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ABSTRACT

Neurofibromatosis Type I (NF1) is a multi systemic 
autosomal dominant neurocutaneous disorder predispos-
ing patients to have benign and/or malignant lesions pre-
dominantly of the skin, nervous system and bone. Loss of 
function mutations or deletions of the NF1 gene is respon-
sible for NF1 disease. Involvement of various pathogenic 
variants, the size of the gene and presence of pseudogenes 
makes it difficult to analyze. We aimed to report the results 
of 2 years of multiplex ligation-dependent probe amplifica-
tion (MLPA) and next generation sequencing (NGS) for 
genetic diagnosis of NF1 applied at our genetic diagnosis 
center. The MLPA, semiconductor sequencing and Sanger 
sequencing were performed in genomic DNA samples 
from 24 unrelated patients and their affected family mem-
bers referred to our center suspected of having NF1. In 
total, three novel and 12 known pathogenic variants and 
a whole gene deletion were determined. We suggest that 
next generation sequencing is a practical tool for genetic 
analysis of NF1. Deletion/duplication analysis with MLPA 
may also be helpful for patients clinically diagnosed to 
carry NF1 but do not have a detectable mutation in NGS.

Keywords: Genetic diagnosis; Neurofibromatosis 
type I (NF1); Next generation sequencing (NGS); mul-
tiplex ligation-dependent probe amplification (MLPA).

INTRODUCTION

Neurofibromatosis Type I (NF1; MIM #162200), 
first described by von Recklinghausen in 1882, is a multi 
systemic autosomal dominant neurocutaneous disorder 
predisposing patients to have benign and/or malignant 
lesions predominantly of the skin, nervous system and 
bone. It affects about 1/3000 of the population as being 
one of the most common autosomal dominant disorders 
[1-3]. Common clinical manifestations include hyperpig-
mentation lesions of the skin called café-au-lait macules 
or spots (CAM, CAS), dermal or plexiform neurofibromas, 
axillary and inguinal freckling, iris hamartomas in the eye 
called Lisch nodules, optic pathway gliomas, sphenoid or 
long bone dysplasia and pseudoarthrosis. Some clinical 
manifestations are age dependent [1,4-7]. Current clinical 
diagnosis of NF1 is based on the criteria approved by the 
National Institutes of Health (NIH), Bethesda, MD, USA, 
consensus in 1988 [8].

Loss of function mutations or deletions of the NF1 
(Neurofibromin 1; MIM #613113) gene located at 17q11.2 
encoding a ras-GTPase-activating protein called neuro- 
fibromin is responsible for NF1 disease [1]. More than 
2000 pathogenic variations listed in the Human Gene Mu-
tation Database (HGMD) including splice site changes, 
nonsense and missense mutations, deletions, insertions, 
frameshifts and complex rearrangements [9]. About half 
of the pathogenic variations found in patients are de novo 
occurrences. Involvement of various pathogenic variants 
without a clear hotspot, the large size of the gene and 
presence of pseudogenes makes it difficult to analyze. 
Genetic diagnosis generally requires a multi methodologi-
cal approach [1]. With the advances in next generation 
sequencing (NGS), it became easier to analyze the whole 
coding exons of large genes simultaneously in a short time. 
On the other hand, multiplex ligation-dependent probe 
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amplification (MLPA) is a practical way of defining gene 
deletions and duplications. These techniques together have 
a powerful tool for genetic diagnosis of NF1 [3,10,11].

Determining the pathogenic variant can assist in di-
agnosing the patients who have an uncertain diagnosis of 
NF1 [12,13]. Advances in preimplantation genetic diag-
nosis (PGD) and prenatal genetic testing might be helpful 
for the individuals who have a pathogenic variant caus-
ing NF1 [14]. In this study, we aimed to present the NF1 
gene alterations determined in genomic DNA samples of 
Turkish NF1 patients using both NGS and MLPA between 
March 2014 and March 2016.

MATERIALS AND METHODS

Patients. Genetic screening results for the NF1 gene 
of 24 patients including 14 males (mean age 9.64 ± 10.24) 
and 10 females (mean age 16.30 ± 15.61) living in the 
Trakya region of Turkey, who were referred to our depart-
ment because they were suspected of having NF1 were 
included in this study.

Whole Blood Collection and DNA Isolation. Pe-
ripheral blood samples were obtained from patients after 
they signed an informed consent forms for genetic investi-
gation. DNA was isolated from blood samples collected in 
EDTA vacutainers, by BioRobot EZ1 system from Qiagen 
GmbH (Hilden, Germany) following the manufacturer’s 
instructions. DNA quality (OD260/OD280 1.8-2.0) and 
concentration analysis were determined both with Nano 
Drop (Thermo Scientific NanoDrop Products, Wilmington, 
DE, USA) and Qubit 2.0 fluorometer (Invitrogen, Life 
Technologies, Eugene, OR, USA) prior to downstream 
applications.

Multiplex Ligation-Dependent Probe Amplifica-
tion. The MLPA analysis was performed according to the 
manufacturer’s instructions (MRC-Holland, Amsterdam, 
The Netherlands), using P081.B2 and P082, B2 probe 
mixes. The MLPA products were identified and quantified 
by capillary electrophoresis using ABI PRISM® 3130xl 
(Applied Biosystems®, Invitrogen Life Technologies, 
Carlsbad, CA, USA). Gene Mapper(Applied Biosystems, 
Foster City, CA, USA) and Coffalyser software (MRC-
Holland) were used for the MLPA analysis.

Next Generation Sequencing. Amino acid coding 
regions of the NF1 gene (NM_000267) were amplified 
using primers designed with the Ion AmpliSeq Designer 
(Life Technologies). Libraries were amplified with the mix 
including 4 µL of 5X Ion AmpliSeqTM HiFi mix, 10 µL 
of 2X Ion AmpliSeq TM primer pool, 10 ng of gDNA per 
reaction and 4 µL of nuclease-free water. Thermal cycling 

conditions were 99 °C for 2 min., 99 °C for 15 seconds, 60 
°C for 4 min. (19 cycles), with a final hold at 10 °C. Fol-
lowing partial digestion of primer sequences, adapters, and 
barcodes (Ion Xpress, Thermo Fisher Scientific, Waltham, 
MA, USA) Life Technologies) ligated to the amplicons as 
described in Ion AmpliSeqTM library preparation manual. 
Barcoded libraries were equalized using Ion Library Equal-
izer Kit (Thermo Fisher Scientific). Enriched, template-
positive ion sphere particles (ISPs) were prepared on an 
Ion One Touch TM 2 System and the Ion One Touch TM 
ES Instrument (Thermo Fisher Scientific) using the 200 
bp chemistry following the manufacturer’s manual. Se-
quencing of enriched particles was performed on the PGM 
(Thermo Fisher Scientific) with 314 chips according to the 
user guide for the on Ion PGM sequencing 200 kit version 
2 (Thermo Fisher Scientific). Raw data were processed 
and aligned to hg19 human reference genome (Genome 
Reference Consortium GRCh37) using the Torrent Suite 
Software version 5 (Thermo Fisher Scientific).

A coverage analysis plugin was used for each sample 
to define total reads at the target bases. A minimum 100X 
coverage for all bases in the targeted region was accepted 
for a reliable variant calling. Ion Reporter version 4.0 soft-
ware was used to annotating variants. Integrated Genomics 
Viewer (IGV) (http://software.broadinstitute.org/software/ 
igv/) [15] was used to visual assessment of aligned am-
plicons. The Human Genome Variation Society (HGVS) 
(http://www.hgvs.org/mutnomen) recommendations were 
followed for naming novel variants and checked on the 
Mutalyzer tool (https://mutalyzer.nl/about) [16].

Sanger Sequencing. Sanger sequencing with in-
house designed primer sets was used for segregation analy-
sis and confirmation of the novel pathogenic variants found 
in NGS. Polymerase chain reaction (PCR) was performed 
with intronic primers for indicated exons of the NF1 gene. 
Sequencing reaction was performed with BigDye Termi-
nator 3.1 Kit (PE AppliedBiosystems, Foster City, CA, 
USA). Dideoxy-terminated products were analyzed on 
the ABI-PRISM® 3130 Genetic Analyzer (PE Applied 
Bio-systems), according to the manufacturer’s instructions.

Classification of Novel Variants. The Human Gene 
Mutation Database (HGMD) [9], LOVD (Leiden Open 
Variation Database) [12] and ClinVar databases were used 
to search the known disease causing NF1 variants. Muta-
tion Taster and Exac Database (http://exac.broadinstitute. 
org) were considered for all novel variants. The final de-
cision about the classification of variants was given ac-
cording to American College of Medical Genetics and 
Genomics and the Association for Molecular Pathology 
(ACMG) 2015 Guidelines [17].
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RESULTS

Pathogenic Variant Distribution. In total, a large 
gene deletion (patient #17) and 15 different pathogenic 
variants were determined. Truncating pathogenic variants 
either due to small deletions (3/18) or point mutations (4/18) 
had the highest frequency followed by splice site mutations 
(6/18). Missense mutations (2/18), in-frame deletion (1/18) 
and a large gene deletion (1/18) were also defined in the 
studied population with relatively rare frequencies (Table 1).

Three of the pathogenic variants were novel (patients 
#6, #8, #12). One of the novel pathogenic variations, 
c.3230_3230delT, predicted to cause p.(Ser1078Hisfs*3), 
was colocated with a previous pathogenic variation re-
ported in LOVD (patient data #0060922). This previous 
pathogenic variation was a duplication of Timin, whereas 
in our patient it was a deletion of the first Timin base of 
codon 1078 (NM_000267). The second novel pathogenic 
variant, c.4802delT, p.(Leu1601Cysfs*2) in the clinically 
affected father of the index patient. Absence of this variant 

in the unaffected family members and in the Exac database 
supported the pathogenic features of this frameshift variant. 
A broken tibia because of a severe pseudoarthrosis (Figure 
1) was determined in this patient who had inherited this 
novel pathogenic variation from his father who had cafe-
au-lait spots and neurofibromas all over his body but he 
had no tibial pseudoarthrosis in his medical history. An-
other novel variation was c.5630 T>A, predicted to cause 
a truncated protein [p.(Leu 1877*)]. This novel pathogenic 
variation was inherited from the father who have cafe-au-
lait macules.

Distribution of pathogenic variants across the do-
mains is shown in Figure 2. Forty percent of pathogenic 
variants were in the C-terminal region (Figure 2), whereas 
none of the pathogenic variants found were localized inside 
the coding region of tubulin binding domain.

We did not define any pathogenic variation or deletion 
in seven out of 24 index patients who were referred to our 
center suspected of having NF1. Five out of seven of these 
mutation-negative patients did not meet the NIH diagnostic 

Table1. Mutations found in the patients and their clinical features.

# Sex-Age NIH
Criteria Additional Findings Pathogenic Variant (NM_000267) Genetic

Analysis Ref.

#1 M-3 a; f none c.311T>G; p.(Leu104Ter) NA [18]
#2 F-13 a learning disability c.731-1G>C NA [19]
#3 M-7 a; b; e; g none c.1541_1542delAG; p.(Gln514Argfs) NA [20]
#4 M-1 a none c.2693C>T; p.Leu898Pro NA [21]
#5 M-7 a; b; g none c.3113+1G>C NA [12]

#6 F-8 a; c; g T2 flair hyperintense signals 
in left globus palliadus level c.3230_3230delT; p.(Ser1078Hisfs*3) NA This

report
#7 F-52 a; b; d none c.3709-2A>G NA [22]

#8 F-7 mths a; b; f; g none c.4082delT; p.Leu1601Cysfs*2) paternally
inherited [12]

#9 M-41 a; b none c.4867G>C; p.(Asp1623His) NA [12]

#10 M-7 a; d

surgery due to severe  
bowel obstruction; T2 flair  
hyper-intense signals in both 
cerebellar hemispheres

c.5389C>T; p.(Arg1947Ter) NA [23]

#11 F-17 a; e coroidal coloboma  
on the left eye c.5546+5G>A NA [18]

#12 F-2 a convulsion c.5630T>A; p.(Leu1877*) paternally
inherited

This
report

#13 M-4 a epileptic seizures;  
low grade tumor c.6709C>T; p.(Arg2237Ter) NA [24]

#14 M-2 a; b none c.6756+1G>T de novo [25]
#15 F-33 a; b; e; g none c.7096_7101del; p.(Asn2366_Phe2367del) de novo [26]

#16 F-13 a; b; e none c.7395-2A>G maternally
inherited [27]

#17 M-7 a; d none Entire gene deletion de novo [28]
NA: not available.
National Institutes of Health criteria: a) Six or more café-au-lait spots over 5mm in greatest diameter in prepubertal individuals and over 15mm 
in postpubertal individuals. b) Two or more neurofibromas of any type or one or more plexiform neurofibromas. c) Freckling in the axillary or 
inguinal regions. d) Optic glioma. e) Two or more Lisch nodules. f) A distinctive osseous lesions such as sphenoid dysplasia or thinning of long 
bone cortex with or without pseudarthrosis. g) A first-degree relative with NF-1.
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criteria (Table 2), whereas in the mutation-positive patient 
group, 13 out of 17 patients met these criteria.

We performed physical examinations on the parents 
of 10 out of 24 patients (patients #1, #5, #6, #8, #10, #15, 
#16, #17, #20, #22). Five out of 10 of these index cases 
had at least one clinically affected parent (patients #1, #5, 
#6, #8, #16), whereas the parents of the remaining five 
cases were found to be normal after a detailed clinical 
examination (#15, #16, #17, #20, #22).

Familial genetic analysis was available for six out 
of 17 pathogenic variation-positive patients. Three out of 

six (50.0%) of these pathogenic variations (c.6756+1G>T, 
c.7096_7101del and the entire gene deletion) were de 
novo compatible with parents who did not have clinical 
findings of NF1. Patient #15, who has a c.7096_7101del 
[p.(Asn2366_ Phe2367del)] pathogenic variation, was 
shown to carry this variation de novo but she has trans-
mitted this pathogenic variation to her son who has clinical 
findings of NF1 (Table 3). The c.6756+1G>T variation has 
been found in a patient with a plexiform neurofibroma and 
cafe-au-lait spots. Parents have been found to be apparently 
normal after detailed physical examination compatible 

Figure 1. Broken right tibia of patient #8.

Table 3. Findings of familial patients.

# Sex-Age NIH Criteria Additional Findings Pathogenic Variant (NM_000267)
#6
mother of #6

F-8
F-38

a; c; g
a; c; g

none
none c.3230_3230delIT; p.(Ser1078Hisfs*3)

#8
father of #8

F-7 mths
M-33

a; b; f; g
a; b; g

none
none c.4802delT; p.(Leu1601Cysfs*2)

#12
father of #12

F-2
M-35

a
a

afebrile convulsion
none c.5630T>A; p.(Leu1877*)

#15
son of #15

F-33
M-7

a; b; d; g
a; g

ptosis in his left eye
none c.7096_7101del; p.(Asn2366_Phe2367del)

#16
mother of #16

F-13
F-40

a; b; d; g
a; b; c; d; g

none
glial tumor and medial malleolar breakage c.7395-2A>G

National Institutes of Health criteria: a) Six or more café-au-lait spots over 5mm in greatest diameter in prepubertal individuals and over 15mm  
in postpubertal individuals. b) Two or more neurofibromas of any type or one or more plexiform neurofibromas. c) Freckling in the axillary  
or inguinal regions. d) Optic glioma. e) Two or more Lisch nodules. f) A distinctive osseous lesions such as sphenoid dysplasia or thinning  
of long bone cortex with or without pseudarthrosis. g) A first-degree relative with NF-1.

Table 2. Clinical and demographic informations of the index 
patients that we did not define a pathogenic variant.

# Sex-
Age

NIH
Criteria Additional Findings

#18 F-19 a afebrile convulsion; glial tumor
#19 M-17 a; b none
#20 M-6 a; b none
#21 F-4 a none
#22 M-2 a none

#23 M-16 a T2 flair hyperintensive signals  
in the brain

#24 M-15 c dysmorphic appearance of the face

National Institutes of Health criteria: a) Six or more café-au-lait spots over 
5mm in greatest diameter in prepubertal individuals and over 15mm in 
postpubertal individuals. b) Two or more neurofibromas of any type or one 
or more plexiform neurofibromas. c) Freckling in the axillary or inguinal 
regions. d) Optic glioma. e) Two or more Lisch nodules. f) A distinctive 
osseous lesions such as sphenoid dysplasia or thinning of long bone cortex 
with or without pseudarthrosis. g) A first-degree relative with NF-1.

Figure 2. Distribution of mutations (black points) of patients (#) through the domains of neurofibromin. CSRD: cysteine-serine rich 
domain; TBD: tubulin binding domain; GRD: GAP-related domain; CTD: C-terminal domain; SBD: syndecan binding domain (domain 
structure is adapted from Ratner and Miller [7]).
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with de novo mutation result in the patient. The entire gene 
deletion was determined in patient #17 and was shown to 
be a de novo pathogenic variation by segregation analysis 
in the parents by MLPA (Table 3).

DISCUSSION

A lot of different pathogenic variations have been 
reported in the NF1 gene [18-28] but this is the first re-
port to include results of NGS and MLPA methods for 
diagnosis of NF1 in Turkish patients. We defined NF1 
gene pathogenic variants in 13 out of 17 (76.0%) patients, 
who met the NIH diagnostic criteria. In a study performed 
in the Japanese population including 86 NF1 patients 
[11], the mutation detection rate of the NGS method has 
been reported to be 92.1%. In another study performed 
on 279 NF1 patients, researchers suggested the mutation 
detection rate of NGS was 88.0% (3). The different mu-
tation frequencies in the studies may be because of the 
differences between the library preparation method and 
specifications of the studied patient group. In our study, 
eight out of 24 patients (33.33%) had isolated cafe-au-
lait spots, which may also be a manifestation of other ras 
pathway disorders.

We did not define a pathogenic variation in four out of 
17 patients who met the NIH diagnostic criteria. We used 
an amplicon-based capture for resequencing the coding 
regions and exon/intron boundaries (splice sites) of the 
NF1 gene. Deep intronic pathogenic variations were also 
reported in the patients with NF1 patients [18]. We pro-
pose that it is possible to miss some pathogenic variations 
located in deep intronic regions with capturing exonic and 
known splice sites instead of the whole gene.

We report here two different truncating mutations in 
two unrelated patients with pseudoarthrosis. Being a rela-
tively rare manifestation of NF1 disease, breakage because 
of sphenoid dysplasia is one of the most serious clinical 
finding restricting the life quality of children with NF1.

Pathogenic variants found in this study were dif-
ferent for each family although there are a number of 
studies reporting some recurrent mutation hotspots 
for the NF1 gene [29,30]. Terzi et al. [31] suggested 
screening the entire coding exons of the NF1 gene for 
genetic analysis as a result of their study reporting a 
novel and two known NF1 gene mutations in a cohort 
of 100 Turkish NF1 patients using a targeted resequenc-
ing method for screening recurrent mutation hotspots. 
They concluded that each population may have different 
mutation distribution patterns in the NF1 gene. Despite 
the differences of the sample sizes between these two 

studies in the Turkish population, both support the need 
for a comprehensive approach for the genetic analysis of 
NF1 patients. Some of the pathogenic variations defined 
in this study were in the C-terminal region, which has 
recently been reported to have an important role in the 
cellular process [32].

There was no obvious genotype-phenotype correla-
tion in this study but small number of studied patients 
might be one of the reasons. Another additional factor 
is the age dependence of some manifestations of the dis-
ease so it is difficult to compare family members unless 
they are at the same age. Highly variable expressivity 
has been reported in a lot of studies for NF1. Genotype-
phenotype correlation has been reported for a few of 
the mutations. A well-known example is the absence of 
cutaneous neurofibromas in the patients with a 3 bp in-
frame deletion in the NF1 gene (c.2970-2972delAAT) 
[33], and a more severe phenotype including intellectual 
disability in the patients who have a NF1 microdeletion 
syndrome [34].

The majority of the pathogenic variations of NF1 
reported in the literature are caused by a premature stop 
codon generation (9). Three novel pathogenic variants 
(3/17) defined in this study were predicted to cause prema-
ture stop codon generation either due to frameshift dele-
tions [c.3230_3230delT, p.(Ser1078Hisfs*3); c.4802delT, 
p.(Leu1601Cysfs*2)] or single nucletoide [c.5630T>A, 
p.(Leu1877*)] variations.

The NF1 mutations cause a predisposition to cancer 
as do other ras pathway disorders [35]. Considering the 
age-dependent nature of some manifestations, it would 
be useful to define pathogenic variations in families with 
NF1 for a closer follow-up. We performed segregation 
analysis by Sanger sequencing in this study but, although it 
is impossible to define germline mosaicism by performing 
NGS in the blood samples of parents, NGS would reveal 
the somatic mosaic pathogenic variations in apparently 
normal patients.

In conclusion, we suggest that NGS and MLPA meth-
ods are practical and helpful tools for genetic diagnosis of 
NF1. The definition of three novel and 13 known patho-
genic variants and a large gene deletion, using a com-
bined approach including NGS and MLPA, supports the 
effectiveness of new technologies for rapid and accurate 
genetic diagnosis of NF1 in our population.

Declaration of Interest. The authors report no con-
flicts of interest. The authors alone are responsible for the 
content and writing of this article.
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