretch 100 bp upstream of 48a possibly 

representing an essential element (Figure 18 F). In summary, it was found that in 

the NF1 gene the intron homology surrounding four of five alternative exons is 

higher than the mean homology found around the constitutively spliced exons. 
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Figure 18. Mean Intron Identity between Human and Mouse NF1 Gene and 

Comparison to the Intron Identity around Alternative Exons. A. Mean 

identities of 50 nt windows 350 bp up- and downstream of all constitutively spliced 

NF1 exons and their surrounding intron sequences (black squares = mean identity 

of 57 exons; error bars: standard deviation of the mean value). The region of the 

exon was arbitrarily set to position -25 to +25. B. - F.: Comparison of the mean 

identities (black squares with error bars as in 18 A) to those calculated for the 

intron sequences surrounding B. NF1 exon 9br, C. exon 10a-2, D. exon 23a, E. 

exon 23b and F. exon 48a (white columns).  
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3.4.3. Intron Sequences Surrounding Alternatively Spliced Exons in Other 

Genes 

Two other genes were examined to further investigate if extended intron homology 

is common for alternative exons. They had to fit the following criteria. The 

complete genomic sequence at least from human, mouse and Fugu must be 

available from GenBank and they must contain conserved alternative exons.  

 

First, the human cystic fibrosis transmembrane conductance regulator (CFTR) 

gene (OMIM 602421) was investigated which comprises 27 exons. Of the 

alternative exons described only two are conserved between human and mouse 

(Delaney et al., 1993; Melo et al., 1993; Pagani et al., 2000; Slomski et al. 1992; 

Yoshimura et al., 1993). Exon 4 is alternatively skipped and exon 10b is 

alternatively spliced into the transcript. The complete CFTR sequence was 

available from GenBank for human, mouse and cat. Again, I first calculated the 

average intron identities for the constitutively spliced CFTR exons. These also 

show only narrow homologies (Figure 19 A for cat, 19 B for mouse), supporting the 

data obtained from the NF1 gene. The comparison of the intron homologies 

surrounding exon 4 to the average did not show as extended high homology as 

observed for most NF1 exons (Figure 19 C + D). It remains to be investigated in 

detail if alternatively skipped exons follow the same rules as those alternatively 

spliced in. Comparison of exon 10b surrounding sequences to the average 

revealed that the sequences surrounding the cat exon 10b show a very broad high 

homology (Figure 19 E). The homology surrounding the mouse exon 10b is not as 

high or broad (Figure 19 F). It does, however, reveal a highly conserved 35 bp 

long element 11 bp downstream of the exon.  
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Figure 19. Average Intron Identity of the CFTR Gene and Comparison to the 

Intron Identity around Alternative Exons.  

Left column: human-cat comparisons; right column: human-mouse comparisons. 

A. + B.: Mean identities of 50 nt windows 350 bp up- and downstream of all 

constitutively spliced CFTR exons and their surrounding intron sequences 

between human-cat (A.) and human-mouse (B.) (black squares = mean identity of 

22 exons; error bars: standard deviation of the mean value). The region of the 

exon was arbitrarily set to position -25 to +25. C. + D.: Comparison of the mean 

identites (black squares with error bars as in 19 A. + B.) to those calculated for 

CFTR exon 4 (white columns) (C.: human-cat, D.: human-mouse), E. + F. 
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Comparison of the mean identites (black squares with error bars as in 19 A. + B.) 

to those calculated for CFTR exon 10b (white columns) (E.: human-cat; F.: 

human-mouse). 

 

Second, the Wilms tumor 1 (WT1) gene (OMIM 194070) was investigated, which 

consists of 10 exons with two alternatively spliced (Haber et al., 1991). Of these 

two only exon 5 is an independent alternative exon, while the other alternative 

splicing event shows an addition of 9 bp at the 3’ end of exon 9 due to the use of 

an alternative splice site. The alternative splicing of exon 5 is only conserved 

among mammals while the alternative exon 9 is found also in other vertebrates 

(Kent et al., 1995). The sequence of human and mouse WT1 gene was available 

from GenBank with the exception of mouse exon 8.  

Again, first the average intron homology between the human and mouse genes for 

the constitutively spliced exons was calculated (Figure 20 A). The resulting graph 

shows the same tendency as that of the NF1 and CFTR gene. Comparison 

between human and mouse intronic sequences showed in the case of WT1 exon 5 

no such high homology as seen for most of the NF1 exons investigated, but still 

the homology is above the average for the most part of the intron sequences 

investigated (Figure 20 B). A 25 nt segment 200 bp upstream of exon 5 with an 

identity of 96% between human and mouse may represent an essential splicing 

element. The sequences surrounding WT1 exon 9 are highly homologous clearly 

above the average 100 bp up- and 50 bp downstream, less so further away from 

the exon (Figure 20 C).  
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Figure 20. Average Intron Identity between Human and Mouse WT1 Gene and 

Comparison to the Intron Identity around Alternative Exons. A. Mean 

identities of 50 nt windows 350 bp up- and downstream of all constitutively spliced 

WT1 exons and their surrounding intron sequences (black squares = mean identity 

of 7 exons; error bars: standard deviation of the mean value). The region of the 

exon was arbitrarily set to position -25 to +25., B. Comparison of the mean 

identites (black squares with error bars as in 20 A.) to those calculated for WT1 

exon 5 (white columns), C. for WT1 exon 9 (white columns). 

 

In summary, it can therefore be said that the intron homology observed around the 

alternative CFTR and WT1 exons is also higher than the average for most of the 

intron sequences investigated. Even CFTR exon 4 and WT1 exon 9, which are 

special cases, show intron homology above the average. Still, it remains to be 

shown if such special cases in general follow the same rules as independent 

alternative exons like those in the NF1 gene. Remarkably, the homology around 

the CFTR exon 10b is higher and broader between human and cat as between 

human and mouse. This cannot be attributed to insufficient divergence time. The 
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primate-ferungulate (including cat, horse, sheep and cattle) divergence is 

estimated at 95 million years ago (Janke et al., 1997) which should result in a total 

randomization of intron sequences not actively conserved. 

 

3.4.4. Is There a Correlation of Intron Homology with the Age of the 

Alternatively Spliced Exon? 

An interesting observation that was made is a possible correlation of the age of 

four of five alternative NF1 exons with the breadth of their intron homology. The 

investigation of the fate of the alternative NF1 exons (chapter 3.3.3.) showed that 

NF1 exon 48a is the evolutionary oldest of these alternative exons, followed by 

exon 23a, then exon 10a-2 and 23b with exon 9br being the youngest. Since the 

sequence of the vulture intron 23-2 is not known, it cannot be determined whether 

exon 10a-2 or 23b is older. Exon 23a has the broadest stretch of high intron 

homology and exon 9br the shortest with exon 10a-2 and 23b being inbetween. 

Therefore, it seems that one of the oldest exons has the broadest high homology. 

This could indicate that alternative exons acquire regulatory information during 

evolution resulting in older exons having more intronic elements. However, NF1 

exon 48a does not fit this hypothesis. I suggest that this exon is an exception to 

the rule as it neither shows high exon nor intron homology. In the following this 

hypothesis was tested with the alternative exons of the CFTR and WT1 genes. 

CFTR exon 10b is expressed in human and mouse but no homolog could be 

identified in Fugu. It is therefore approximately as young as NF1 exon 9br. Its 

surrounding intron sequences show a highly conserved element but a homology of 

mouse to human only slightly above the average. Expression of WT1 exon 5 is 

reported to be conserved only in mammals. We found a presumably non-

expressed homolog of WT1 exon 5 with 54,9% identity to the human sequence in 

Fugu intron 4 (Figure 21). 

 

Human WT1 exon 5     AGTTGCTGCT....GGGAGC.TCCAGCTCAGTGAAATGGACAGAAGGGCAGAGCA
|||| |  ||    |||||| | ||  |||| ||     |||| ||

Fugu WT1 intron 4    AGTTTCGACTGATAGGGAGCGTGCACGTCAGGGA.....ACAGCCCTTCACGTTT
 

Figure 21. Homolog of WT1 exon 5 in Fugu intron 4 

Alignment of the complete human WT1 exon 5 to the Fugu intron 4 sequence. 
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Vertical lines represent matches to the human sequence, dots represent gaps. 

 

WT1 exon 9 is expressed in Fugu and is therefore older (Kent et al., 1995). The 

intron sequence homology around exon 9 is also higher and broader than that 

surrounding exon 5. Compared to the NF1 exons of the approximate same age the 

homology around the WT1 exons is much lower. Such a discrepancy could be 

explained by a difference in the mutation rate in the two genes. Genes under 

positive selection generally show a higher mutation rate (Matassi et al., 1999). 

This should also be the case for intron sequences actively conserved. Therefore, I 

suggest that if there is a correlation between the breadth of the intron homology 

and the age of the exon, it can only be observed within one gene. However, more 

genes will have to be investigated to confirm this. 

 

3.4.5. Intronic Sequence Elements 

The high intron homology found around alternative exons raised the question 

about their function. Most vertebrate exons are between 50 and 400 nt in length 

(Hawkins, 1988). It is remarkable that most of the alternative exons investigated 

here are rather small, NF1 exon 9br being 30 bp, exon 10a-2 45 bp, exon 23a 63 

bp, exon 23b 40 bp and exon 48a 54 bp in length. CFTR exon 10b is 119 bp, WT1 

exon 5 51 bp, the alternative part of WT1 exon 9 only 9 bp long. It has been 

suggested that small exons need splicing enhancers for accurate splicing (Lopez, 

1998). Therefore, the highly homologous intron sequences were searched for 

known intronic splice elements in silico. These elements are mostly short 

sequences functioning as repeats. Since matches to known intronic elements 

inside and outside of the homologous regions were found (data not shown), it can 

be concluded that there is no correlation of the known intron splice elements to the 

homologous sequences. It remains to be shown experimentally if some of the 

matches identified are functional. In some intron sequences I identified highly 

conserved small elements that may be of importance.  

A 49 bp long sequence element was found 400 bp upstream of NF1 exon 10a-2 

(Table 6). This sequence could represent an important intronic regulatory element 

functioning together with the exon 10a-2 sequence in mammals. Within this 49 nt 

element three copies of GGG, four copies of GAR and one match to the hnRNP 
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A1 binding site consensus were found.  

The 31 nt element found 99 bp upstream of NF1 exon 48a (Table 6) does not 

habor sequences of known elements but contains the sequence AAAACC twice.  

The highly conserved 35 bp long element I found 11 bp downstream of the CFTR 

exon 10b (Table 6) revealed a match to a variant of the UGCAUG hexamer 

(GCAUG).  

The 25 nt element identified 200 bp upstream of the WT1 exon 5 did not show 

matches to known intron elements.  

 

Table 6. Conserved Sequence Elements in the Intron Sequences 

Surrounding Several Alternative Exons 

 

exon location sequence homology to human 
NF1 
10a-2 

400 bp  
upstream 

5’ GTT TTG GGG ATG AGT AAG GGA AGC TGA 
CTC CTG GGT TAG AGT GAA TGT T 3’ 

cat, horse: 93,3% 
dog :81,6% 
mouse: 46,9% 
vulture 54% 

NF1 
48a 

99 bp 
upstream 

5’ ATA ATT AAA ACC AGA TTC CTT CTG AAA 
ACC A 3’ 

mouse: 87,1% 

CFTR 
10b 

11 bp 
downstream 

5’ GCA CAA CAT ATT TCA CAT AGT TTT CTG 
ATT TCA GT 3’ 

mouse, rat, cat, 
two primates: 100% 
cow: 94,3% 
dog: 91,4% 
pig: 88,3% 

WT1  
5 

200 bp 
upstream 

5’ CCA AGT CCA GAT CTG ATT CCA AAG C 3’ mouse: 96% 

 

The function of the conserved intron elements remains to be investigated 

experimentally. 

 

3.4.6. Do the Highly Homologous Intron Sequences Contain Other Genes? 

The extended high homology led me to the idea that these intron sequences could 

contain independent genes. Regulation of gene expression by antisense 

transcripts has been described (Li and Murphy, 2000; Thenie et al., 2001). The 

possibility of coding or non-coding genes in sense or antisense orientation was 

tested for with three methods. First, an in silico search for RNA polymerase II and 

III promoter elements and elements characteristic for small nucleolar RNAs 

(snoRNAs) was performed in sense and antisense orientation in the respective 

introns. This search did not yield matches to RNA polymerase II promoter 
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elements at the beginning or end of the homologous regions. Also, no RNA 

polymerase III promoter or snoRNA elements were found within the homologous 

regions. Second, I searched for open reading frames in the respective introns in 

sense and antisense orientation in silico. This revealed no correlation with the 

conserved regions. Third, I tested for possible antisense transcripts by reverse 

transcription with a specific forward primer and nested amplification and 

reamplification (Figure 22 A). The primer pairs were optimized beforehand with 

genomic DNA. The RNA was DNase treated and this treatment tested with 

amplification and reamplification (Figure 22 B). After specific RT-PCR no 

amplification products of the expected size were found for NF1 exons 9br, 10a-2, 

23a, 23b, 48a, CFTR exon 10b and WT1 exon 5. Only for WT1 exon 9 

surrounding sequences a faint product was visible. Reamplification yielded also a 

product of NF1 exon 9br surrounding sequences (Figure 22 C).  

 

B C

A
alternative exon

5‘3‘antisense transcript
specific forward primer
nested primer pair

1       2       3      M        4       5       6       7       M                 M       1       2       3 

pre-mRNA 3‘5‘

100 bp

332 bp

 
 

Figure 22. Detection of Antisense Transcripts Originating from the 

Conserved Intron Sequences.  

A. Design of the experiment. Reverse transcription was carried out with the 

specific forward primer, PCR amplification with the nested primer pair. B. 

Investigation of the success of the DNase treatment of the RNA used. M: 100 base 

ppair (bp) ladder, lane 1: amplification of DNase-treated RNA, lane 2: amplification 

of genomic DNA, lane 3: H2O, lane 4: reamplification of DNase-treated RNA, lane 

5: amplification of genomic DNA, lane 6: reamplification of H2O, lane 7: H2O. C. 
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Amplification products of cDNAs reverse transcribed with the respective specific 

forward primer. Lane 1: PCR product made with NF1 exon 9br surrounding 

primers (98 bp), lane 2: PCR product made with WT1 exon 9 surrounding primers 

(136 bp), lane 3: H2O, M: 100 bp ladder. 

 

Sequencing of the reamplification products confirmed that both PCR products 

consist of the expected sequence. I therefore conclude that antisense transcripts 

exist from intron sequences around NF1 exon 9br and WT1 exon 9. Further 

experiments with northern blotted RNA will be neccessary to elucidate the size of 

the antisense transcripts.



4. Discussion                     _______________________________ _  _ _ _    _ 67 

4. Discussion 

4.1. Aberrant Splicing of the NF1 Gene 

Correct splicing, i.e. removal of introns from the primary RNA transcript, is 

essential for the formation of a functional protein. Errors of this mechanism, mostly 

due to mutations in splice relevant sequences, are termed aberrant splicing. 

4.1.1. Aberrant Splicing is a Physiological Phenomenon 

Recently, aberrant splicing was detected in the NF1 gene in the absence of a 

germline mutation during mutation analysis at the cDNA level in blood cells 

(Messiaen et al., 1999). It seems to be induced by unphysiological culture 

conditions such as storage of cells at room temperature before RNA extraction 

(Ars et al., 2000 b; Messiaen et al., 2000; Wimmer et al., 2000). Aberrant splicing 

without mutation has also been described for several other genes (Berg et al., 

1996; Frost et al., 2000; Gayther et al., 1997; Lee and Feinberg, 1997; Peters et 

al., 1998; Turpin et al., 1999; Wang and Chang, 1999). In my study, I only 

investigated aberrant splicing without a mutation and therefore I will further use 

this term solely for this kind.  

 

I observed aberrant splicing of the NF1, the NF2 and the TSC2 gene in cells 

maintained at standard culture conditions and, more importantly, in vivo in tumor 

tissues. My investigation along with the data from other groups suggests that 

aberrant splicing is a general and physiological phenomenon. In the sample 

survey of my study it was detected for approximately 60% of the tested in-frame 

exons. It remains to be shown how representative this finding is. Transcripts in 

which out-of-frame exons are skipped usually lead to premature termination 

codons (PTC). They are therefore recognized and disintegrated by the nonsense 

mediated mRNA decay pathway which exists to eliminate transcripts with PTCs 

(Culbertson, 1999). Because of their rapid degradation such transcripts cannot be 

detected.  
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4.1.2. Aberrant Splicing is Influenced By Environmental Factors and May be 

Due to Altered RNA Secondary Structures 

It has been demonstrated that in NF1 cold stress induces insertion of a cryptic 

exon (Ars et al., 2000 b) plus multi-exon splice errors (Wimmer et al., 2000). The 

data from my investigation show increased aberrant splicing at both low and high 

temperatures. This is especially interesting with respect to the natural temperature 

gradient found in the human body where only the core maintains 37°C. Also, the 

cellular damage of fever or exposure to low temperatures (hypothermia) may be 

related to this mechanism.  

 

One reason for the increase of aberrant splicing at high or low temperature may be 

the reduced expression or efficiency of one or more splice factors, resulting in a 

reduced accuracy of the splice machinery. Another conceivable explanation is a 

structural alteration of the pre-mRNA leading to a reduced recognition by the 

splice machinery. Specific pre-mRNA structure motifs play an important role in the 

regulation of the splice process. Therefore I compared the minimal free energy 

structures of splice donor sites with possible alternative structures with higher free 

energies. The amount of these alternative structures may be increased under 

unphysiological conditions such as increased temperature or low pH. From the 

correlation of alternative secondary structures with aberrant skipping of the 

respective exons I suggest that this mechanism is responsible for aberrant 

splicing. However, it will have to be tested experimentally if secondary structure 

alterations are indeed responsible for these splicing errors. This could be done by 

in vitro transcription of the sequence of interest at different temperatures and pH, 

and subsequent elucidation of the secondary structure by selective digestion of 

single and double-stranded RNA, respectively. These experiments were beyond 

the scope of this study. 

 

4.1.3. Aberrant Splicing May Contribute to the Variability of NF1 

The hereditary tumor syndrome NF1 shows a high inter- and intrafamilial variability 

which has been suggested to result from the influence of modifying genes (Easton 

et al., 1993). However, as the functions and regulations of the NF1 gene are not 

completely understood yet there may be mechanisms related to this gene itself 
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influencing the variability. Aberrant splicing may be such a mechanism. Although 

my investigations show that the amount of aberrant splice products is low for a 

single exon, it may be of biological importance in genes with a large number of 

exons as the NF1 gene. The following calculation example may clarify the possible 

extent of the aberrant splice products. To simplify the calculation an amount of 1% 

aberrant splicing per exon for 40 of the 60 NF1 exons is assumed. In such a case 

only 66.8% ((1-0.01)40) functional mRNAs would be produced normally by 

transcription, in NF1 cells only 33.4%. Any variation in the extent of aberrant 

splicing would therefore have an effect on the amount of intact NF1 mRNA. My in 

vitro data suggest a high variability in the extent of aberrant splicing of one exon 

and also a variability in the number of exons that are prone to aberrant skipping. 

Also, as shown above, temperature influences the amount of aberrant splicing. 

This also is a parameter which shows individual variability. It is therefore likely that 

indivual differences in the extent of aberrant splicing exist which may have an 

implication in the variability of NF1 symptoms. 

 

4.1.4. Increased Aberrant Splicing May Play a Role in Tumor Biology 

The increase of aberrant splicing through environmental factors may play an 

especially important role in tumor suppressor genes where the exact gene dosage 

is crucial. Hereditary tumor syndromes are caused by germline mutations in tumor 

suppressor genes resulting in the functional loss of one allele. Tumors arise when 

the function of the second allele is also lost (second hit), leading to a reduction of 

the gene product from about 50% (one intact allele) to about 0% (no intact allele). 

Several mechanisms may be involved in this reduction. In most cases a mutation 

is present in the second allele of the tumor suppressor gene. Other described 

mechanisms are mRNA editing as shown in NF1 (Skuse and Cappione, 1997), 

proteolysis as exemplified by the calpain dependent proteolysis of the NF2 protein 

schwannomin (Kimura et al., 1998), or alternative splicing as shown for a brain 

specific exon in Bin1 eliminating the activity of the tumor suppressor in melanoma 

(Ge et al., 1999).  

 

Increased aberrant splicing may represent an additional mechanism for the 

reduction of the amount of wildtype tumor suppressor mRNA without mutation. As 
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the calculation example (see 4.1.2.) showed, an assumed amount of 1% aberrant 

splicing per exon for 40 of the 60 NF1 exons would result in 66.8% ((1-0.01)40) 

functional mRNAs in normal cells and only 33.4% in NF1 cells. An increase of the 

aberrant splicing by environmental factors to 2% per exon would reduce the 

amount of accurate NF1 mRNA to only 44.5% in normal cells or 22.3% in NF1 

cells. Such a decrease could possibly suffice for the formation of a tumor in the 

case of NF1. It remains, however, to be investigated in detail whether aberrant 

splicing occurs in vivo in this range.  

 

I found increased aberrant splicing at high temperature and low pH. These are 

conditions often found in tumor tissues. Therefore, increased aberrant splicing 

may also play a role in sporadic tumors. It may further reduce the amount of 

functional tumor suppressor mRNA thereby leading to more rapid tumor 

progression. My investigation of one exemplary exon skip in three tumor tissues 

indeed showed approximately twice the amount of this exon skipped transcript as 

in the control tissues. However, further experiments with a broader sample survey 

of tumor tissues and aberrantly skipped exons will have to be carried out to 

confirm my findings. 

 

4.1.5. Aberrant Splicing May Limit the Number of Exons in a Gene 

As the above calculation example shows, the number of exons aberrantly skipped 

is a critical parameter for the amount of intact mRNA produced. There are two 

possibilities conceivable for the cell to reduce the extent of aberrant transcripts.  

 

On the one hand the sequence of the exons could be optimized so that they are 

not aberrantly spliced anymore. My data shows that some exons are indeed not 

aberrantly skipped.  

 

On the other hand the number of exons in a gene may be limited because of 

aberrant splicing. In humans, the majority of genes comprise less than 13 exons, a 

minority more than 30, whilst only very few genes contain more than 100 exons 

(Lewin, 1997). Also, genes that are dependent on high transcriptional fidelity, such 

as the G-protein-coupled receptors, are predominantly intronless (Gentles and 
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Karlin, 1999). Therefore, I suggest that aberrant splicing limits the maximal 

number of in-frame or total exons of a gene. 

 

4.1.6. Why are Some Aberrant Splice Products not Disintegrated? 

Skipping of an out-of-frame exon leads to a shift of the reading frame and in most 

cases to a subsequent premature termination codon (PTC). Transcripts containing 

a PTC are usually recognized and disintegrated by the nonsense mediated mRNA 

decay pathway (NMD) (Culbertson, 1999). However, there are also transcripts with 

alternative exons that lead to PTCs but are not degraded. An example is the 

rodent-specific NF1 splice product containing exon 23b. It is not yet known how 

the NMD pathway discerns between wanted and unwanted PTC-containing 

transcripts.  

 

Aberrant splicing of an in-frame exon, in contrast, leads to a detectable amount of 

transcript. This was shown in my study as well as in the literature (Berg et al., 

1996; Frost et al., 2000; Gayther et al., 1997; Lee and Feinberg, 1997; Peters et 

al., 1998; Turpin et al., 1999; Wang and Chang, 1999). I therefore suggest that 

there is no degradation pathway for in-frame exon skipped transcripts in human 

and rodents. Such a pathway is also hard to conceive of because of the similarity 

between aberrant and alternative splicing.  

 

This similarity leads to the question whether aberrant splicing of in-frame exons 

may even be advantageous. It results in many different protein isoforms, albeit at a 

very low level. Under changing environmental conditions the presence of these 

isoforms could give the organism a possibility to adapt faster. 

 

4.2 Alternative Splice Products of the NF1 Gene 

Variability of NF1 may also be due to a yet unknown variability of the NF1 mRNA. 

Also, mutation screening in NF1 patients is only successful in about 60% of the 

cases. Because the NF1 gene spans 350 kb of genomic DNA mutation screening 

by sequencing is at the moment limited to the exons with only a small part of the 

surrounding intronic sequences. Therefore it seems possible that not all relevant 
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sequences of the NF1 gene have been identified yet. Such sequences could on 

the one hand be intronic regulatory elements neccessary for correct splicing. This 

will be discussed later. On the other hand it is conceivable that not all alternative 

exons of the NF1 gene are known yet. 

4.2.1. A New Alternative Exon of the NF1 Gene Codes for a Transmembrane 

Domain 

In my study, I found a previously unknown alternative exon, 10a-2, of the NF1 

gene. This raised the question what function the respective neurofibromin isoform 

has. My data suggest that the additional exon 10a-2 leads to localization of the 

respective isoform to an intracellular membrane with the N-terminal part located in 

the cytoplasm. There are different intracellular localizations of neurofibromin 

known. It was found to be colocalized with microtubules (Gregory et al., 1993), 

actin (Li et al., 2001), intermediate filaments (Koivunen et al., 2000), mitochondria 

(Roudebush et al., 1997), and with the smooth endoplasmic reticulum (Nordlund et 

al., 1993). Further experiments with specific antibodies will be necessary to 

investigate the exact intracellular localization of this new splice product in vivo.  

 

There may also be the possibility that exon 10a-2 is involved in a larger domain of 

neurofibromin. It is positioned downstream from the alternatively spliced exon 9br 

(Danglot et al., 1995), which is expressed preferentially in the central nervous 

system (CNS). However, the splice product containing exon 10a-2 is more 

ubiquitously expressed with only a slight preference for the CNS. It therefore 

remains to be investigated in more detail if there is a correlation between these 

two alternative exons. 

 

Upstream of exon 10a-2 lies the cysteine/serine-rich domain (CSRD), which 

ranges from NF1 exon 10c to 16. Because missense mutations are clustered in 

this region, an additional functional domain of neurofibromin was suggested to lie 

there (Fahsold et al., 2000). This idea was supported by the observation of exon 

10b as a mutational hotspot (Messiaen et al., 1999). The CSRD is phosphorylated 

by the cAMP-dependent protein kinase A (PKA) (Izawa et al., 1996). Binding of 

N(G),N(G)-dimethylarginine dimethylaminohydrolase (DDAH) on this region of 

neurofibromin increases the PKA phosphorylation of the CSRD in a dose-



4. Discussion                     _______________________________ _  _ _ _    _ 73 

dependent manner (Tokuo et al., 2001). It remains to be examined if the new 

splice product containing exon 10a-2 is involved in this function.  

 

4.3. The Evolutionary Fate of Alternative Exons 

The evolutionary history of alternative exons can lead to new insights about their 

relevance, their origin and maybe even their function. I therefore carried out 

phylogenetic analyses primarily of the NF1 exon 10a-2 but also other alternative 

exons. 

4.3.1. Are New Alternative Exons Created From Introns During Evolution? 

There is an ongoing debate about whether introns were inserted into pre-existing 

genes (introns-late) or whether exons were shuffled into existing introns (introns-

early). However, it is not clear at all how alternative exons came into existence. 

They could have been among the original exons but the possibility exists that they 

were newly created at some point of evolution. If that were the case, the creation 

of an exon should sometimes be observable by a phylogenetic investigation. 

 

I investigated the evolutionary fate of the alternative NF1 exon 10a-2 in detail. The 

evolutionarily oldest homolog NF1 exon 10a-2 that I could identify was that of the 

pufferfish Fugu rubripes. The organization of the Fugu NF1 gene is nearly identical 

to that of the human NF1 gene. But, the Fugu NF1 gene is 13 times smaller than 

its human counterpart primarily because its introns are much smaller (Kehrer-

Sawatzki et al., 1998). The exon 10a-2 homologous sequence of Fugu is found in 

the same intron as in human but it is not expressed. Remarkably, it is larger than 

the human sequence. This can be interpreted in different ways.  

 

On the one hand, it may be a precursor sequence from which the human exon is 

derived by deletions and other mutations resulting in functional splice sites. On the 

other hand it is possible that the common ancestor of human and fish expressed 

exon 10a-2 but that the expression was lost at some time in the evolution of fish, 

resulting over time in a degenerated sequence formed by insertions. Fugu has a 

very compact genome with short intergenic and intronic sequences (Venkatesh et 

al., 2000). Therefore it would be expected have lost unnecessary sequences fast. 
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This view makes it seem more likely that its NF1 exon 10a-2 homologous 

sequence is a precursor of the functional exon.  

 

However, the question then remains why the exon 10a-2 homolog of Fugu shows 

50% homology to the human sequence. In the view of this homolog being a 

degenerated remnant this would mean that exon 10a-2 was lost only recently in 

the fish lineage. There must have been too little time for more mutations. In the 

view of the exon 10a-2 homolog as a precursor this would mean that there must 

already be a functional constraint on this sequence although it is not expressed. 

The sequence of NF1 exon 10a-2 is highly conserved between birds and 

mammals. It therefore remains to be investigated in detail how this sequence 

evolved between fish and birds. If the Fugu homolog indeed is the precursor 

sequence there should be independent lineages with an intermediate sequence.  

 

The other exons I investigated unfortunately do not shed more light on this 

question. The rodent-specific alternative NF1 exon 23b also has its first homolog 

in Fugu in the same intron as the human exon 23b and presumably it is not 

expressed in this species. Interestingly, it is also larger than its human counterpart 

and may therefore also be a precursor sequence. But again, an intermediate 

sequence that could link the non-expressed to the expressed homolog is lacking. 

The homologs identified for the other alternative exons of my study, NF1 exon 9br 

(in vulture), NF1 exon 48a (in Drosophila) and WT1 exon 5 (in Fugu), are not 

larger than their human counterparts. A more detailed phylogenetic analysis could 

clarify whether these homologs could also be precursor sequences or not. 

 

In summary, my data show varying conservation of alternative exons. This 

suggests in itself that these exons were newly created at some point of evolution. 

It has often been described that disease-causing cryptic exons are activated by 

mutations (Kovar et al., 1999; Sakata et al., 2001). Such mutations either reduce 

the efficiency of the regular splice sites or they create new, better ones. Only one 

study, however, also describes in detail the creation of a novel alternative exon 

from an intron. Exon 2a of the dystrophin gene was shown to have acquired 

consensus splice sites during anthropoid evolution (Pramono et al., 2000). In this 

case it is unlikely that the non-expressed exon precursor is really a degenerated 
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sequence because two independent lineages (old and new world monkeys) carry 

the same nucleotide substitutions at three sites while another old world monkey 

lineage shows different nucleotides at these sites. If the common ancestor of old 

and new world monkeys possessed the functional exon, the identical nucleotide 

substitutions seen in the two lineages must have arosen independently. While this 

is conceivable for one site, it is rather unlikely for three. 

 

From my data together with this published example I therefore suggest that new 

alternative exons can be created from existing intron sequences by mutations 

resulting in functional splice sites. This mechanism would be independent from the 

origin of the introns. However, it may be helpful to take such a mechanism into 

account when reviewing evidence for the introns-late or introns-early theory. 

 

4.3.2. Loss of Alternatively Spliced Exons: Back to Introns 

Aside from their appearance during evolution I could also observe the demise of 

both NF1 exons 10a-2 and 23b. Exon 10a-2 expression was lost independently in 

several mammalian species. NF1 exon 23b is described in the literature to be 

expressed in rodents but not in human (Skuse and Cappione, 1997). As homologs 

were identified in the fish, both exons have been actively conserved for a long 

time. However, the functional constraints responsible for this conservation do not 

seem to apply anymore in some species. Interestingly, there is still a high degree 

of identity between the expressed and non-expressed exon sequences in both 

cases. This could mean on the one hand that the constraints must have relaxed 

only recently so that there was not enough time to accumulate more mutations. On 

the other hand, it is possible that the constraints are not completely abolished, 

meaning that the nucleotide sequence must have a function independent from the 

alternative exon. It remains to be elucidated which function of neurofibromin 

related to exon 10a-2 in birds, cat, horse and primates is lost in mouse, dog, cattle 

and sheep. Also, the function of the exon 23b containing isoform is not yet known. 

 

It is interesting to look into the kinds of mutations that lead to the functional loss of 

an exon. In the case of NF1 exon 10a-2 expression two mutations directly 

concerned splice site sequences, i.e. in mouse and dog. In sheep and cattle, a 
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large deletion was found. As the homology of the remaining intron sequences is 

very high, this deletion must have occurred before the divergence of sheep and 

cattle. In the case of NF1 exon 23b, however, the splice sites of the human 

homolog are identical to the mouse sequence but the human homolog is 1 bp 

shorter. Therefore it is most likely spliced into the transcript but results in a 

premature termination codon (PTC) earlier than in rodents. I suggest that this 

transcript is degraded by the nonsense-mediated decay pathway. It is, however, 

unclear why the rodent transcript, which also habors a PTC, is not degraded.  

 

Other examples for the loss of the expression of an exon but not its sequence 

altogether are found in the literature for alternative and also for constitutive exons. 

Also in these cases mutations concerning splice relevant sites seem to be the 

most frequent events. Skipping of the alternative exon 2 of the αA-crystallin gene 

is due to a mutation of the invariant GT at the 5’ splice site (van Dijk et al., 2001). 

The alternative exon Ve of the CDK2 gene is presumably not expressed in human 

because of a better branchpoint sequence upstream of the constitutive exon VI 

(Ellenrieder et al., 2001). A deletion is found in the exon 6’ of the human apoER2 

gene that leads to frameshift but also nucleotide alterations at the 5’ splice site are 

described (Kim et al., 1998). In the tropoelastin gene loss of the consensus 3’ 

splice site was found in exon 35 of the baboon (Szabó et al., 1999). I therefore 

suggest that the expression of exons is most frequently lost by mutations affecting 

the splice relevant sites. 

 

In those cases where mutations lead to a frame-shift and degradation while 

splicing remains intact the question is raised what effect such transcripts could 

have. A human NF1 transcript with exon 23b is presumably formed but then 

degraded. There is no positive feedback loop for the regulation of the NF1 mRNA 

amount, otherwise the disease NF1 would not exist. Therefore, alternative 

transcripts with exon 23b would lead to a reduction of the wildtype NF1 mRNA 

amount because the cell cannot take counter-measures. I do not know how much 

transcript with exon 23b is formed. It obviously is an amount that healthy persons 

can tolerate. However, it could be of importance in NF1 patients for the formation 

of tumors, as already set out for the aberrant splicing. 
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4.3.3. Conservation of Alternative Exons is not Common 

Although over 55% of the human genes undergo alternative splicing, only 11% of 

the detected alternative splicing patterns have been reported to be conserved 

between human and mouse (Kan et al., 2001). Therefore, most alternative splicing 

events seem to be species-specific. Of the five alternative NF1 exons three (60%) 

are conserved between human and mouse, one is even conserved between 

human and fish (20%). Comparison of the percentage of conserved NF1 exons 

with the percentage of exons generally conserved between human and mouse 

shows that an unusually high number of alternative NF1 exons is conserved. This 

means that the functions of the respective protein isoforms were already important 

in the common ancestors of human and mouse or human and fish, respectively. 

Because they are so old, these functions must be rather basic.  

 

4.4. Conservation of Intron Sequences 

As said before (4.2.), it is possible that not all relevant sequences of the NF1 gene 

have been identified yet. These may also be regulatory sequences located in 

introns.  

4.4.1. Conservation of Intron Sequences Flanking Exons: a Link to 

Alternative Splicing? 

Conservation of intron sequences between two species can either be the result of 

shared ancestry due to insufficient divergence time or the result of active 

conservation due to a functional constraint. Comparison of species whose 

divergence took place sufficiently long ago has been described as a powerful tool 

for identifying actively conserved elements (Frazer et al., 2001; Hardison et al., 

1997). From the point mutation rate since the human-rodent divergence (Collins 

and Jukes, 1994) one would expect unconstrained sequences to match only 

randomly between the two lineages. The estimates of the human-rodent 

divergence range from 80 to 115 million years ago (Collins and Jukes, 1994; 

Janke et al., 1997). Several species I investigated are more closely related to 

human, some more distantly. The divergence of the vertebrates was estimated at 

350-400 million years ago (Zapponi et al., 1992), the primate-ferungulate 

(including cat, dog, cattle, sheep and horse) divergence at 95 million years (Janke 
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et al., 1997). Therefore, I assume that a high homology corresponds to active 

conservation in all species I investigated on genomic DNA level. It was thought for 

a long time that there is no functional constraint on intron sequences. With the 

growing amount of genomic sequence information now available from different 

species it becomes more and more apparent that this is not true in general.  

 

I describe here an unusually high conservation of intron sequences surrounding 

most alternative exons investigated but not the constitutive exons. There have also 

been other reports of high intron conservation around alternative exons (Bucher et 

al., 1999; Decker and Craigen, 2000; Ellenrieder et al., 2001, Jaworski et al., 1997; 

Li et al., 1999). On the base of the combined data I suggest that there is a general 

link between high intron conservation and alternatively spliced exons. Since there 

are also examples of a high intron conservation in whole genes (Rieger and 

Franke, 1988; Tournier-Lasserve et al., 1989), more genes and their alternatively 

spliced exons will have to be investigated to test this hypothesis.  

 

4.4.2. Is There a Correlation Between the Extent of the Intron Homology and 

the Age of Alternative Exons? 

A possible correlation of the extent of the intron conservation with the age of the 

alternative exon is an interesting observation I made for four of five NF1 and the 

two WT1 alternative exons. The evolutionary oldest exons showed the broadest 

high homology of the intron sequences surrounding them. Although it cannot be 

discerned from two genes if this is a general mechanism, I speculate that older 

alternative exons may have accumulated more regulatory information. Further 

investigations will have to be carried out to see if this holds true also for other 

genes and their alternative exons. This will become easier as more genomic data, 

especially from different species, are added to the GenBank database. I 

investigated only the NF1, CFTR and WT1 genes because only they fit my criteria, 

i.e. complete genomic sequence information of human, mouse and Fugu plus 

conserved alternative exons.  
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4.4.3. Conservation of Intron Sequences: a Link to the Regulation of 

Alternative Splicing?  

The finding of highly conserved intron sequences around alternative exons raises 

the question what the reason for this conservation is.  

 

On the one hand a function of these intron sequences may be imagined which is 

completely unrelated to the expression of the respective alternative exon. It is 

conceivable that yet unknown genes are lying in the regions of high homology in 

sense orientation. In spite of a thorough investigation I could not find an indication 

for this. However, further investigations will be necessary to rule out this possibility 

completely.  

 

On the other hand, a regulatory function in the expression of the respective exon is 

conceivable. First, this could be achieved by intronic splice elements. I found 

several highly conserved small elements, some of which also possess sequences 

of known intronic splice enhancer/silencer elements. No general correlation 

between known splice elements and the conserved intron sequences was found. I 

therefore suggest that yet unknown elements may lie within the conserved 

regions, but experimental investigations, as mutation studies, will have to be 

carried out to confirm this.  

Second, regulation of splicing may be influenced by the secondary structure of the 

pre-mRNA. Such a regulation has been described for the enhancement of splicing 

of the rat calcitonin/CGRP exon 4 (Coleman and Roesser, 1998) or the inhibition 

of splicing of the muscle-specific exon 6B of the chicken beta-tropomyosin gene 

(Clouet d’Orval et al., 1991). Since the conserved sequences in question here are 

too long for the existing RNA folding algorithms to produce reliable structures, this 

possibility will have to be clarified experimentally.  

Third, the expression of genes transcribed in antisense orientation may regulate 

alternative splicing. Such antisense transcripts would be complementary to the 

NF1 pre-mRNA and could thus form double-stranded RNA molecules (dsRNA) 

unaccessible for the splicing machinery. Therefore, the more antisense transcript 

is produced, the less alternatively spliced NF1 transcript is formed. Antisense 

transcripts have been described to regulate the expression of the gene lying in 
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sense, for example the fibroblast growth factor-2 (FGF-2) gene (Li and Murphy, 

2000) and the HFE gene (Thenie et al., 2001). There have also been successful 

experiments to artificially induce exon skipping by an antisense oligonucleotide in 

the dystrophin gene as a gene therapy approach for Duchenne muscular 

dystrophy (Mann et al., 2001; van Deutekom et al., 2001). I tested the possibility of 

the formation of antisense transcripts experimentally and found indeed such 

transcripts originating from the sequences around NF1 exon 9br and WT1 exon 9. 

None could be detected yet from the sequences around the other exons 

investigated. The precise nature of these transcripts, their amount and their 

function on the regulation of splicing remains to be elucidated in detail in further 

experiments, for example northern blot hybridizations. 

 

In summary, I suggest that the conserved intron sequences around alternative 

exons have an important regulatory function for alternative splicing. While 

antisense transcripts were found for two exons and conserved elements for 

several others I suggest that the rest is regulated by one of the three mechanisms 

described above. The finding of highly conserved intron sequences around 

alternative exons also has a practical implication for mutation screening in disease 

causing genes. As mentioned before, the present screening methods do not find 

all mutations in NF1. A reason for this may be that some mutations lie in such 

conserved intronic regions. In addition, such regulatory sequences may also 

contribute to the variability of NF1 as there may be individual differences in the 

efficiency of the sequences, for example due to polymorphisms. 
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4.5. Conclusion 

My investigations showed that aberrant splicing has to be taken into account as a 

possible mechanism for the reduction of wildtype tumor suppressor mRNA without 

a mutation. Individual differences in aberrant splicing could thereby account for 

some of the variability of symptoms in NF1. Aberrant splicing may also play a role 

in negative effects during unphysiological conditions as fever or exposure to low 

temperatures. 

 

I also conclude from my investigation of a previously unknown alternative NF1 

exon that search for alternative exons and examination of their evolutionary 

conservation can lead to new insights about the functions of a protein.  

 

Finally, my work revealed that intron sequences surrounding alternative exons 

seem to be more highly conserved than those surrounding the average 

constitutive exon. They are presumably involved in the regulation of alternative 

splicing by different mechanisms. Therefore those sequences have to be taken 

into account when screening for mutations in disease-causing genes and may also 

have an implication in the NF1 variability. 
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5. Summary 

The hereditary tumor syndrome Neurofibromatosis type 1 (NF1) shows a high 

inter- and intrafamilial variability of symptoms that has been attributed to modifying 

genes. However, the tumor suppressor gene NF1 is not completely understood 

yet. Thus, there may be mechanisms independent of other genes influencing it. I 

investigated in detail one mechanism which may influence the dosage of NF1 

products, the aberrant splicing without NF1 mutation. My investigation revealed 

aberrant splicing for about 60% of the in-frame NF1 exons tested in almost all 

tissue samples and cell cultures examined. I found the same also for the 

neurofibromatosis type 2 (NF2) and the tuberous sclerosis 2 (TSC2) gene. Hence, 

it seems to be a common and physiological phenomenon. I suggest altered higher 

free energy secondary structures at the splice donor site of the respective pre-

mRNAs to be the cause of aberrant splicing. This mechanism may be involved in 

tumor formation, because it was found to be increased at high and low 

temperature and low pH of the medium and elevated in tumor tissues in vivo. It 

could represent an additional mechanism for the reduction of wildtype tumor 

suppressor mRNA without a mutation, especially in genes with a high number of 

exons as the NF1 gene. In this view, individual variation in the extent of aberrant 

splicing may contribute to the variability of NF1. In a general view, aberrant 

splicing may also limit the maximal number of exons in a gene.  

Variability of NF1 might also be due to a yet unknown variability of the NF1 mRNA. 

I found a previously unknown alternative exon of the NF1 gene, termed 10a-2. The 

respective splice product is expressed ubiquitously at a low level with a slight 

preference for tissues of the central nervous system. It codes for a transmembrane 

domain not found in the rest of neurofibromin leading to a localization to 

perinuclear structures. The relevance of this splice product might be clarified by its 

evolutionary history. A phylogenetic analysis of NF1 exon 10a-2 revealed that it is 

evolutionary old, having a homolog in the fish Fugu, and showed also its recent 

loss in some mammalian species. Such loss is primarily due to mutations at splice 

relevant sites, as my data suggest together with that from other groups. The Fugu 

homolog of NF1 exon 10a-2 and also that of rodent-specific exon 23b are larger 

than their human counterparts although Fugu is reported to have a very compact 

genome. This suggests that new exons are created from existing introns in 
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evolution.  

Also, important regulatory NF1 sequences may not have been elucidated yet. I 

found intronic regulatory sequences possibly relevant for alternative splicing by 

phylogenetic analysis of sequences flanking alternative exons. The intron 

sequences surrounding NF1 exon 10a-2 are highly conserved over several 

hundred base pairs among mammals. Extended intron homology, above the 

average of all constitutive exons, was also found around three other alternatively 

spliced NF1 exons. High homology due to shared ancestry can be ruled out as the 

time since the divergence of all species examined was sufficient to eliminate any 

homology from unconstrained regions. I therefore propose a link between high 

intron conservation and alternatively spliced exons. This was supported by 

investigation of two alternative exons each of the alternative cystic fibrosis 

transmembrane conductance regulator (CFTR) and the Wilms tumor 1 (WT1) 

gene. A possible correlation between the age of the alternative exon and the 

extent of intron homology around it was observed in the NF1 and the WT1 gene. I 

suggest that the highly conserved intron sequences are involved in the regulation 

of alternative splicing. Highly conserved but yet unknown elements were identified 

around some alternative exons. Antisense transcripts complementary to the 

alternative exons could be involved in the regulation of alternative splicing. I could 

detect antisense transcripts from the region surrounding NF1 exon 9br and WT1 

exon 9. The relevance of these intronic sequences for the variability of NF1, 

however, remains to be elucidated. 

 

I conclude that aberrant splicing has to be taken into account as a possible 

mechanism for the reduction of wildtype tumor suppressor mRNA without a 

obvious classical mutation. Individual differences in aberrant splicing could thereby 

account for some variation seen in the NF1 phenotype. Search for alternative 

exons and their evolutionary conservation can lead to new insights about protein 

functions. Intron sequences surrounding alternative exons seem to be more highly 

conserved than those surrounding the average constitutive exon and are 

presumably involved in the regulation of alternative splicing by different 

mechanisms.
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