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Background: Neurofibromatosis type 1 (NF1) is an autosomal
dominant neurocutaneous disorder, characterized by multiple café-au-
lait macules, axillary and inguinal freckling, tumors of the nervous
system, and iris hamartomas. More than 3,100 different pathogenic
variants have been reported in the NFI gene, including missense,
nonsense, frameshift, in-frame, splicing, and large deletions.

Aims: To determine the NF/ mutational spectrum in patients with NF1
from the Republic of North Macedonia.

Study Design: A cohort study.

Methods: Molecular analyses included reverse transcription and
cDNA sequencing of the NF/ gene and next-generation sequencing
using the TruSight Cancer panel, along with the multiple ligation
probe amplification method to detect single nucleotide variants and
copy number variations. Direct DNA sequencing was also used for the
family member analysis.

Results: Our 9-year study of patients suspected of having NF1
in the Republic of North Macedonia encompassed molecular

characterization of 30 cases of the disease. We identified 28 unique
pathogenic NFI variants (NM_001042492.3), of which ten were
novel: ¢.208delA; c.341 364del; c.1480 1481delTT; ¢.2325+1G>C;
c.2495 2496dupAC; c¢.2533 2541del; c.4517delC; ¢.5844C>G;
c.6971delA; ¢.7605 7606delGAinsAT. In addition to the variant
spectrum analysis, our research revealed two positive genotype-
phenotype correlations. One between the clinical manifestation of
cognitive impairment and gross deletions in the NF'/ gene, and the
other between cognitive impairment and truncating variants located in
the RAS-GAP functional domain.

Conclusion: This is the first study of NF1 patients in the Republic of
North Macedonia, and it contributes ten novel variants to the global
spectrum of pathogenic NF/ variants. It also corroborates the crucial
importance of NF/ genetic testing for a prompt and precise diagnosis,
particularly in younger patients.

INTRODUCTION

Neurofibromatosis type 1 (NF1), also known as Recklinghausen’s
disease, is an autosomal dominant neurocutaneous disorder with a
prevalence of 1-5 in 10,000 people worldwide.!* It is characterized
by multiple café-au-lait macules (CALMs), axillary and inguinal
freckling, tumors of the nervous system, and iris hamartomas
(Lisch nodules). The most common NF1-associated tumors are
neurofibromas, which are dermal or plexiform benign peripheral
nerve sheath tumors. Although less common, optic glioma,
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macrocephaly, short stature, cognitive impairment, epilepsy,
scoliosis, and certain malignancies can also be present in NF1
patients.*?

The diagnosis of NF1 is based on the National Institute of Health
(NIH) diagnostic criteria, defined at the Consensus Development
Conference in 1988. An individual is considered to be NF1 positive
if at least two of the following clinical features are met: six or more
café-au-lait macules; axillary or inguinal region freckling; two or
more neurofibromas of any type or one plexiform neurofibroma;
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optic glioma; two or more Lisch nodules; a distinctive osseous
lesion, such as sphenoid dysplasia or thinning of a long bone
cortex with or without pseudarthrosis, and a first-degree relative
(parent, sibling, or offspring) with NF-1 diagnosed from these
criteria.® In addition, the revised NF1 diagnostic criteria (reported
in 2021) suggest that if only CALMs and freckling are present,
at least one of the two pigmentary findings should be bilateral;
sphenoid wing dysplasia is not a separate criterion in the case of
an ipsilateral orbital plexiform neurofibroma; the presence of two
or more choroidal abnormalities defined as bright, patchy nodules,
and the presence of a heterozygous pathogenic NF'/ variant is also
a diagnostic criterion.® Although NF1 is a monogenic disorder with
complete penetrance after childhood, the phenotype of the disease
is extremely variable and varies even within families carrying the
same genetic variants.”® The reasons for this phenotypic variability
are poorly understood, but several contributing factors have been
suggested, such as genetic modifiers, epigenetic alterations, or
environmental causes.’

The NFI gene (17q11.2; NM_001042492.3; NP_001035957.1) is
one of the longest protein-coding genes in the human genome. It
encodes the 2,839 amino acid-long neurofibromin protein, which is
produced in many cells, including fibroblasts, nerve cells, and cells
surrounding nerve cells (oligodendrocytes and Schwann cells).
This protein is a GTPase-activating protein (GAP) that converts
the active RAS-GTP into its inactive RAS-GDP form. The RAS-
GAP activity of the protein is managed by the GTPase-activating
protein-related domain (GRD), which corresponds to amino acids
1,235 and 1,451 of the Nfl protein. The active form of RAS binds
and activates the kinases, which leads to the activation of mitogen-
activated protein kinases (MAPK) and cell proliferation. Active
neurofibromin downregulates the RAS/MAPK pathway and acts
as a tumor suppressor in normal cells. Pathogenic variants of the
NF'1 gene produce a non-functional protein that cannot regulate
cell growth and division, and this, in turn, leads to the production
of tumors along the nerves throughout the body (neurofibromas).*3
However, it remains unclear how variants in the NFI gene cause
the other features of NF1, such as café-au-lait spots.'”

Herein, we investigated a cohort of patients suspected of having
NF1 from the Republic of North Macedonia. In addition to the
variant spectrum analysis, we describe the patients’ phenotype and
further investigate possible genotype-phenotype correlations.

MATERIALS AND METHODS

In a period of 9 years (2013-2022), 48 patients suspected of having
NF1 were referred to our laboratory for molecular analysis of the
NF1 gene. Based on the referred clinical symptoms, 27 of the
patients met the NIH diagnostic criteria for NF1 disease, while the
remaining 21 had only isolated symptoms from the defined NIH
criteria with some additional symptoms that were less specific for
NF1 disease (Table 1). All patients underwent genetic testing for
NF1. None of the patients’ parents had genetically confirmed NF1
or were previously diagnosed to have NF1 based on their clinical
presentations. The patient’s parents were also tested if a pathogenic
variant was detected in a patient.
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DNA and RNA samples were extracted from peripheral blood
from each patient and the available parent. DNA was isolated by
Proteinase K/SDS digestion following standard phenol-chloroform
extraction and ethanol precipitation. Total RNA was extracted from
fresh peripheral blood collected in EDTA using TRIzol Reagent
(ThermoFisher Scientific, Waltham, MA, USA) following the
manufacturer’s protocol. Analysis of the NF'/ gene was done using
a couple of different methods depending on the period when the
patient was referred to our laboratory.

In the early stages of our study, we used reverse transcription and
c¢DNA sequencing of the NFI gene to diagnose suspected NF1
cases, following a previously described protocol.!! Therefore,
the first patients and their family members were diagnosed using
c¢DNA sequencing.

As cDNA sequencing is a time and labor-consuming method, we
implemented the next-generation sequencing (NGS) method in
2016 to analyze suspected NF1 cases. In addition, all previous
unsolved NF1 cases were reanalyzed using NGS.

The TruSight cancer sequencing panel was used for targeted NGS
(Illumina, San Diego, CA, USA). This sequencing panel amplified
94 cancer-associated genes, including the NFI gene. Libraries
were prepared according to the manufacturer’s protocol and were
sequenced on an Illumina MiSeq desktop sequencer using paired-
end 150 bp sequencing reads. The raw sequence data were aligned
against the reference genome as specified in the manifest file using
MiSeq Reporter software (v2.6.3). The VCF output file was used
for variant calling and filtering with Variant Studio software (v3.0
[llumina). The BAM output file was used as an input file in the
Integrative Genome Viewer (IGV; https://www.broadinstitute.
org/igv/ v2.4.5) to visualize the specific variant and coverage in
that region. Coverage of the entire NF'/ gene in each patient was
verified using the web app gene.iobio (https://gene.iobio.io/) and
the BAM file as an input file in the application.

Variants with a global frequency < 1% according to the gnomAD
database (https://gnomad.broadinstitute.org/) were thoroughly
investigated, particularly truncating variants.'?> Their pathogenicity
was evaluated based on the worldwide accepted guidelines of the
American College of Medical Genetics and Genomics (ACMG), the
Association for Molecular Pathology (AMP), and the Association
for Clinical Genomic Science (ACGS).!3-1¢

Despite the NFI gene analysis, patients who were analyzed using
the TruSight Cancer panel were also screened for pathogenic, likely
pathogenic, or “hot” VUS variants in the other cancer-associated
genes covered by the panel.

In addition to the sequencing methods, the multiplex ligation-
dependent probe amplification (MLPA) method and the POS81,
P082, and P122 probe mixes were used to detect copy number
variations, according to the manufacturer’s protocol. Data analysis
was performed using Coffalyser NET software (MRC-Amsterdam,
The Netherlands).

We used direct DNA sequencing or cDNA sequencing of a specific
region in the NFI gene to analyze family members. The primers
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TABLE 1. Clinical Findings in Patients Referred for Neurofibromatosis Type 1 testing. The Patient’s Parents were Positive for the NF1 Pathogenic Variant.
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Patients that meet the NIH diagnostic criteria from 1988
#1 4 + [+ + + + +
#2 3 + |+ +
#3 15 [+ [+ + +
#4 1 (+ |+ +
#5 12 + + +  + +
#6 4 [+ |+ +
#1 16 [+ [+ + + +
#8 8 + |+ + + +
#9 22 + + + + +
#10 1 (+ |+ + + o+ + Occipital tumefaction
#11 7 + [+ + +
#12 12 |+ + + + +
#13¢ n [+ [+ + + + o+
#14+ 29 [+ |+ + +
#15° 1 + [+ + + + o+ Hypotonic at an early age
#16 7 + +  + + +
#17 8 + |+ + Fingers contracture, soft swelling of the hand wrist
#18 3 + [+ +
#19 7 + + o+ +
#20 14 + + +  + + +
#21 7 + |+ + o+ + + o+ +
#22 5 + |+ + + +
#23 6 [+ [+ + + + Hip dislocation
#24° 8 + |+ + + + + 4+
#25 5 - + +
#26 13 |- |+ +
#27 2 - + o+
Patients that did not meet the NIH diagnostic criteria beginning in 1988 were diagnosed with NF1 based on the detected pathogenic variant
#28 10 + + + Nausea and vomiting
#29 1 |+ [+ + 4+ o+ vomiting
#30 3 + |+ +
#31> 4 + |+ /7 /o /Y /Y A /A
#32° 11 |+ |+ +
#33 9 + |+ + + + o+
Patients that did not meet the NIH diagnostic criteria beginning in 1988
B4 om |- |+ /
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#35 59 |- Fibrolipoma
#36 3 - + Pliocytic astrocytoma of the optic nerve
#37 49 |- Spinal neuromyomaand benign breast tumors
#38 36 |- + Benign lipomatous neoplasia
#39 28 | - + Uncle and grandmother with neurofibromas
£ g e E
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#40 7 - + + + /
#41 1 - + Teratoma in the occipital cervical reg.
#42 16 + /
#43 7 - + Low vision
#44 6 - + o+ /
#45 25 |- + Spinal schwannoma
#46 27 |- + Neurogenic lesion of L4/LS5, changes in lymph
nodes, spleen and liver
#47 2 - Atheromatous form of the nose
#48 8 - + Hyperinsulinemia, obesity, recurrent respiratory
infec., and tachycardia
Patient’s parents positive for the NF1 pathogenic variant
#I/M 25 |+ [+ + NA +
#o/M 37 |+ |+ + NA Osteoporosis
#/M  NA [+ |+ NA
#10/M 35 |+ |+ + NA + +
#12/M 34 |+ |+ NA
#13/ M 31 |+ |+ NA + +
a
#15/M 37 |+ |+ + NA + o+ Meningioma
a
#19M 36 |+ |+ + NA
#20/F 48 NA
#24/F 42 NA + Pectus excavatum
b
#30/F NA |+ |+ + NA

A - pathogenic variant located in the RAS-GAP domain; b - the presence of a large deletion.

used for direct DNA sequencing were designed in-house using the
Primer3Plus tool (www.bioinformatics.nl/cgi-bin/primer3plus/
primer3plus.cgi) and their sequences are shown in Supplementary
Table S1.

We used a 2 x 2 contingency table, Fisher’s exact one-tailed test,
and an available online tool from GraphPad (www.graphpad.com/
quickcalcs/contingency1/) to statistically analyze the small group
of patients with a learning/intellectual disability.

RESULTS

We detected 28 unique pathogenic variants among the 30 NF/
pathogenic variant-positive patients. Six of the positive patients
were some of the patients who did not meet the NIH diagnostic
criteria based on their presenting symptoms. We diagnosed
these patients as positive for NF1 disease based on detecting the
pathogenic NF'/ variant. However, our analysis did not reveal a
pathogenic NF'I variant among these three patients that met the
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FIG. 1. The distribution of the NF1 variants detected in patients from North Macedonia.
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FIG. 2. Representation of the types of NF1 variants detected in patients
from North Macedonia.

NIH diagnostic criteria for the disease (Table 1, Table 2). The
analysis of the patients with available parents showed that 44%
(11/25) of the detected variants were inherited from an affected
parent, while 56% (14/25) of the variants had occurred de novo.
No pathogenicity, likely pathogenic, or “hot” VUS variant was
detected in the other cancer-associated genes covered by the
TruSight Cancer panel.

The unique NF1 variants accounted for 11 non-sense variants, six
frameshift variants, six splicing variants, one missense variant, two
in-frame variants, and two gross deletions. The gross deletions
were present as one multi-exon deletion of ~0.15 Mb, and one
~1.4 Mb deletion of the entire NF/ gene and its surrounding
genes. The splicing variants consisted of one missense and four
intronic variants causing aberrations in the splicing and premature
termination of the protein, and one intronic variant that caused an
in-frame deletion of 58 amino acids in the protein. The 1.4 Mb
deletion and the ¢.3916C>T; p.(Argl306Ter) variant were not
unique; both were detected in two patients each. None of the
detected NFI variants was present in the Macedonian population
consisting of 500 clinical exomes, which served as the control
group. The distribution of the variant types and the locations of the
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variants detected in our NF1 patients are given in Figures 1 and 2,
while the effects of the variants on the protein are given in Table 2.

Among all detected variants, 10 were novel: two nonsense variants
(c.5844C>G, ¢.7605_7606delGAinsAT), five frameshift variants
(c.208delA, c.1480 1481delTT, c.2495 2496dupAC, c.4517delC,
¢.6971delA), and one splice variant (c.2325+1G>C). All of these
caused premature termination of protein synthesis; plus two in-
frame deletions that caused deletions of eight and three amino acids,
respectively (c.341 364del, c.2533 2541del). These variants were
classified as pathogenic/likely pathogenic based on the ACMG/
AMP guidelines for classifying genetic variants. The criteria
used to classify the novel variants are given in Supplementary
Material Table S2. Results from the conformational analysis
(direct sequencing and MLPA) for the novel variants are given in
Supplementary Material Figure S1.

The most abundant symptoms among our patients were CALMs,
axillary/inguinal freckling, and neurofibromas, whereas optic
glioma, Lisch nodules, and bone lesions were less frequent.
Different types of cognitive impairment, ranging from mild
impairment characterized by memory loss, language problems,
learning difficulties, or attention deficit, to severe intellectual
disability, were also present in almost half of the patients.

The genotype-phenotype correlations are schematically represented
in Figure 3. Learning difficulties and intellectual disabilities were
more frequent in patients with gross deletions and patients with
variants located in the RAS-GAP domain of the protein, compared
with the remaining patients.

Statistical analysis of the patients harboring a truncating variant
in the RAS-GAP domain of the protein produced a significant
one-tailed P-value of 0.0217 for the association with cognitive
impairment, compared with patients harboring truncating variants
outside the domain. Analysis of all of the patients with truncating
variants located before and after the RAS-GAP domain did not
indicate a correlation with cognitive impairment.
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TABLE 2. Genetic Variants Detected in Patients with NF1.
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Influence on the protein

Position chr17 Detected variant NM_001042492.3;  Exon/ gnomAD (exons according to
Case Age | (hgl9) NP_001035957.1; NC_000017.10 Int. dbSNP freq. % Inherit. ~ NM_001042492.2)
#1 4 29486029 ¢.208delAl;p.(Ile70TyrfsTer15) 3 / 0 mother  Termination after 15aa in
exon 3
#2 3 29490256-29490279  c¢.341_364del; p.(Leull4_ 4 / 0 de novo  Deletion of 8 amino acids of
Leul21del) the protein
#3 15 29497016 c.586+1G>A Si rs1555607126 0 denovo  Skipping ex5, premature
termination of the protein
#4 * 11 29527438 c.889-2A>G 8i rs878853922 0 denovo  Skipping ex9, in-frame
deletion of 58aa
#5 12 29528076 c.1084A>T; p.(Lys362Ter) 10 / NA Termination in exon 10
#6 14 |29528092 c.1104_1107delTCAG; 10 rs1555610984 mother  Termination after 6aa in
p-(GIn369LeufsTer6) exon 10
#7 16 29528489 ¢.1246C>T; p.(Arg416Ter) 11 1s764079291 0. 0004 NA Termination in exon 11
#8 8 29541555 c.1480 _1481delTT; 13 / mother  Termination after 16aa in
p.(Leud94ValfsTer16) exon 13
#9 22 29553492 ¢.2041C>T; p.(Arg681Ter) 18 rs768638173 0. 0004 denovo  Termination in exon 18
#10 11 29554310 €.2325+1G>C 191 1s1555613933 mother Skipping ex19
#11 7 29556127 ¢.2495 2496dupAC; 21 / denovo  Termination after 9aa in
p-(Ser833ThrfsTer9) exon 21
#28 10 [ 29556166 29556174  ¢.2533 2541del; p.(Cys845 21 / 0 denovo  Deletion of 3 amino acids of
Leu847del) the protein
#12*% 12 | 29556419 ¢.2786T>C; p.(Leu929Pro) 21 rs1555614338 0 mother  Changes the leucine at
position 929 to proline
#29 11 29562641 ¢.3721C>T; p.(Argl241Ter) 28 rs137854562 0 denovo  Termination in exon 28
#13* 11 29562981 ¢.3916C>T; p.(Argl306Ter) 29 1s376576925 0.0004 mother  Termination in exon 29
#14 29 29562981 ¢.3916C>T; p.(Arg1306Ter) 29 1$376576925 0.0004 mother  Termination in exon 29
Activating a cryptic splice
#15 1 29576000 ¢.3975-2A>G 291 1s864622431 0. 0004 mother site Sbp downstream,
termination after 5aa
#30 3 29587472 ¢.4517delC; p.(Alal506ValfsTer68) 34 / 0 father Termination after 68aa in
exon 34
#16 7 29588726 c.4578-3T>G 34i rs1597748656 0 denovo  Activating a cryptic splice
site 14bp upstream of 3’ ss
#17* 8 29588751 ¢.4600C>T; p.(Argl1534Ter) 35 rs760703505 0. 0008 denovo  Termination in exon 35
#18 3 29654640 ¢.5392C>T; p.(Gln1798Ter) 38 rs1597832043 0 denovo  Termination in exon 38
#33 4 29654857 ¢.5609G>, p.(Arg1870GIn) 38 rs786202112 0 NA Damages splice donor,
skipping of ex38, and
creation of fs with a
premature stop codon in ex39
#19 7 29661887 ¢.5844C>G; p.(Tyr1948Ter) 40 / 0 mother  Termination in exon 40
#20 14 | 29665757 ¢.6855C>G; p.(Tyr2285Ter) 46 rs772295894 father Termination in exon 46
#21 7 29667571 c.6971delA; p.(GIn2324ArgfsTer22) 47 / 0.0007 denovo  Termination after 22aa in
exon 47
#22 5 29676248 ¢.7300C>T; p.(GIn2434Ter) 49 / NA Termination in exon 49
#23 16 | 29679422-29679423 ¢.7605_7606delGAInsAT; 51 / NA Termination in exon 51
p.(Lys2536Ter)
#24 8 29509629-29527478  £.(29509629 29527478) 951 / NA father Deletion ~0,15Mb
29679397-29683510 (29679397 _29683510)del
#31 11 30348558-30693735_  .(28789474_29058373) 1.58 / NA de novo  Deletion ~1,4 Mb
28789408-29058373 (30348581-30693735)del
#32 9 30348558-30693735_  g.(28789474_29058373) 1.58 / NA de novo  Deletion ~1,4 Mb

28789408-29058373

(30348581-30693735)del

*Detected by cDNA sequencing: Novel variants are in bold. Variants in the RAS-GAP domain are in the border; NA, not available
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FilG. 3. Genotype-phenotype correlations in NF1 patients.

The 21 patients that did not meet the NF1 diagnostic criteria, had
fewer CALMs and neurofibromas, compared with the frequency of
those symptoms in the group that met the NIH diagnostic criteria.
Other symptoms in these patients included optic gliomas, scoliosis,
hexadactyly, pes cavu, epilepsy, cognitive impairment, and other
unspecific symptoms. The clinical findings of all patients referred
to our laboratory are listed in Table 1.

A reverse diagnostic analysis was performed after detecting a
pathogenic variant in 11 of the available parents. All of the NF'/
pathogenic variant-positive parents had CALMs and most had
neurofibromas. Headache, low vision, bone lesions, and epilepsy
were also presenting symptoms among them. In addition, cases
#13/M, #15/M, and #24/F also had learning difficulties (Table 1).

DISCUSSION

The neurofibromin protein is a RAS GAP (RAS-GAP) that acts as
a tumor suppressor by converting the active form of RAS (RAS-
GTP) into the inactive form of RAS (RAS-GDP). The mutated
neurofibromin protein results in an unchecked RAS signaling
pathway, leading to uncontrolled cell growth and division.!” More
than 3,100 pathogenic variants in the NF'/ gene have been reported
in the HGMD and ClinVar databases [https://www.ncbi.nlm.nih.
gov/clinvar, http://www.hgmd.cf.ac.uk], and associated with NF1
disease. All types of pathogenic variants are prevalent in NF1,
but the most abundantly reported are non-sense, frameshift, and
splicing variants, all of which cause premature termination of the
protein sequence and loss of protein function. In our cohort, we
detected 23 truncating variants (12 non-sense, six frameshift, and
five splicing variants) that cause premature termination of the
protein, which represented 76.7% of all variants identified. We
detected ten large deletions; variants that caused in-frame deletion
of amino acids (two in-frame deletions and one splicing variant)
had a prevalence of 10%, whereas classical missense variants were
less frequent with a prevalence of 3.3% (Figure 1, Table 2). One-
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half of the detected variants (56%) occurred as de novo events in
the patients, which agreed with the usually reported frequencies.'

Ten of the detected pathogenic variants (33.3%) were novel and
were not present in the NF'/ databases or the literature. Truncating
variants were most common among them, with the presence of two
nonsense variants, five frameshift variants, two in-frame deletions,
and one splice variant (Figure 2, Table 2). All of these novel
variants were classified as pathogenic/likely pathogenic based on
the ACMG, AMP, and ACGS guidelines (Table S2).!*16

Although the ¢.2325+1G>C and c¢.5844C>G; p.(Tyr1948Ter)
variants were novel variants detected for the first time in our family
cases (#10and #19), alternative variants at the same coding positions
have been described previously. The ¢.5844C>A; p.(Tyr1948Ter)
variant was described by Wu-Chou et al.”” as a novel variant,
but their study lacked clinical information on the patient. Patient
#19 had CALMs, freckling, headache, and learning/intellectual
disability, while her mother had CALMs, and neurofibromas. The
¢.2325+1G>A variant was first described in a Slovak 18-year-old
patient with CALMs, Lisch nodules, optic glioma, neurofibromas,
premature skeletal development, hamartomas, and accelerated
puberty.?® Later, the variant was described in a 48-year-old woman
with multiple neurofibromas, café au-lait spots, axillary and
inguinal freckling, iris hamartomas, and an adrenal gland tumor
(pheochromocytoma).?! In addition, the same variant was described
in the neurofibromas of a mosaic patient.? The ¢.2325+1G>T
variant was described in an Egyptian years old boy presenting
with CALMs, freckling, and congenital cataracts, but no affected
parents.”? Compared to patients described in the literature, our
patient #10, a carrier of the ¢.2325+1G>C, had neurofibromas,
café au-lait spots, bone lesions, intellectual disability, and occipital
tumefaction, while his mother had neurofibromas, café au-lait
spots, low vision, and frequent headaches.

NF1 is a disorder with a diverse and variable phenotypic
spectrum. It includes a mild phenotype in some patients and a
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severe phenotype in others. Symptom onset is usually in infancy
or the neonatal period, with café-au-lait spots and neurofibromas
present in more than 95% of the patients within the first year of
life. The disease usually progresses with the onset of freckling,
Lisch nodules, optic gliomas, or scoliosis present by the age of 8
years and full penetrance of the disease by the age of 20 years.'$*
Although a diagnosis can be readily established by following the
NIH diagnostic criteria, these criteria are less sensitive for younger
patients. It is estimated that 30-50% of infants < 1 year, without a
family history, meet the NIH diagnostic criteria.>>* For example,
six patients in our cohort (#28, #29, #30, #31, #32, and #33) did
not meet the diagnostic criteria defined in 1988 by the NIH;®
besides the presence of café-au-lait, they had learning difficulties/
intellectual disability and other neurological symptoms (Table
1). These patients were diagnosed with NF1 based on a positive
genetic test.

Including genetic testing to establish an efficient diagnosis in
patients, particularly when they are young, is important, as 28.6%
(6/21) of patients who did not meet the NIH diagnostic criteria
(based on the present symptoms) were positive for the pathogenic
NF[ variant.

In contRASt, three of the patients from our cohort who met the
NF1 diagnostic criteria (#25, #26, and #27) were negative for the
pathogenic NFI gene variant (Table 1). They were negative for a
pathogenic variant in other cancer-associated genes as well. We
hypothesized that these patients may carry deep intronic variants or
regulatory regional variants, which are out of the target range and
were not detectable with the methods used. The low percentage
of general mosaicism, or tissue-specific mosaicism (confined
mosaicism), undetectable by our methods, was not excluded in these
patients. In addition, they may have other underlying disorders that
overlap with the NF1 disease spectrum. As the Legius syndrome
phenotype overlaps with most of the clinical symptoms of NF1,
these patients should be checked for pathogenic variants in the
SPRED] gene. Furthermore, follow-up genetic tests for pathogenic
variants that cause other RAS-opathies, such as MEN2B syndrome,
Leopard, or Noonan syndrome, are recommended.!32627

The first of our patients were children, as our analysis was the first
initiative for implementing and establishing NF1 testing in North
Macedonia in collaboration with a children’s hospital. Their parents
were never registered as NF1 patients, or suspected of having the
diagnosis. Parent #15/M had a medical history of a surgically
removed meningioma and recurrent epileptic seizures; none of the
other parents had any medical history with clinical issues associated
with NF1. Our reverse approach (from the detected genetic defect
toward the clinical diagnosis in the parents) showed that seven of
them (#1/M, #6/M, #8/M, #10/M, #15/M, #30/F, and #19/M) were
positive for the NIH diagnostic criteria, while the remaining four
(#12/M, #13/M, #20/F, and #24/F) had isolated symptoms not
specific to an NF1 diagnosis (Table 1). Given that the clinical data
for the parents were limited, the correlation between members of
the same family was not adequate. A detailed clinical examination
and reevaluation of the phenotype are recommended for all parents
positive for the NF'/ pathogenic variant.
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Many researchers have tried to establish a genotype-phenotype
correlation in NF1 to predict the disease course. Unfortunately,
as most of the mutations are unique to a single family, without
any mutational hotspots, only a few genotypes have been related
to specific phenotypes to date. For example, missense variants are
negatively correlated with neurofibromas. The p.(Argl241Ter)
variantis correlated with the manifestation of structural brain lesions,
and the p.(Tyr2285Ter) variant is correlated with Lisch nodules
and endocrinological abnormalities.?® Two of our patients carried
the p.(Argl241Ter) and p.(Tyr2285Ter) variants, respectively, but
they did not present with any of the associated symptoms. Clinical
reevaluation and investigation of endocrinological disorders and
structural brain lesions are recommended.

Frameshift variants and whole gene deletions have been associated
with skeletal abnormalities, whereas intellectual disability is
particularly correlated with large deletions in the NFI gene. A
higher prevalence of severe phenotypes and earlier disease onset
is generally associated with predominantly truncating variants,
splicing variants, and large deletions.'$2*-32

Three large deletions were present in our patients: 1.4 Mb (type
1) deletions in patient #31 and patient #32 and a deletion of 43
exons (including exons 9 and 51) of the NFI gene in patient #24.
In addition to the CALMs and intellectual disability, patient #32
presented with ptosis, hexadactyly, and dysmorphism, while
patient #24 presented with Lisch nodules, low vision, and epilepsy.
Besides the very limited clinical presentation data of patient #31,
intellectual disability was also reported. Thus, the association
between cognitive impairment and large deletions was also present
in our patients (Figure 3). Moreover, cognitive impairment was
frequent in the patients (#13, #13/M, #15, #15/M, and #29) with
a pathogenic variant located between the RAS-GAP functional
domain, which spans between amino acids 1,235 and 1,451 of
the neurofibromin protein. Despite learning and/or intellectual
disabilities, patient #29 and patient #13 presented with epilepsy,
while patient #15 presented with dysmorphism. The mother of #13
(#13/M) had recurrent headache and learning difficulties, while the
mother of #15 (#15/M) had a surgically removed meningioma at
the age of 3 years, learning difficulties, and epilepsy. All of the
NF1 variants present in those patients were truncating and caused
premature termination of the protein. These patients were analyzed
using Fisher’s exact test and showed a significant one-tailed p-value
0f 0.0217 for the association with cognitive impairment, compared
with the patients harboring truncating variants outside the domain.
The analysis of all patients with truncating variants before and after
the RAS-GAP domain did not show any correlation with cognitive
impairment.

Klose et al.’® reported in 1998 that even the missense variant
p-(Argl276Pro) in this domain can completely disable the GAP
activity of the protein, which is critical for pathogenesis. Those
patients presented with numerous symptoms, including multiple
neurofibromas, schwannomas, and mild intellectual and motor
retardation.’> Genetically engineered mice lacking exon 31 (also
known as exon 23a), which is part of the GAP domain, present with
learning impairments without having a predisposition to tumors.**
Experimental studies on mice and Drosophila have shown that
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increased RAS activity caused by inactivated GAP is closely
related to impaired learning and cognition. In particular, the GRD
of the NF'I gene is necessary for long-term memory as shown by
the expression of clinically relevant human NF/ variants.*>* In
contRASt, in a study with a large cohort of NF1 patients, RAS-GAP
missense variants affecting the amino acids Arg1276 and Lys1444
were significantly associated with the Noonan-like phenotype
(characterized by short stature, low set ears, hypertelorism, midface
hypoplasia, webbed neck, pectus abnormality, and/or pulmonary
stenosis), without any association with cognitive impairment.*’

Although the RAS-GAP domain of the NFI gene is the most
studied region of this gene, a clear correlation between this domain
and a specific phenotype has not been established. The positive
correlation between our patients with RAS-GAP domain variants
and cognitive impairment may be a result of the location of the
variant (RAS-GAP domain), the consequence of the variant
(truncating), or a combination of both. This correlation should be
further investigated with a larger number of samples.

In conclusion, this is the first study of NF1 in the Republic of
North Macedonia. We have identified and classified 10 novel
pathogenic NF'I variants and have shown an association between
large deletions and truncating variants in the RAS-GAP domain
with cognitive impairment. As the patients’ phenotype is often age-
dependent, including NFI genetic testing in the NF1 diagnostics
algorithm is of crucial significance for a prompt and precise
diagnosis, particularly in young patients who usually do not meet
the NIH clinical diagnostic criteria.
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