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Abstract

Neurofibromatosis type 1 (NF1) is one of the most common inherited human disorders, with an estimated
incidence of 1 per 3500 births. In most cases, the disease is caused either by mutation in the NF1 gene, or by a
particular or complete deletion of the NF1 gene. The NF1 gene exhibits one of the highest mutation rates of any
human disorder. In this experimental study of the NF1 gene, we screened the mutational spectrum of 22 un-
related patients from the Czech Republic using the denaturing high-performance liquid chromatography
(DHPLC) and multiplex ligation-dependent probe amplification (MLPA) methods. We found NF1 mutations in
17 patients: 15 causal mutations were detected with the use of the DHPLC method (15/20, 75%). With the MPLA
method, we also confirmed and specified two large deletions that were previously genotyped by micro-
satellite markers. Twelve of the above-mentioned mutations were newly found: c.1_2delATinsCC, c.1185+1G>C,
c.1757_1760delCTAG, c.1642-7A>G, c.2329 T>G, c.2816delA, c.3738_3741delGTTT, c.4733 C>T, c.5220delT,
c.6473_6474insGAAG, ex14_49del, ex28_49del. We present this study as a first effectual step in the routine
diagnosis of the NF1 in patients from the Czech Republic.

DOI 10.1385/JMN/31:03:273

Index Entries: Neurofibromatosis type 1; NF1; DHPLC; MLPA; mutation detection.

Introduction

Neurofibromatosis type 1 (NF1; MIM# 162200) is
one of the most common autosomal dominant dis-
orders with an incidence of 1 per 3500 births. NF1 is
caused by defects in the NF1 gene on chromosome
17q11.2, which consists of 60 exons and encodes a
GTPase activating protein (GAP), neurofibromin.
Two functional regions of neurofibromin have been
identified, a central GAP related domain (GRD)
encoded by exons 20–27 (Ahmadian, 2003; Scheffzek K,
1998) and several cAMP-dependent protein-kinase
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recognition sites encoded by exons 11–17 (Mattocks,
2004). To date, more than 800 different NF1 mutations
have been identified and registered in the Human
Gene Mutation Database (HGMD). The NF1 gene
exhibits one of the highest mutation rates of any
human hereditary. Agenotype–phenotype correlation
analysis suggests that there is no clear relationship
between specific NF1 mutations and the clinical fea-
tures of the patients suffering from the disease. The
cardinal features of the disease are café-au-lait
(CAL) spots, neurofibromas, freckling of the axil-
lary or inguinal regions, Lisch nodules, optic nerve
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glioma, and bone dysplasias (NIH, 1998). The clinical
symptomatology includes many systems with symp-
tomatology dermatological, neurologocical, and
ophthalmological, also with typical osteological and
vascular changes (Gutmann, 1997).

In this paper, we describe our current experi-
mental study of the NF1 gene analysis performed
22 unrelated patients from the Czech Republic and
describe our results.

Patients and Methods
We investigated 22 unrelated patients from the

Czech Republic (15 females and 7 males) who had NF1
within this study. The NF1 diagnosis was confirmed
according to the National Institutes of Health (NIH)
criteria identified at the NIH Consensus Develop-
ment Conference in 1988 (NIH, 1998). All the patients
subscribed to the study and gave their informed
consent. The clinical data relating to the mutations
of carriers that was collected is summarized in
Table 1. Genomic DNAwas extracted using standard
procedures from peripheral blood leucocytes.

PCR
Genomic DNAwas amplified in 60 PCR fragments

(172–517 bp) corresponding to 60 exons of the NF1
gene. All primers and the PCR reaction conditions
were designed according to the process of (Han,
2001). The PCR cycling regime consisted of an ini-
tial denaturation step at 94°C for 60 s, followed by
33 cycles of denaturation at 94°C for 60 s, annealing
at a specific temperature for each fragment for 60 s,
extension at 72°C for 60 s, and a final extension step
at 72°C for 7 min. All thermal cycles were run on an
Applied Biosystems 2720 thermal cycler.

DHPLC
The denaturation and re-annealing step was

required after the standard PCR amplification for
heteroduplexes formation to occur and so obtain
improved DHPLC analysis. Samples were denatured
at 95°C for 5 min and then allowed to reanneal at
room temperature over 30 min (Kuklin, 1997).
DHPLC was performed on a WAVE DNA fragment
analysis system by using a DNASep column and
commercially available WAVE Optimized™ Buffers
and Syringe Solution were used (provided by
Transgenomic, UK). The PCR products were separated
through a 5% linear acetonitrile gradient (using buffers
A, B, C, D, at a flow rate 0.90 mL/min). Temperatures
for optimal heteroduplex separation and the melting

domains for DHPLC were designed according to
Han, 2001 and checked using the WAVEMAKER
Software version 4.1. Twenty NF1 patients were
screened in 60 exons and splice sites of the NF1 gene
by DHPLC analysis. Each of amplicons comprised
exon and marginal intronic splice sites. Abnormal
elution patterns were identified in many cases
(Tables 2 and 3) (Fig. 1).

Sequencing
All of the PCR fragments displaying abnormal

elution patterns were re-amplified, purified, and
directly sequenced in both directions using standard
procedures. The BigDye Terminator v3.1 Cycle
Sequencing Kit and the ABI 3100 Avant Genetic
Analyser were used (available from Applied Bio-
systems). Forward and reverse sequences were
compared with the reference sequence (Gene Bank
accession no. AY796305). All detected mutations
were verified by repeat a PCR re-amplification and
sequencing in both directions. Relatives of the
patients who met NIH criteria were investigated only
by sequencing of the mutant exons.

MLPA
The MLPA analysis detects whole-exon deletions

or duplications (Schouten, 2002). MLPAanalysis was
carried out using the standard SALSA MLPA KIT
P081/P082 for all applications and for the MLPA
protocol (MRC-Holland). The MLPA PCR products
were analyzed in the ABI PRISM Avant 3100 genetic
analyser and the data was analyzed using the Gene-
maper software. All 22 patients were screened by
this method. With this analysis of the patient’s data,
two families were genotyped by using microsatel-
lite markers located in intron 27 (IVS27AC28.4A,
IVS27AC28.4B, IVS27TG24.8A, IVS27TG24.8B)
(Lazaro, 1994) and in intron 38 (53.0A, 53.0B) (Lazaro,
1993). In these cases MLPA analysis was used for
results specification. The NF1 gene mutation analy-
sis of these two families was not comprised of
DHPLC analysis and sequencing methods.

Results
In this study, 22 unrelated NF1 families were

investigated for NF1 mutations by a combination of
methods including DHPLC, MLPA, and direct
sequencing.

Description of Mutations
In total, we identified, by applying the DHPLC

method, 15 causal mutations comprising 5 frameshift
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deletions, 1 insertion, 1 indel mutation, 3 splice site
mutations, 4 missense mutations, and 1 nonsense
mutation. We identified through the analysis that,
15 pathogenic mutations were found, 5 of which
were previously reported, and the remaining 10
mutations were found to represent novel pathogenic
mutations. It was also identified that two silent
mutations did not segregate with disease and that
one missense mutation with unknown impact
occurred (Tables 2 and 3). Any recurrent mutations
were found.

Using the MLPA method two large genomic
rearrangements were confirmed and found to be

novel (Table 2) (Figs. 2 and 3). All the detected poly-
morphisms were reported previously in the Gene
Bank.

Discussion
The mutation detection rate of 75% (15/20), which

was determined by using the DHPLC method in this
experimental study, is comparable with most previ-
ous studies (Fahsold, 2000; Han, 2001; Kluwe, 2003;
De Luca, 2004). This result might have been biased
by a number of factors including: the small group
size, the fact that only small, marginal intronic parts

Table 2
Summary of Mutations Detected in the NF1 Gene

No. Genomic Aminoacid
Fragment patient mutation mutation Type Method References

exon 1 5a,b,c c.1_2delATinsCC p.Met1? Insdels DHPLC This report
exon 4b 4a c.499_502delTGTT p.Cys167Gln fsX10 Deletion, frameshift DHPLC Lee, 2006
exon 4b 9a c.528 T>A p.Glu176Asp Missense, DHPLC This report

unknown
impact

exon 4c 8a c.647 T>C p.Leu216Pro Missense DHPLC Fahsold, 2002
intron 8 16 c.1185+1G>C Splice site DHPLC This report
intron 10c 1a,b c.1642-2A>G Splice site DHPLC Ars, 2003
intron 10c 17a,b c.1642-7A>G Splice site DHPLC This report
exon 12a 14 c.1757_1760delCTAG p.Thr586Ile fsX18 Deletion, frameshift DHPLC This report
exon 12a 13 c.1748 A>G p.Lys583Arg Missense DHPLC Fahsold, 2000
exon 15 7a c.2329 T>G p.Trp777Ser Missense DHPLC This report
exon 16 9a c.2816delA p.Asn936Ile fsX15 Deletion, frameshift DHPLC This report
exon 22 10a,b,c c.3738_3741delGTTT p.Phe1247Ile fsX18 Deletion, frameshift DHPLC This report
exon 27b 15 c.4733 C>T p.Ser1578Phe Missense DHPLC This report
exon 29 6a c.5220delT p.Val1740Ser fsX3 Delecion, frameshift DHPLC This report
exon 34 3a c.6473_6474ins GAAG p.Ser2159Lys fsX15 Insertion, frameshift DHPLC This report
exon 45 12a,b c.7846 C>T p.Arg2616X Nonsense DHPLC Upadhyaya,

1995
exon 14–49 2a,b ex14_49del skipping exons Deletion MLPA This report

14–49
exon 28–49 11a,b ex28_49del skipping exons Deletion MLPA This report

28–49

DHPLC, denaturing high-performance liquid chromatography; MLPA, multiplex ligation-dependent probe
amplification.

Table 3
Summary of Mutations Detected in the NF1 Gene—Not Segregated With Diseases

Fragment Pac. no. Genomic mutation Aminoacid mutation Type Method

exon 6 1a c.847 G>A p.Gln282Gln Silent DHPLC
exon 10b 14a c.1458 A>C p.Thr486Thr Silent DHPLC

DHPLC, denaturing high-performance liquid chromatography; MLPA, multiplex
ligation-dependent probe amplification.
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