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Clinical Characteristics and Mutation Spectrum of Neurofibromatosis
Type 1 in 27 Turkish Families
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Division of Medical Genetics, Department of Internal Medicine, Istanbul School of Medicine, istanbul University, Istanbul, Turkey

Background: Neurofibromatosis type 1 (NF1) is a neurocutaneous dis-
order that results in a predisposition to the growth of multiple tumors
in the central nervous system, the peripheral nervous system, and the
skin. The clinical manifestations of neurofibromatosis are associated
with loss of neurofibromin expression which causes the upregulation
of the RAS pathway. Although neurofibromatosis type 1 can be diag-
nosed based on the National Institutes of Health criteria, sometimes
the diagnosis is difficult, in cases where the characteristic features do
not develop. Moreover, other RAS-related disorders may present with
significantly overlapping clinical features.

Aims: To determine the clinical and molecular genetic characteristics
of Turkish patients with neurofibromatosis type 1.

Study design: Cross-sectional study.

Methods: For the genetic analysis of 27 Turkish families clinically diag-
nosed with NF1 between 1990 and 2019, we used a multi-step process
consisting of next-generation sequencing, multiplex ligation-dependent
probe amplification, and array-comparative genomic hybridization.

Results: In this study, we identified 11 novel and 11 previously reported
single-nucleotide variants in 22 families. Whole gene deletions were
detected by multiplex ligation-dependent probe amplification analysis
in 3 families. Of those, array comparative genomic hybridization analy-
sis defined a 17q11.2 deletion in 4 patients from 2 families and 1.2-Mb
involving 1 unrelated patient. All patients with a deletion had facial
dysmorphism, suggesting a peculiar phenotype in this group. We could
not find any pathogenic variant in the 2 families that met the National
Institutes of Health criteria.

Conclusion: The novel pathogenic variants identified in this study
broaden the spectrum of pathogenic variants in NF1 and provide bet-
ter clinical characterization of NF1. RNA-seq experiments are rec-
ommended in patients who meet the National Institutes of Health
diagnostic criteria for NF but have not identified any variants in next-
generation sequencing, multiplex ligation-dependent probe amplifica-
tion, or array-comparative genomic hybridization analysis.

INTRODUCTION

Neurofibromatosis type 1 (NF1) is a neurocutaneous disorder
that results in a predisposition to the growth of multiple tumors
in the CNS, including the brain, spinal cord, the peripheral ner-
vous system, and the skin.'? It is related to heterozygous germline
pathogenic variants in the NF'/ gene which causes activation of the
RAS/MAPK pathway (mitogen-activated protein kinases), pre-
disposing patients to developing multiple tumor types and other
organ system anomalies.’ The pathogenic variant can affect cogni-
tion and behavior, causing anxiety and attention deficit disorders
as well as learning disabilities. It can lead to café-au-lait spots,
which are brown birthmarks on the skin. Axillary and inguinal
freckling is a very characteristic pattern and involves the armpits

and groins. Lisch nodules are small benign hamartomas of the iris.
Scoliosis, sphenoid wing dysplasia, and tibial bowing are the most
common skeletal manifestations of this disorder.* Other manifes-
tations, such as vascular abnormalities, vitamin D deficiency, and
growth delay are less common.’ The prevalence of the disease is
estimated to be about 1 in 3000.% It is one of the most common
genetic disorders and there is no predilection for any specific geo-
graphic location or ethnic or cultural group. Although NF1 is usu-
ally diagnosed based on diagnostic criteria, clinical diagnosis may
be challenging in individuals with atypical findings or in children
at an early age, in whom the characteristic features have not devel-
oped fully yet.® In addition, members of RAS-related disorders
may present with overlapping clinical findings, which can make
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diagnosis difficult, especially in the prenatal period.”® Therefore,
due to the complexity of clinical diagnosis, understanding the
mechanism of molecular pathogenesis in NF1 would be useful to
characterize this disorder. The pathogenic variants identified in
NFI mostly lead to decreased protein levels or a truncated pro-
tein.! Other pathogenic variants include single or multiple exon
deletions/duplications and larger microdeletions involving NF!
and neighboring genes, which affect 4% of the patients.> There-
fore, we suggest that a multi-stage variant detection procedure that
involves target sequencing of NF/ with next-generation sequenc-
ing (NGS), multiplex ligation-dependent probe amplification
(MLPA) analysis, and array comparative genomic hybridization
(a-CGH) is essential for the identification of NF] variants and the
classification of patients. Such a strategy will provide not only fol-
low-up opportunities and early detection of benign and malignant
tumors but also appropriate genetic counseling, including prenatal
or pre-implantation genetic diagnosis.

MATERIAL AND METHODS

Patients
This study included 27 unrelated Turkish families that had at least
1 patient clinically diagnosed with or suspected to have NF1 based
on the NIH criteria, between June 1990 and 2019 at the Istanbul
University, Istanbul Faculty of Medicine (NIH, 1988). The study
was approved by the Istanbul Medical Faculty Ethics Commit-
tee (June 30 2017, 825 issues) and informed written consent was
obtained from each patient. After the patients’approval, a physical
examination was performed. For each family, a pedigree involv-
ing at least 3 generations was drawn and all the available medical
records (radiographic images, photographs, laboratory test results,
etc.) from each family were obtained.

Methods
Sample Preparations
A targeted-panel gene test was designed for the coding exons
of the NFI gene (NM_001042492.3) in 70 amplicons with 100
coverage. DNA isolations were performed by using the com-
mercially available DNA Isolation Kit for Mammalian Blood
(Rochel1667327001/Magnapure Large Volume kit).

Next-Generation Sequencing
The DNA Library was prepared using the Ion Ampliseq Library
Kit 2.0 (Thermo Fisher Scientific) according to the manufacturer’s
instructions. After primer sequences were partially digested, adapt-
ers and barcodes (Ion ExpressTM Barcode) (Thermo Fisher Sci-
entific) were ligated to the amplicon using the lon Xpress Barcode
Adapters Kit (Life Technologies) procedure. Following equal-
ization of barcoded libraries using the Ion Library Equalizer Kit
(Thermo Fisher Scientific), the emulsion-based PCR process was
applied with the PGM Template Hi-Q™ View kit on the Ion One-
Touch 2 Instrument (Thermo Fisher Scientific). The enrichment of
template-positive Ion Sphere™Particles was performed with Ion
PGM™ template preparation kits using the Ion OneTouch™ ES
Instrument (Thermo Fisher Scientific). Sequencing of enriched
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particles was performed by Ion PGM Hi-Q View Sequencing
Kit, according to the manufacturer’s instructions (Thermo Fisher
Scientific).

Data Analysis

For reference genome alignment, base calling, and filtering of
weak signal reads, we used the IT platform-specific pipeline soft-
ware Torrent Suite (v 4.2) with the plug-in ‘variant caller’ pro-
gram (Life Technologies). Raw data were processed and aligned to
the hg19 human reference genome (GRCh37) using Torrent Suite
Software (v5) (Thermo Fisher Scientific) for a reliable variant call-
ing. For annotation of the variants, Ion Reporter (v 4.0) software
was used. Integrated Genomics Viewer (IGV) (http://software
.broadinstitute.org/software/igv/) was used to see the coverage and
quality of the variants. A cut-off of 100X coverage was applied
to all analyses. In silico analysis programs (MutationTaster, Poly-
Phen and SIFT) as well as Combined Annotation-Dependent
Depletion (CADD) (https://cadd.gs.washington.edu) were used for
the prediction of the disease-causing status of novel variants.*!*!!
Variant frequency observed from the Genome Aggregation Data-
base (gnomAD) (https://gnomad.broadinstitute.org/about).”> The
phenotypic impact was searched from ClinVar'® and a literature
search. The guidelines of the American College of Medical Genet-
ics and Genomics (ACMG) were used for variant classification.'*

Sanger Sequencing

The confirmation and segregation analysis of the candidate patho-
genic variants found with NGS were carried out with PCR followed
by Sanger sequencing. Polymerase chain reaction (PCR) (Thermo
Scientific) was performed only for exons with pathogenic vari-
ants for the NFI gene. PCR products were sequenced utilizing the
BigDye Terminator 3.1 Kit (Applied Biosystems, Foster City, CA,
USA) according to the manufacturer’s protocol. Sequence analy-
ses were performed using ABI3500 Sequencing System (Applied
Biosystems).

Multiplex Ligation-dependent Probe Amplification
NF1-MLPA reaction kits (SALSA P081/P082) (MRC-Holland,
Amsterdam, The Netherlands) targeting whole exons in NF'/ were
used according to the manufacturer's protocol. Fragment analyses
were conducted utilizing the Genetic Analyzer 3730 capillary elec-
trophoresis system (Applied Biosystems, CA, USA). Data analysis
was performed using Coffalyser.Net software)."

Array Comparative Genomic Hybridization
The a-CGH analysis was performed by using Agilent SurePrint G3
CGH+SNP Microarray Kit (4x180K) (Agilent Technologies, Inc.,
Santa Clara, CA, USA). Data analysis was performed using Agilent
Genomics Workbench (v5.0.2.5). Genomic linear positions were
given relative to hg19. The deleted genomic regions of the patients
were evaluated using some specific databases such as Online Men-
delian Inheritance in Man (https://www.omim.org), The Database
of Genomic Variants (DGV, http://dgv.tcag.ca/dgv/app/home), The
DatabasE of genomiC varlations and Phenotype in Humans using
Ensembl Resources (DECIPHER, https://decipher.sanger.ac.uk),
and DISEASES (https://diseases.jensenlab.org/Search).
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RESULTS

Clinical Findings

Overall, 44 individuals from 27 families who had a clinical diagno-
sis or were suspected of NF1 based on NIH criteria were included
in our study group (Table 1). Cafe-au-lait spots were the most com-
mon skin finding, which was present in 38 patients. Lisch nodules
were diagnosed in 8 patients. Thirty-one patients had axillary and
inguinal freckling. Optic pathway gliomas (astrocytomas of the
optic pathway) were present in 3 patients. Neurofibromas of a vari-
ety of different types, either cutaneous neurofibromas, plexiform
neurofibromas or malignant peripheral nerve sheath tumors were
detected in 39, 9, and 1 patient(s) respectively. Distinctive bone
abnormalities such as scoliosis and local bony overgrowths were
identified in 6 and 1 patient(s), respectively.

A 20-year-old female (A1-III-3) had a history of multiple exosto-
ses for which she had been operated on previously (Figure 1A),
Although there were 5 NF1 patients in this family, this finding was
detected only in this patient. She was tested for exotosin-1 gene
(EXTI) variants, based on a clinical diagnosis of multiple exos-
toses. We found a frameshift pathogenic variant [8q24.11,
NM_000127,C.130_131insGA (p.N44Rf5'93)] in EXT by Sanger
analysis (Figure 1B), which had not been reported before. The par-
ents tested negative for this variant.

In our cohort, a female patient (A2-1II-1) was diagnosed with
breast cancer at the age of 35 years. The risk of breast cancer in
NF1 is especially increased in patients younger than 50 years of
age compared to the general population.'®!”13

The pathogenic variants of NFI usually cause a similar clinical
finding with other syndromes.” Likewise in this study, a case (A16-
11-4) with multiple café-au-lait spots, pulmonary stenosis, and
intellectual difficulty was diagnosed with Watson syndrome.

NGS Analysis

In the present study, we have identified NF/ pathogenic vari-
ants in 22 out of 27 families with targeted NGS analysis of NF1
(Table 1). There were 10 frameshifts, 5 nonsense, 4 splicing region
and 3 missense pathogenic variants (Figure 2A). The frequency
of truncated pathogenic variants was remarkably higher than that
of other pathogenic variants (19/22; 86%). In this patient group,
9 pathogenic variants were familial (Figure 2B).

On comparing with the ClinVar, CLINVITAE, and Human Gene
Mutation Database, we identified 11 pathogenic variants that were
not previously reported in the literature. The novel pathogenic
variants found in this study were checked both in the affected and
healthy family members and 100 normal controls. None of the con-
trols or the healthy family members were found to carry the patho-
genic variant, confirming its pathogenicity.

Copy Number Variations (CNV) Analyses
In 7 individuals from 3 unrelated families (A3, All, A12, A19,
A26) where NGS did not yield any pathogenic variants, NFI rear-
rangements were analyzed with the MLPA approach. This approach
detected heterozygous whole gene deletion in 5 patients (Table 2).
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Of those, 3 [(A11-11I-4), (A11-IV-3), (A11-V-1)] belonged to the
same family (Figure 3), whereas in the 2 others (A3 and A19 ),
the deletion had occurred de novo (Table 2). The a-CGH analysis
defined a 17q11.2 deletion of about 1.4 Mb in 4 of them; and a
1.2 Mb deletion in 1 patient (family A3). To evaluate the clini-
cal significance of the deleted region, we searched OMIM, DGV,
DISEASE, and DECIPHER databases. The genes CRLF3, ATADS,
TEFM, ADAP2, RNF135, OMG, EVI2B, EVI2A, RABIIFIP4
SUZI2, LRRC37B, and NF1 were found to be located in these
regions.

With the molecular approach used in our study, we did not detect
any pathogenic variants in 2 patients who met the NIH criteria for
a diagnosis of NF1 (A12-11I-1 and A26-111-1).

DISCUSSION

NF1 is one of the most common genetic disorders with a broad
spectrum of phenotypic manifestations that may progress through-
out the life span of the patients.® Although NF1 can be diagnosed
readily based on criteria defined by NIH, diagnosis can some-
times be difficult, especially when a phenotype does not meet the
diagnostic criteria of NIH. Therefore, the genetic analysis should
be included in the diagnostic algorithm of this disorder. Loss of
function of NF1 is responsible for the etiopathogenesis of clinical
manifestations associated with this disorder.® Most of the patho-
genic variants detected in NF'/ are single-base substitutions, inser-
tions, or deletions.'*?**' Other variants arise from multiple exon
deletions or amplifications as well as microdeletions including
NF'I and neighboring genes.?** Due to the numerous types of vari-
ants, it may not be possible to confirm the diagnosis with a single
method.**2* Therefore, a multi-step process is required for a com-
prehensive analysis of the gene. In this scope, we utilized a multi-
step process consisting of NGS, MLPA, and a-CGH. In the first
step, NGS yielded 22 pathogenic variants which were detected in
81% (22/27) of our patients. Additionally, in the (A1-1II-3) patients
from this study, a novel pathogenic variant in the EX7T/ gene was
found by NGS analysis. The EXT1 gene is associated with heredi-
tary multiple exostoses (HME) disease. HME is a rare autosomal
dominant disorder. The incidence is estimated to be about 1 in 50
000. The disease is characterized by multiple exostoses, skeletal
deformities, and scoliosis. It is predominantly caused by a patho-
genic variant in EXT1 and exostosin-2 (EX7?2) genes, that encode
heparan sulfate (HS) glycosyltransferases.” Therefore, this patient
(A1-II1-3) had both NF1 and HME. This shows the significance of
considering additional diagnoses.

In the second step, MLPA analyses detected a deletion in 5 patients,
3 of them being members of the same family (3/27; 11%). In the
third step, the a-CGH study showed a large deletion involving
NF1 and multiple genes in all these patients.

For 2 patients who completely met the clinical diagnostic criteria,
no NF[ variants could be identified with this multi-step approach.
Previous studies have reported NFI pathogenic variants located
in deep intronic or regulatory regions, which are not covered by
NGS.? Other possible explanations for the absence of pathogenic
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variants include somatic mosaicism or pathogenic variants of other
genes in the RAS pathway which are known to be associated with
overlapping clinical features.”® We suggest that this diagnostic gap
may be filled by RNA-seq as well as whole-genome analysis which
could provide information about other gene/genes and the possibil-
ity of a deep intronic or regulatory region variant that is associated
with the phenotype.'®

In patients whose NGS detected a pathogenic variant, there were
no remarkable differences for the phenotype, which was in agree-
ment with previous studies.® The frequency of truncating patho-
genic variants was remarkably higher than that of other types of
pathogenic variants (19/22). Based on studies, the variants includ-
ing frameshift (FS) and nonsense (nS) that result in a truncated
protein and degradation via NMD (nonsense-mediated decay) by
the early termination of mRNA cause non-expression of normal
protein from one allele and dramatically reduce normal func-
tion.?”” This mechanism results in the loss of the negative regula-
tory effect of the protein on the RAS/MAPK pathway. On the other
hand, missense variants (MS) do not promote NMD, but result
in the expression of the aberrant protein that decreases the nor-
mal function of normal allele with a dominant negative effect. In
addition, the variants which were identified only in patients with
clinical findings, but not in 100 healthy individuals, support the
pathogenicity of these variants. We have planned further research
including functional studies, especially for missense variants, that
will support this data.

In patients in whom NGS did not yield any pathogenic variant,
we carried out MLPA, which detected whole NFI gene deletions
in 5 patients from 3 families. Since MLPA cannot discriminate
a whole gene deletion from a microdeletion, we applied a-CGH
to see whether the deletion found in our patients included only
NF1 gene or other additional genes in its neighborhood. In this
stage, we identified a 1.4 Mb deletion in 4 patients and a 1.2 Mb
deletion in 1 patient. Although clinical symptoms do not mani-
fest fully before 8 years of life in most cases, patients with a large
NF1 deletion present at an early age with a more a severe phe-
notype, including learning difficulty, dysmorphic features, and a
higher frequency of tumors.?

The risk of plexiform neurofibroma at an early age is also
increased.”! In our study group, the (A11-V-4) patient presented
with neurofibrosarcoma before 8 years of age. In the present study,
all patients with microdeletion had facial dysmorphism while none
of the patients with other types of pathogenic variants displayed
this finding.

The phenotypes of patients with NFI microdeletion may be
influenced by a loss of function of the genes CRLF3, ATADS,
TEFM, ADAP2, RNFI135, OMG, EVI2B, EVI2A, RAB-
11FIP4 SUZ12, LRRC37B, and NFI in the deleted region. Based
on literature data, the dysmorphic facial features of patients in
our study may be due to the haploinsufficiency of the RNF135
(MIM:611358) gene. Furthermore, the expression of only one
copy of OMG (MIM: 164345) plays a significant role in intel-
lectual disability traits in these patients.”®?* Similarly, COPRS
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FIG. 1. A, B. (A) Exostoses in the juxtaepiphyseal regions of long bones. (B) A pathogenic variant identified in the EXT7 gene with Sanger analysis in the
(A1-111-3) case.

is associated with learning disabilities in NF/ microdeletion expressed during human heart development, maybe related to
patients and tumorigenesis.?’ In addition, ADAP2 gene deletion cardiomyopathy.>?'*> Although all these genes were deleted in our
(MIM: 608635) may lead to cardiovascular abnormalities. Like- patients, only facial dysmorphism appeared to be a discriminating
wise, the deletion of the SUZI2 and UTP6 genes, which are also feature for microdeletion in our patient group.
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FIG. 2. A, B. (A) The distribution of identified NF1 pathogenic variant types utilizing NGG. (B) Distribution of identified genetic variations of proband of NF1 family
and possible defect on neurofibromin domains. ‘CSRD, cysteine-serine rich domain; TBD, tubulin-binding domain; GRD, GAP-related domain; SEC14/
PH > SEC14 domain and pleckstrin homology (PH) domain; CTD > Carboxy-terminal domain-terminal domain; SBD, syndecan-binding domain (Frayling |
et al, 2019)."
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FIG. 3. Familial NF1 microdeletion in family A11.

The phenotypic variation of NF'/ microdeletion syndrome depends
on the extent of the chromosomal rearrangements and the genes that
have been deleted.?! However, even in cases with the same deletion,
phenotypic variations may be observed. It may be suggested that
the NFI-related phenotypes may be influenced by additional mech-
anisms such as modifier genes and regulatory proteins that interact
with the NFI gene. Although the clinical features of NF'/ microde-
letion patients are generally more severe, we suggest that the pres-
ence of a mild clinical phenotype should not exclude the possibility
of NF1 gene deletion in a patient.”® Despite the various types of
pathogenic variants identified in this study, the evaluation of the
correlation between the genotype—phenotype of these patients was
not possible due to the small patient sample size. A systematic com-
parative study with more patients of the same age and with overlap-
ping clinical manifestations may provide a more reliable definition
of genotype—phenotype relations. Therefore, future WES/WGS
studies may provide the variants in modifying genes which may
help to explain genotype—phenotype correlations in NF1. Though
prenatal diagnosis of NF1 is controversial, our three-step approach
presented here seems to be more effective for symptomatic/pres-
ymptomatic diagnosis and genetic counseling for NF1.
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