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Abstract:

Background/Objectives: Neurofibromatosis type 1 (NF1) is an autosomal dominant disor-
der caused by pathogenic variants in the NF1 gene, characterized by high phenotypic var-
iability. Methods: We present clinical and molecular data from a Romanian cohort of 54
patients initially diagnosed clinically. Results: Phenotypic evaluation (1 = 54) revealed a
high prevalence of café-au-lait macules (100%), Lisch nodules (64.8%), axillary/inguinal
freckling (61.1%), and cutaneous neurofibromas (42.6%). Due to financial constraints (ge-
netic testing not covered by the national health system), molecular confirmation by next-
generation sequencing (NGS) was possible in only 12 patients (mostly sporadic cases and
young children). Genetic testing identified a diverse spectrum of variants, including
frameshift (41.7%, n =5), nonsense (33.3%, n = 4), missense (16.7%, n =2), and one splicing
deletion (8.3%, n = 1). A novel complex NFI1 frameshift variant, c.7504_7508delinsC
(p-Ser2502Argfs*24) in exon 54, was identified in a patient exhibiting an aggressive phe-
notype characterized by plexiform neurofibromas, a malignant peripheral nerve sheath
tumor (MPNST), and severe skeletal abnormalities. Additionally, a recurrent nonsense
variant, NF1 c.910C>T (p.Arg304*), was detected in two unrelated individuals. Conclu-
sions: The high proportion of sporadic cases (58.3%) in the molecularly tested subgroup
underscores the critical role of early genetic screening. By integrating clinical data from
54 patients with the first molecular characterization of NF1 in Romania, this study ex-
pands the mutational spectrum and provides preliminary, descriptive insights into geno-
type—phenotype correlations. It also proposes a cost-effective diagnostic algorithm
adapted for resource limited settings and lays the groundwork for future multicenter ini-
tiatives. Given the exploratory nature of the molecular subgroup (n = 12), all genotype—
phenotype observations require validation in larger independent cohorts.

Keywords: neurofibromatosis type 1; NF1 gene; genotype—phenotype correlation; novel
variant; Romanian cohort; next-generation sequencing; genetic counseling
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1. Introduction

As one of the most common autosomal dominant disorders affecting the nervous
system, neurofibromatosis type 1 (NF1) results from pathogenic variants of the NF1 gene
(OMIM 613113) [1] located on chromosome 17q11.2, which provides the instructions for
producing the protein neurofibromin. This protein serves as a tumor suppressor by neg-
atively regulating the RAS/MAPK signaling pathway, thereby controlling cell growth and
differentiation [1,2].

The refinement of neurofibromatosis type 1 (NF1) and type 2 (NF2) diagnosis has
shifted from traditional clinical observation to an integrated approach that combines mo-
lecular data with genotype—phenotype correlations [3,4].

The 2021 revision of the National Institutes of Health (NIH) diagnostic criteria
marked a pivotal shift in NF1 management by formally incorporating genetic testing (Fig-
ure 1). This integration facilitates earlier and more accurate diagnosis, enables reliable dif-
ferentiation from phenotypically similar conditions such as Legius syndrome and mosaic
NF1 and refines prognostic accuracy through established genotype—-phenotype correla-
tions [5]. Recent studies have further validated the clinical utility of this approach, demon-
strating that molecular confirmation reduces diagnostic uncertainty and guides personal-
ized patient management [6].

A. Individuals WITHOUT

Two or more of the following criteria must

an Affected Parent Diagnostic Criteria fol
N Neurofibromatosis type 1 \

be present
>

Cafea-au-lait macules
© 26macules
>5 mm in diameter in prepubertal individuals / >15 mm in
diameter in postpubertal individuals
Freckling
o Axillary or inguinal region *
22 Neurofibromas of any type or 1 plexiform neurofibroma
Optic pathway glioma
Ocular abnormalities
© 22 iris Lisch nodules (slit lamp examination) or
>2 choroidal abnormalities **
Distinctive osseous lesions
© Sphenoid dysplasia* * * or
© Anterolateral bowing of the tibia or
o Pseudarthrosis of a long bone
A heterozygous pathogenic NF1 variant with a VAF of 50% in normal
tissue (e.g., white blood cells)

B. Individuals WITH an
Affected Parent

v

One or more of the above
criteria (from section A) is
sufficient for NF1 diagnosis.

*At least one pigmentary finding (CALM or freckling) must

be bilateral

** Defined as bright, patchy nodules on OCT/NIR imaging

* * * sphenoid wing dysplasia is not a separate criterion in
case of an ipsilateral orbital plexiform neurofibroma

VAF: Variant allele fraction

Figure 1. Diagnostic algorithm for neurofibromatosis type 1 based on 2021 revised NIH criteria [3-5].

The diagnostic landscape of NF1 has been transformed by the advent of next-gener-
ation sequencing (NGS) and multiple ligation-dependent probe amplification (MLPA),
which together enable the detection of pathogenic variants in over 95% of cases [7,8]. This
high detection rate is particularly critical for identifying segmental or mosaic forms of
NF1, which often present with localized pigmentary findings, such as café-au-lait mac-
ules, and may otherwise evade clinical diagnosis [9]. For cases where initial DNA sequenc-
ing from blood remains inconclusive, complementary approaches such as RNA studies
and MLPA are recommended to identify deep intronic mutations that affect splicing or
large genomic deletions that are not captured by standard sequencing techniques [8].

Historically, NF1 has been characterized by exceptionally high inter- and intrafamil-
ial phenotypic variability, which led to the prevailing view that the genotype could not
predict the clinical course. However, the aggregation of large patient cohorts and ad-
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vanced molecular analysis has begun to challenge this paradigm, revealing specific and
statistically significant genotype—phenotype correlations [9-11].

These emerging correlations transcend the traditional view that phenotypes are un-
related to the genotype and are beginning to inform prognostic counseling and clinical
management [12].

Several well-established correlations have now been described. Large deletions en-
compassing the entire NF1 gene (accounting for approximately 5-10% of all cases) are
associated with a particularly severe, early-onset phenotype. Affected individuals typi-
cally present with a higher overall tumor burden, characteristic facial features, and signif-
icant cognitive impairment [13].

Missense mutations affecting codon 1809 (p.Arg1809) are associated with a consist-
ently milder form of NF1, often lacking the typical cutaneous and plexiform neurofibro-
mas [11]. In contrast, missense variants clustered in the cysteine—serine-rich domain
(CSRD), particularly within codons 844-848, are correlated with a more severe phenotype,
including a higher prevalence of plexiform and spinal neurofibromas, as well as an in-
creased frequency of cognitive impairments [12].

Beyond the well-characterized 844-848 region, two additional missense hotspots—
p-Argl276 and p.Lys1423 (both in exon 28) —have emerged as significant contributors to
severe NF1 presentations [12,14]. Together with p.Met1149 (exon 26), these three nontrun-
cating variants account for approximately 1.8% of unrelated NF1 individuals, as docu-
mented in a comprehensive study of 281 patients by Koczkowska and colleagues [14].

Patients carrying p.Argl276 substitutions exhibit a particularly aggressive clinical
course. These variants are associated with a significantly increased frequency of plexiform
neurofibromas and symptomatic spinal neurofibromas, alongside a notably high preva-
lence of cardiovascular abnormalities, particularly pulmonic stenosis [10,15]. Skeletal
manifestations, including various bone anomalies, and Noonan-like features are also
markedly overrepresented in this population [10,15]. Interestingly, despite this severe
multisystem involvement, cutaneous neurofibromas occur less frequently in this group—
a paradoxical finding that points to a distinct underlying biological mechanism [15]. A
comparably severe clinical picture emerges for p.Lys1423 variants [10,15]. Affected indi-
viduals demonstrate significantly elevated frequencies of plexiform and symptomatic spi-
nal neurofibromas, alongside increased rates of bone anomalies, scoliosis, and cardiovas-
cular abnormalities [10,15]. Noonan-like features are also prominent in this group, while
Lisch nodules appear less frequently and cognitive difficulties show a trend toward in-
creased prevalence [15].

The recurrent association of both p.Arg1276 and p.Lys1423 with cardiovascular man-
ifestations, especially pulmonic stenosis, underscores the need for targeted clinical sur-
veillance in these populations [10,15]. Concurrently, the diminished frequency of certain
classic NF1 stigmata within these subgroups reinforces the imperative for molecularly
guided diagnostic strategies that extend beyond conventional clinical criteria [10,15].

A more recent and distinct correlation has been identified involving specific missense
variants at codon 1204 (p.Arg1204), which appear to be associated with a notable absence
of neurofibromas despite meeting other diagnostic criteria [15].

Integrating these molecular findings into routine clinical practice carries profound
implications for patient management [16]. The identification of high-risk mutations, such
as those in the 844-848 region, can prompt more intensive surveillance protocols, partic-
ularly for malignant peripheral nerve sheath tumors (MPNSTs), which represent a leading
cause of mortality in NF1 [12]. Furthermore, the treatment landscape for NF1 has been
revolutionized by the advent of targeted therapies. The approval of MEK inhibitors (e.g.,
selumetinib) for the treatment of symptomatic, inoperable plexiform neurofibromas un-
derscores the critical need for precise molecular characterization to determine patient eli-

https://doi.org/10.3390/genes17070843



Genes 2026, 17, 843

4 of 27

gibility and predict therapeutic response [16]. Looking forward, the emergence of novel
gene-based therapies aimed at restoring neurofibromin function will likely depend even
more heavily on understanding the specific nature of the underlying genetic variant. De-
spite these significant advances, it is crucial to acknowledge that a substantial portion of
the phenotypic variability in NF1 remains unexplained by the constitutional genotype
alone [17]. This suggests that the final clinical presentation is likely shaped by a complex
interplay of additional factors. These include the specific somatic “second-hit” mechanism
that inactivates the remaining wild-type allele in a given cell, the influence of epigenetic
modifications, the presence of modifying genetic loci elsewhere in the genome, and sto-
chastic environmental factors [17]. Future research efforts are therefore focused on con-
ducting larger, multicenter, prospective longitudinal studies. Such studies are essential
not only to validate and refine the existing genotype—phenotype correlations but also to
unravel the contribution of these modifying factors, ultimately paving the way for truly
personalized approaches to surveillance and treatment for individuals with NF1 [17].

Although genetic testing for NF1 is already integrated into international diagnostic
guidelines, current knowledge regarding genotype—phenotype correlations is primarily
based on common recurrent mutations. Private or novel variants remain largely unchar-
acterized from a clinical perspective [18]. Moreover, most large-scale studies originate
from specific populations, and the applicability of their findings is limited by potential
ethnic or regional differences in mutational spectrum and disease expressivity [19,20].

Despite these global advances in understanding the molecular landscape of NF1,
data regarding East European populations, particularly Romanian cohorts, remain ex-
tremely scarce. In countries with developing healthcare infrastructure, universal access to
high-throughput genetic testing is often restricted by financial constraints. Consequently,
there is an urgent need to establish clinical-molecular workflows that maximize diagnos-
tic yield through targeted genetic testing.

To address this gap, the current study presents the clinical characterization of a co-
hort of 54 Romanian patients diagnosed with NF1, serving as a comprehensive clinical
baseline, and outlines a targeted molecular stratification strategy applied to a subgroup
of 12 selected patients with complex, sporadic, or early-onset manifestations. Our primary
objectives are to describe the population-specific mutational spectrum and to establish
preliminary, exploratory genotype—phenotype correlations based on descriptive case-
level observations.

By documenting the first molecular data and offering preliminary, descriptive in-
sights into genotype—phenotype relationships for NF1 patients in Romania, this paper
aims to demonstrate how strategic integration of genetic testing may contribute to refining
diagnostic accuracy, resolving clinical ambiguity, and supporting personalized manage-
ment. Furthermore, these exploratory findings may contribute to improving the accuracy
of genetic counseling in the local context and may inform risk stratification for severe
complications, such as optic pathway gliomas (OPGs) and malignant peripheral nerve
sheath tumors (MPNSTs). However, given the exploratory nature of the molecular sub-
group (n = 12), these observations should be interpreted with caution and require valida-
tion in larger independent cohorts.
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2. Materials and Methods
2.1. Study Design and Patient Selection

This study was conducted at two complementary levels. First, we performed a clini-
cal characterization of all patients who met the revised 2021 NIH diagnostic criteria for
neurofibromatosis type 1 (NF1) during the study period (2016-2026) at the Department of
Neurology and the Regional Center for Medical Genetics, Saint Mary’s Emergency Chil-
dren Hospital, Iai, Romania.

Second, within a molecularly confirmed subgroup of 12 patients, we report three
novel NF1 variants and provide preliminary, descriptive genotype-phenotype observa-
tions. Given the financial constraints in Romania, where NGS is not reimbursed and
MLPA funding was discontinued, the molecular subgroup reflects real-world challenges
in resource-limited healthcare settings, and our findings should be interpreted as explor-
atory and hypothesis-generating, requiring validation in larger independent cohorts.

The inclusion criteria for the molecularly confirmed subgroup were strict: (1) detec-
tion of a pathogenic or likely pathogenic NF1 variant by next-generation sequencing
(NGS) and/or multiplex ligation-dependent probe amplification (MLPA); (2) absence of
an alternative molecular diagnosis (e.g., SPRED1, PTEN, or PTPN11 variants); and (3)
complete clinical records.

Of the 54 patients who met the clinical criteria, 38 underwent some form of molecular
testing. Genetic testing for NF1 is not fully reimbursed by the Romanian national health
system,; therefore, NGS was performed only in 11 patients, at the families’ own expense,
and all 11 tested positive for a pathogenic or likely pathogenic NF1 variant. MLPA was
initially available free of charge through a national program and was performed in 27
patients; however, only one patient (P10) had a positive result (heterozygous deletion of
exon 19). Consequently, 12 patients (11 confirmed by NGS and one by MLPA alone) met
the inclusion criteria for the molecularly confirmed subgroup. The remaining 42 patients
were excluded: 16 had no genetic testing, and 26 had negative MLPA results without NGS
confirmation.

2.2. Molecular Genetic Analysis

For 11 of the 12 patients, genetic testing was performed through a targeted gene panel
at Blueprint Genetics (Espoo, Finland) using next-generation sequencing (NGS) with Illu-
mina technology (San Diego, CA, USA).

Total genomic DNA was extracted from biological samples using a bead-based
method, and DNA quantity was assessed fluorometrically. Qualified genomic DNA sam-
ples were randomly fragmented using non-contact, isothermal sonochemistry, followed
by ligation of sequencing adapters to both ends of the DNA fragments to prepare a se-
quencing library. Size selection was performed using a bead based method to ensure op-
timal template size, and the library was amplified by polymerase chain reaction (PCR).
Regions of interest (exons and intronic targets) were captured using a hybridization based
target capture method, and library quality was assessed to ensure correct template size
and quantity. Ready libraries were sequenced using Illumina’s sequencing by synthesis
method with paired end reads (2 x 150 bases). Primary data analysis was performed using
Ilumina’s proprietary software v2.20 (bcl2fastq), and raw sequencing data were con-
verted to FASTQ format. Sequence reads were mapped to the human reference genome
(GRCh37/hg19) using the Burrows-Wheeler Aligner (BWA MEM), and variant annotation
was performed using VcfAnno and VEP, with reference to public variant databases in-
cluding gnomAD, ClinVar, and HGMD. Copy number variations (CNVs), defined as sin-
gle-exon or larger deletions or duplications, were detected using a proprietary bioinfor-
matics pipeline. For missense variants, in silico prediction tools such as SIFT [21], Poly-
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Phen [22], and MutationTaster [23], were used to assist with variant classification. The
pathogenicity potential of identified variants was assessed based on predicted conse-
quence; biochemical properties of the amino acid change; evolutionary conservation; and
population frequency data from databases such as the 1000 Genomes Project, gnomAD,
ClinVar, and HGMD Professional. The specific ACMG/AMP criteria applied for each var-
iant are detailed in Supplementary Table S1. For one patient (P10), molecular confirmation
was performed exclusively using Multiplex Ligation-dependent Probe Amplification
(MLPA) at the Molecular Genetics Laboratory in Craiova, Romania, using the SALSA
MLPA probemix P081/P082 (MRC Holland, Amsterdam, The Netherlands) and analyzed
on a CEQ™ 8000 Genetic Analysis System (AdvaMed, Beckman Coulter, Brea, CA, USA).
The MLPA methodology involved denaturation of genomic DNA, hybridization of probes
to complementary target sequences, ligation of hybridized probes, and simultaneous am-
plification using a single pair of PCR primers, with fluorescently labeled products sepa-
rated and quantified via capillary electrophoresis. Relative peak heights were compared
to those of a healthy control to determine exon copy number, identifying a heterozygous
deletion of exon 19 in the NF1 gene. The pathogenicity of the identified variants was as-
sessed according to the American College of Medical Genetics and Genomics and the As-
sociation for Molecular Pathology (ACMG/AMP) guidelines [24], with variant interpreta-
tion further supported by data from HGMD Professional [25] and ClinVar databases [26].

2.3. Clinical Data Collection and Genotype—Phenotype Correlation

Clinical data were collected retrospectively from medical records. For each patient,
we documented demographic information, clinical manifestations according to the 2021
revised NIH criteria; family history; and results of paraclinical investigations, including
brain MRI, ophthalmological examination, and other relevant imaging studies. Genetic
counseling was provided to all families, and family trees were constructed for each pa-
tient.

Correlations were established between the identified genetic variants and the corre-
sponding clinical phenotypes. The results were compared with data from the specialized
literature, highlighting the particularities of each patient within the context of their family.

2.4. Ethical Approval

This study was conducted in accordance with the principles of the Declaration of
Helsinki and was approved by the Ethics Committee of Saint Mary’s Emergency Children
Hospital, Iasi, Romania (Certificate no. 11913/08.04.2026). Written informed consent was
obtained from all subjects involved in this study (or from their parents/legal guardians for
minors).

3. Results

The initial clinically diagnosed cohort consisted of 54 patients (25 female and 29
male), with ages at diagnosis ranging from 4 months to 17 years (mean age: 9.1 years). All
54 patients (100%) presented with six or more café-au-lait macules. Axillary or inguinal
freckling was observed in 33 patients (61.1%), Lisch nodules in 35 patients (64.8%), and
cutaneous or subcutaneous neurofibromas in 23 patients (42.6%). Plexiform neurofibro-
mas were present in 15 patients (27.8%), and malignant peripheral nerve sheath tumors
(MPNST) were diagnosed in 2 patients (3.7%). Optic pathway gliomas (OPGs) were iden-
tified in 9 patients (16.7%). Musculoskeletal abnormalities were reported in 13 patients
(24.1%), including long bone dysplasia in 10 patients (18.5%), nondystrophic scoliosis in
11 patients (20.4%), and osteopenia or recurrent fractures in 2 patients (3.7%). Regarding
neurological and neuroimaging findings, MRI abnormalities suggestive of focal abnormal
signal intensities (FASIs) were present in 27 patients (50.0%). Neurological abnormalities
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were documented in 8 patients (14.8%), seizures in 5 patients (9.3%), behavioral or psy-
chiatric manifestations in 18 patients (33.3%), and developmental delay or intellectual dis-
ability in 11 patients (20.4%). Cardiovascular manifestations included hypertension in 2
patients (3.7%) and other cardiovascular abnormalities in 8 patients (14.8%). The clinical
characteristics of these 54 patients are summarized in Figure 2.

0 10 20 30 40 50 60

6 or more café-au-lait macules I > (100%)
Freckling (axillary or inguinal regions) I 33 (61.1%)
Lisch nodules I 35 (64.8%)
Optic pathway glioma N 9 (16.7%)
Two or more Cutaneous neurofiboroma IEEEEEGNNGNN )3 (42.6%)
Plexiform neurofiboroma IEEE——— 15 (27.8 %)
Malignant peripheral nerve stealth tumor M 2 (3.7%)
Musculoskeletal abnormalities I 13 (24.1%)
Long bone dysplasia . 10 (18.5%)
Scoliosis (nondystrophic) I 11 (20.4%)
Osteopenia / Recurrent fractures B 2 (3.7%)
MRI abnormalities suggestive of FAS| I 27 (50%)
Neurological abnormalities . 3 (14.8%)
Seizures HEEEE 5 (9.3%)
Behavioral/ psychiatric manifestations IEEEEGNNN 18 (33.3%)
Developmental delay / Intellectual disability I 11 (20.4%)
Hypertension M 2 (3.7%)
Other cardiovascular abnormalities I 8 (14.8%)

Figure 2. Clinical manifestations in the clinically diagnosed NF1 cohort (1 = 54).

Of the 54 clinically diagnosed patients, 12 met the strict inclusion criteria: complete
molecular confirmation by NGS and/or MLPA, absence of alternative molecular diagno-
ses, and complete clinical records. This subset was selected for detailed genotype—pheno-
type correlation analysis. Figure 3 illustrates the selection process.

[ 54 patients clinically diagnosed with NF1 ]

! ! }

MLPA NGS
(27 patients)

O\ l

positive
(11 patients)

Untested
(16 patients)

(11 patients)

negative positive

(26 patients) (1 patient)
v / \ /
Excluded
(42 patients)
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Figure 3. Selection flowchart for the molecularly confirmed NF1 subgroup (n = 12). From 54 clini-
cally diagnosed patients, 12 had confirmed pathogenic/likely pathogenic variants (11 by NGS, and
one by MLPA). Exclusion reasons: no testing (n = 16), negative MLPA without NGS (n = 26).

As shown, the final molecularly confirmed cohort comprised 12 patients: 11 with
pathogenic or likely pathogenic variants identified by NGS (all subsequently confirmed
by MLPA where applicable) and one patient (P10) confirmed by MLPA alone. The remain-
ing 42 patients were excluded due to lack of genetic testing (1 = 16), negative MLPA with-
out NGS confirmation (1 = 26), or incomplete clinical records (see the Materials and Meth-
ods for details).

The molecularly confirmed cohort consisted of five male and seven female patients,
with ages at diagnosis ranging from four months to 13 years (mean age: 5.8 years). All 12
patients carried heterozygous pathogenic or likely pathogenic variants in the NF1 gene,
as detailed in Table 1.

Table 1. Pathogenic and likely pathogenic NF1 variants identified in the molecularly confirmed
subgroup (n =12).

Family
Patient . . . . Reported in the  Effect/Pathogenicity .
Mutat T E E P H f
D utation/Variant Transcript Exon (E) rotein Genotype Literature/Databases (ACMG) 1s1:IOFriI o
NF1 F hift/Paths i
POIDAQ)  jiog,,  NMO002673 B2 (pGlysdTrpfs2)  Ha Known ramesit C/ ANOBEN positive
P02 (G.T) NF1c.3610C>G  NM_000267.3  E27 p-(Argl1204Gly) Hz Known Missense/Pathogenic  Positive
P03 (M.V.)  NF1c910C>T NM_000267.3  E9 p.(Arg304*) Hz Known Nonsense/ Negative
Pathogenic
P04 NFL F hift/Path i
.7504_7508delins NM_000267.3 E54  p.(Ser2502Argfs*24)  Hz New ramesiityTatiogenl  Negative
(M.EM) c c
P05 " Nonsense/ .
(P.S) NF1 c.7285C>T NM_000267.3  E50 p-(Arg2429%) Hz Known Pathogenic Negative
P06 NF1 Tyrl1657 Aspfs*22 F hift/Likel
c4967_4968insAG NM_000267.3 E36  P(TYr1697Aspis Hz New ramesitiyLIke Negative
(D.A)) ) Pathogenic
ACT 8
P07
0 NF1c910C>T NM_000267.3  E9 p.(Arg304%) Hz Known Nonsense/ Positive
(T.S.) Pathogenic
P Mi Likel
08 NF1c4868A>T NM_0002673 E33  p.(Aspl623Val) Hz Known issense/Likely 5 itive
(CO,) pathogenic
P09 NF1 NM_0010424 " Frameshift/ .
S.A) €499 502del 03 E5 p-(Cys167GInfs*10) Hz Known Pathogenic Negative
P1 F1 c.(2
(R.M(.) G _ ?1:12 9 OCBfr ??())dgel NM_000267.3 E19 Hz Known Deletion/Pathogenic ~ Negative
P11 NF1 p-(Asn1542Thrfs*11 Frameshift/Likely X
(UM.L) c4625del NM_000267.3 E34 ) Hz New Pathogenic Negative
P12 NF1 NM_000267.3 E2 Leu79* H Kn N /Path i Positi
(MS) C236T>A | . p-(Leu79¥) z own onsense/Pathogenic ositive

Hz: heterozygous genotype; NF1: neurofibromatosis type 1; E: exon; ACMG: American College of

Medical Genetics and Genomics.

The most frequent variant type was frameshift mutations, accounting for five cases
(41.7%) (P01, P04, P06, P09, and P11), followed by nonsense mutations in four cases
(833.3%) (P03, P05, P07, and P12), missense mutations in two cases (16.7%) (P02 and P08),
and a splicing deletion in one case (8.3%) (P10) (Table 1).

The majority of variants (9 out of 12, 75%) had been previously reported in the
literature or databases, while three patients (P04, P06, and P11) carried novel mutations,
all of which were frameshift variants. These included a complex frameshift mutation, NF1
¢.7504_7508delinsC (p.Ser2502Argfs*24), in patient P04; the NF1 c.4967_4968insAGACT
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(p.Tyr1657 Aspfs*22) variant in patient P06; and the NF1 c.4625del (p.Asn1542Thrfs*11)
variant in patient P11, thereby expanding the mutational spectrum of NF1 (Table 1).

A recurrent nonsense variant, NF1 c.910C>T (p.Arg304*), was detected in two
unrelated patients (P03 and P07), suggesting a mutational hotspot in the Romanian
population, given its location within a CpG dinucleotide in exon 9 (Table 1).

A positive family history of NF1 was reported in five out of 12 patients (41.7%), while
the remaining seven cases (58.3%) were sporadic, indicating a high proportion of de novo
mutations. Among sporadic cases, all variant types were represented, including the novel
frameshift variants identified in patients P04, P06, and P11 (Table 1).

All 12 patients met clinical diagnostic criteria for NF1, each presenting with six or
more café-au-lait macules, a finding that was the most consistent clinical feature across
the cohort (Table 2).

Table 2. Clinical manifestations by mutation type in the molecularly confirmed NF1 subgroup (n =
12).

Clinical Feature Frameshift (n =5) Nonsense Missense (1 =2) Deletion Total (n=12)
(n=4) n=1
Mean age (years) 54 4.2 5.0 8.0 5.8

Sex (M/F) 2M/3F 2M/2F 1M/1F 0OM/1F 5M/7F
Café-au-lait macules (>6) 5 (100%) 4 (100%) 2 (100%) 1 (100%) 12 (100%)
Axillary/inguinal freckling 3 (60%) 1 (25%) 2 (100%) 1 (100%) 7 (58.3%)
Lisch nodules 2 (40%) 1 (25%) 0 (0%) 1 (100%) 4 (33.3%)

Optic pathway glioma (OPG) 0 (0%) 0 (0%) 1 (50%) 1 (100%) 2 (16.7%)

Cutaneous neurofibromas 2 (40%) 1 (25%) 0 (0%) 0 (0%) 3 (25%)
Plexiform neurofibromas 2 (40%) 0 (0%) 0 (0%) 0 (0%) 2 (16.7%)

MPNST 1 (20%) 0 (0%) 0 (0%) 0 (0%) 1 (8.3%)

Musculoskeletal abnormalities 3 (60%) 2 (50%) 0 (0%) 1 (100%) 6 (50%)

FASI on brain MRI 2/4(50%)*  4/4(100%)  2/2(100%)  1/1(100%) 9/11 (81.8%)*
(prevalence)

Neurological/behavioral abnormalities 4 (80%) 2 (50%) 1 (50%) 1 (100%) 8 (66.66%)
Developmental delay/Intellectual disability 1 (20%) 1 (25%) 0 (0%) 0 (0%) 2 (16.7%)
Hypertension 0 (0%) 1 (25%) 0 (0%) 0 (0%) 1 (8.33%)

Other cardiovascular abnormalities 0 (0%) 1 (25%) 1 (50%) 0 (0%) 2 (16.7%)
Positive family history 1 (20%) 2 (50%) 2 (100%) 0 (0%) 5 (41.7%)
Sporadic (de novo) cases 4 (80%) 2 (50%) 0(0%) 1 (100%) 7 (58.3%)

* FASI prevalence: Brain MRI was available for 11 out of 12 patients (patient P01 had no available
imaging). Among these, only P06 and P11 did not present FASI. Thus, 9 out of 11 patients (81.8%)
with available MRI showed FASI; M: male; F: female; FASIL: focal abnormal signal intensities;
MPNST: malignant peripheral nerve sheath tumor; NF1: neurofibromatosis type 1, OPG: optic
pathway glioma.

Pigmentary manifestations included axillary or inguinal freckling in seven patients
(58.3%), while Lisch nodules were identified in four patients (33.3%), all aged eight years
or older, consistent with the age-dependent penetrance of this criterion. Regarding
tumoral manifestations, cutaneous or subcutaneous neurofibromas were present in three
patients (25%), and plexiform neurofibromas were identified in two patients (16.7%). One
patient (P04, 8.3%) developed a malignant peripheral nerve sheath tumor (MPNST),
representing the most severe tumoral complication in this cohort. Optic pathway glioma
(OPG) was diagnosed in two patients (16.7%). Musculoskeletal abnormalities were
observed in half of the patients (6 out of 12, 50.0%), including long bone dysplasia,
vertebral dysplasia, and dystrophic scoliosis in patient P04, nondystrophic scoliosis in
P11, as well as unspecified musculoskeletal abnormalities in P03, P06, P07, and P09.
Regarding neurological and neuroimaging findings, MRI abnormalities suggestive of
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focal abnormal signal intensities (FASIs) were present in nine out of 11 patients with
available imaging (81.8%) and were absent only in P06 and P11 (P01 had no available brain
MRI).

Unspecified neurological abnormalities were reported in three patients (25.0%),
namely P04, P08, and P10, with no seizures recorded in any patient. Behavioral or
psychiatric manifestations were present in five patients (41.7%), while developmental
delay or intellectual disability was observed in two patients (P06 and P07, 16.7%).
Cardiovascular manifestations included hypertension in one patient (P05, 8.3%) and other
cardiovascular abnormalities in two patients (P05 and P08, 16.7%) (Table 2).

4. Discussion

This study provides a dual-level analysis of NF1 in a Romanian cohort. First, we
describe the clinical characteristics of 54 patients meeting the revised 2021 NIH diagnostic
criteria, establishing the first clinical baseline for NF1 in Romania. Second, within a
molecularly confirmed subgroup of 12 patients, we report three novel NF1 variants and
provide preliminary, descriptive genotype—phenotype observations.

Given the financial constraints in Romania, where NGS is not reimbursed and MLPA
funding was discontinued, the molecular subgroup reflects real-world challenges in
resource-limited healthcare settings, and our findings should be interpreted as
exploratory and hypothesis-generating, requiring validation in larger independent
cohorts.

Of the 54 clinically diagnosed patients, 38 underwent some form of molecular testing
(27 by MLPA only, 11 by NGS). However, due to the strict inclusion criteria—full
molecular confirmation (NGS and/or MLPA), the absence of alternative molecular
diagnoses and complete clinical records—only 12 patients met the requirements for
definitive genotype—phenotype analysis. Of these, 11 were confirmed by NGS, and one
patient (P10) was confirmed by MLPA only. Thus, molecular confirmation was obtained
in all 12 cases, reinforcing the reliability of targeted sequencing of NF1 as a diagnostic tool
in individuals meeting the clinical criteria. This finding underlines the importance of
molecular testing, especially in cases where the clinical picture is unequivocal, and
supports its integration into standard diagnostic pathways—a goal that remains
challenging in countries without universal genetic testing coverage.

According to the American College of Medical Genetics and Genomics (ACMG)
guidelines [24], nine of the identified variants were classified as pathogenic (P01, P02, P03,
P04, P05, P07, P09, and P12), while three variants were designated as likely pathogenic
(P06, P08, and P11). In our cohort, all variants were located within the coding sequence of
the NF1 gene, with the majority affecting exons 2, 5, 9, 12, 27, 33, 34, 36, 50, and 54 (Table
1). Although large-scale studies have reported a relatively uniform distribution of NF1
mutations across the gene without significant clustering in specific exons [27,28], the
observed predominance in our series reflects the specific mutational profile of the
population analyzed.

Following the molecular characterization of the cohort, the relationship between
mutation types, protein domain localization, and clinical severity was assessed. The
genotype—phenotype correlation in the Romanian NF1 cohort is presented in Figure 4.
The figure integrates three levels of information: the distribution of mutation types (upper
panel), the localization of each mutation on the neurofibromin protein domains (middle
panel), and the corresponding clinical phenotype severity (lower panel) (Figure 4).
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Figure 4. Genotype-phenotype correlations in the molecularly confirmed NF1 subgroup (n = 12).
The figure integrates mutation type distribution, protein domain localization, and clinical severity.
Upper panel: Distribution of mutation types among the 12 patients. Frameshift mutations (yellow)
accounted for 5 cases (41.7%), nonsense mutations (blue) for 4 cases (33.3.%), missense (green) for 2
cases (16.7%), deletion (purple) for one case (8.3%). Middle panel: Linear representation of the
neurofibromin protein (2818 amino acids) with functional domains: CSRD (cysteine—serine-rich
domain, aa 543-909), TBD (tubulin-binding domain, aa 1095-1187), GRD (GAP-related domain, aa
1198-1530), Sec14 homology domain (aa 1550-1728), PH (Pleckstrin Homology 1715-1816 aa) and
CTD (C terminal domain, aa 2260-2818). Each mutation is positioned according to its amino acid
residue. Symbols follow the color scheme from the upper panel: (8) nonsense, (m) frameshift, (A)
missense, (®) deletion, (@) complex delins/novel variant (frameshift). The recurrent NF1 ¢.910C>T
(p-Arg304*) nonsense mutation was identified in two unrelated patients (P03 and P07). The novel
frameshift variant NF1 ¢.7504_7508delinsC (p.Ser2502Argfs*24) (P04) is located within the CTD.
Lower panel: Clinical phenotype severity graded as mild (light green) for patients with only café-
au-lait macules; moderate (yellow) for patients with additional cutaneous neurofibromas or FASI;
and severe (red) for patients with plexiform neurofibromas, MPNST, or severe skeletal

abnormalities. The novel variant (P04) is associated with the most severe clinical phenotype.

4.1. Mutational Diversity

The three novel frameshift mutations identified in this study (c.7504_7508delinsC,
c.4967_4968insAGACT, and c.4625del) may contribute to a growing understanding of the
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mutational diversity in NF1. Their presence in unrelated patients with classic and severe
phenotypes confirms that frameshift variants are a major driver of the disease.
Furthermore, reporting these novel variants is essential for improving genotype-
phenotype correlations and for refining diagnostic and prognostic algorithms in NF1. The
discovery of a novel variant in a sporadic case underscores the importance of
comprehensive genetic testing (even in the absence of a family history), and the value of
reporting new mutations to enrich existing databases.

More recently, a distinct genotype—-phenotype correlation has been established for
splicing variants leading to in-frame skipping of NF1 exon 24 (formerly known as exon
19a). Patients harboring these variants typically exhibit a milder phenotype, characterized
by a lower frequency of neurofibromas and other severe NF1-specific features [29].

4.2. Recurrent Mutations

The recurrent nonsense variant NF1 c.910C>T (p.Arg304*) was identified in two
unrelated patients (P03 and P07) with discordant family histories (one sporadic and one
familial). This variant is among the most frequently reported NF1 mutations in the
literature and is widely recognized as a mutational hotspot, given its location within a
CpG dinucleotide in exon 9 where recurrent de novo events are well documented [30].

Further characterization of this variant in the Romanian population would require
microsatellite- or SNP-based haplotype analysis in a larger cohort of unrelated carriers of
p-(Arg304*).

The recurrent nonsense variant NF1 c.910C>T (p.Arg304*) was identified in two
unrelated patients (P03 and P07) with discordant family histories (one sporadic and one
familial). This variant is among the most frequently reported NF1 mutations in the
literature and is widely recognized as a mutational hotspot, given its location within a
CpG dinucleotide in exon 9 where recurrent de novo events are well documented [30]. In
our cohort, the recurrence of this known variant in two unrelated patients is noteworthy;
however, further characterization through microsatellite or SNP-based haplotype analysis
in a larger cohort of Romanian carriers would be required to determine whether this
represents a population specific founder effect or a coincidental recurrence.

All 12 patients in this cohort presented with the classic NF1 phenotype, and no cases
of atypical presentation such as neurofibromatosis type 1 with Noonan syndrome-like
features (NFNS), were identified.

Patients carrying nonsense mutations (P03, P05, P07, and P12) and those with
frameshift mutations (P01, P04, P06, P09, and P11) exhibited the classic NF1 phenotype
without distinct clinical differences, suggesting that mutation type alone did not predict
phenotypic severity within this cohort. Similarly, the missense variants (P02 and P08) and
the single deletion (P10) were also associated with classic NF1, supporting the notion that
a wide range of mutational events converge toward a common clinical spectrum. This
observation stands in contrast to previous reports associating specific variant types or
exons with atypical phenotypes, as no cases of NFNS were observed despite the presence
of variants in exons 9 and 28, regions previously linked to more severe or atypical
presentations [10]. Our findings are consistent with several recent studies that have
reported similar discrepancies between predicted and observed phenotypes. For instance,
Koczkowska et al. [12] found that not all individuals carrying high risk missense variants
in exon 28 develop the full spectrum of severe manifestations, suggesting the influence of
additional modifying factors [12]. Similarly, Pacot et al. [15] emphasized that the clinical
expression of NF1 mutations is highly variable and cannot be reliably predicted from the
genotype alone [15]. Collectively, these findings suggest that additional factors, including
modifier genes, somatic mosaicism, and epigenetic mechanisms, play a significant role in
modulating the clinical expression of NF1 mutations, a notion further supported by the
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marked variability in disease severity observed among patients carrying the same
mutation (e.g., P03 and P07). This concept is reinforced by studies demonstrating that
“second-hit” somatic events, epigenetic modifications, and genetic background
significantly contribute to the wide phenotypic spectrum observed in NF1 [17]. These
findings emphasize the complexity of genotype—phenotype correlations in NF1 and
highlight the need for integrative approaches that consider both genetic and
environmental contributors.

4.3. Genotype—Phenotype Correlations

All 12 patients presented with the classic NF1 phenotype, with variable expressivity
across different organ systems. Patient P04, carrying the novel frameshift NFI
¢.7504_7508delinsC (p.Ser2502Argfs*24) variant, exhibited the most severe clinical
phenotype, including multiple tumoral manifestations (cutaneous neurofibromas,
plexiform neurofibroma, and MPNST), extensive musculoskeletal involvement (long
bone dysplasia, vertebral dysplasia, and dystrophic scoliosis), neurological abnormalities,
behavioral manifestations, and FASI on MRI. This suggests that the novel variant may be
associated with a particularly severe disease course, although the small sample size
precludes definitive conclusions. Patient P11, carrying a frameshift NF1 c.4625del
p-(Asn1542Thrfs*11) mutation, presented with a complex phenotype including freckling,
Lisch nodules, cutaneous and plexiform neurofibromas, nondystrophic scoliosis, and
FASI but without malignant transformation. Patients with nonsense mutations (P03, P05,
P07, and P12) displayed heterogeneous phenotypes: P05 (NF1 c.7285C>T, (p.Arg2429%)
presented with freckling, Lisch nodules, hypertension, cardiovascular abnormalities, and
FASI but no neurofibromas; P07 (NF1 c¢.910C>T, p.(Arg304*) presented with behavioral
manifestations, developmental delay, musculoskeletal abnormalities, and FASI; and
patients P03 and P12 presented with milder phenotypes, primarily pigmentary
manifestations and FASL. P08 (NFI1 c.4868A>T, p.(Aspl623Val) presented with optic
pathway glioma, neurological abnormalities, cardiovascular abnormalities, and FASI.
Patient P10, with a splicing deletion in exon 19, presented with optic pathway glioma and
FAS], but no neurofibromas or other severe complications. FASI on MRI was highly
prevalent (81.8%) across all mutation types, with no clear correlation with neurological
symptoms or cognitive impairment (Tables 1 and 2).

Patient P01 (D.A.C.), a 4-year-old male with a positive family history of NF1I,
presented with six or more café-au-lait macules, meeting the diagnostic criteria for NF1.
No other major manifestations were observed. Genetic testing identified the frameshift
NF1 c.1329dup, p.(Gly444Trpfs*2) variant, also denoted p.(Gly444fs), in exon 12. This
variant has been previously reported in European cohorts (PMIDs: 10712197 and
23913538) [27,28] and is listed in ClinVar (variation ID: 2002154) [26], but is absent from
gnomAD [31].

This frameshift creates a premature translational stop signal p.(Gly444Trpfs*2),
resulting in an absent or disrupted protein product. Loss-of-function (LOF) variants in
NF1 are well-established as pathogenic. Frameshift variants typically trigger nonsense-
mediated mRNA decay, leading to complete loss of neurofibromin function, a mechanism
strongly associated with classic NF1 phenotypes [27].

The absence of neurofibromas or skeletal abnormalities at age 4 is consistent with the
age-dependent penetrance of these features. The phenotype aligns with previously
described cases carrying LOF variants in exon 12 [28]. No genotype-specific correlation
was noted for this variant, supporting the general observation that most truncating
mutations lead to classic NF1 without distinct subphenotypes.

Patient P02 (G.T.), a 7-year- old male with a positive family history of NF1, exhibited
café-au-lait macules, axillary freckling, behavioral manifestations, language delay, and
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FASI on brain MRI but no neurofibromas. The missense NF1 c.3610C>G, p.(Argl1204Gly)
variant in exon 27 affects the GAP-related domain (GRD), a critical region for Ras
inactivation. Functional studies have demonstrated that this variant significantly reduces
the GTPase activating activity of neurofibromin (PMIDs: 22807134 and 26635368) [32,33].
Missense variants in the GRD are generally associated with classic NF1, though some
studies have reported a higher prevalence of cardiovascular abnormalities and cognitive
deficits (PMIDs: 31595648 and 38362057) [14,34]. While P02 did not exhibit cardiovascular
involvement, the presence of language delay and FASI aligns with the
neurodevelopmental phenotype described for GRD missense mutations [10,12,15]. The
absence of neurofibromas at age 7 is within the expected range of phenotypic variability.

The NF1 ¢.3610C>G, p.(Argl1204Gly) variant is listed in The Human Gene Mutation
Database (HGMD) [25], Leiden Open Variation Database (LOVD) [35], and ClinVar
(Variation ID: 68337) [26] databases. In addition, another missense variant affecting the
same codon, p.(Argl1204Trp), has been reported in NF1 patients (PMIDs: 22807134 and
10607834) [32,36].

Patient P03 (M.V.), a 2-year-old male with a negative family history, carries the
recurrent NF1 c.910C>T, p.(Arg304*) variant in exon 9 of the NF1 gene. This pathogenic
mutation is widely documented in international databases (ClinVar—variation ID:
187722; gnomAD; and LOVD) [26,31,35] and typically occurs as a de novo event due to a
CpG mutational hotspot. Mechanistically, it triggers an LOF through exon 9 skipping and
nonsense-mediated mRNA decay (PMID: 9463322) [37]. Clinically, P03 exhibits mild
language delay and EEG abnormalities (isolated sharp waves), consistent with the
increased frequency of cognitive deficits and cortical hyperexcitability reported in
patients carrying this specific variant (PMIDs: 23668869, 30014477, 26509978, and
35589737) [38—41]. This phenotype reinforces the well-recognized association between the
p-(Arg304*) mutation and significant neurodevelopmental manifestations.

Patient P04 (M.E.M.), an 11-year-old female with a negative family history of NF1,
presented with an exceptionally severe phenotype including multiple plexiform
neurofibromas, MPNST, extensive musculoskeletal abnormalities, and neurological
deficits. The novel frameshift NF1 c.7504_7508delinsC, p.(Ser2502Argfs*24) variant (in
exon 54) has not been previously reported in the literature. This variant leads to premature
protein truncation within the C-terminal domain (CTD) of neurofibromin, downstream of
the GRD and TBD. Truncating variants in the C terminal region of neurofibromin have
been associated with more severe phenotypes, including higher tumor burden and
increased risk of malignant transformation (PMID: 35066574) [42]. However, we
emphasize that this is a single severe case, and no causal association between this specific
novel variant and the aggressive phenotype can be established based on one observation.
The severity observed in P04 suggests a possible association that warrants further
investigation in larger cohorts, but this interpretation remains strictly descriptive and
hypothesis generating.

From a functional perspective, disruption of the CTD may impair microtubule
binding and dysregulate alternative signaling pathways beyond Ras, potentially
contributing to the aggressive clinical course [28]. Additionally, the presence of MPNST
at a young age is a rare event in NF1, occurring in approximately 8-13% of patients over
a lifetime [43], and is associated with truncating mutations in some series [44]. The severity
observed in P04 suggests that this novel variant may confer a particularly high-risk
phenotype, warranting close surveillance and early therapeutic intervention.

Patient P05 (P.S.), a 12-year-old female with a negative family history of NF1, carried
the nonsense NFI ¢.7285C>T, p.(Arg2429*) variant in exon 50. This variant has been
previously reported in several cohorts (PMIDs: 10712197,10678181, and 29872168)
[27,45,46] and is listed in ClinVar (variation ID: 185789) [26]. It is absent from gnomAD v2
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and generates a premature stop codon in exon 50, predicted to cause loss of normal
protein function through nonsense-mediated mRNA decay (NMD)—an established
disease mechanism in NF1.

The clinical presentation was dominated by congenital cardiovascular abnormalities
(truncus arteriosus, ventricular septal defect, and right ventricular hypertrophy) and
numerous cutaneous neurofibromas, with only a few café-au-lait spots—an unusual
distribution for classic NF1. While cardiovascular defects occur in 2.3% to 12.6% of NF1
patients [47], the severity of P05’s heart disease is exceptional. Some genotype—phenotype
studies have suggested an increased risk of cardiovascular abnormalities with missense
variants in the GRD [15,48], but P05 carried a nonsense variant, indicating that additional
modifying factors—either genetic (e.g., modifier genes) or environmental—likely
contributed to her phenotype.

Patient P06 (D.A.), a 1-year-and-6-month-old male with a negative family history of
NF1, carried the frameshift NF1 c.4967_4968insAGACT, p.(Tyr1657Aspfs*22) variant in
exon 36. This variant is absent from gnomAD has not been reported in the medical
literature or on disease-related variation databases. It generates a premature stop codon,
predicted to cause loss of normal protein function through nonsense-mediated mRNA
decay (an established disease mechanism in NF1) and was classified as likely pathogenic
(according to ACMG guidelines) [24]. The variant is located within the Sec14 homology
domain (amino acids 1575-1745), a region involved in lipid binding and intracellular
trafficking. Truncation of this domain may disrupt neurofibromin localization and
protein—protein interactions, although the precise functional consequences remain
unknown.

The clinical picture was complicated by concomitant fetal alcohol spectrum disorder
(FASD), making it difficult to attribute developmental delay, dysmorphic features, and
microcrania solely to NF1. While frameshift variants in this region have been associated
with classic NF1 in several studies (PMIDs: 33919865 and 37217626) [11,49], no specific
subphenotype has been delineated for variants in exon 36.

Large cohort studies have demonstrated that frameshift variants, are significantly
associated with skeletal abnormalities (PMIDs: 33919865 and 10339848) [11,50]. The
presence of café-au-lait macules supports the NF1 diagnosis, while the developmental
delay may reflect contributions from both NF1 and FASD. This case highlights the
challenge of phenotype interpretation in patients with dual diagnoses and underscores
the importance of comprehensive genetic counseling.

Patient P07 (T.S.), a 2-year and 3- monthold male, carried the same recurrent
nonsense variant as patient P03, NF1 c.910C>T, p.(Arg304¥). It is a well-recognized
pathogenic germline mutation in the NF1 gene, characterized by a premature translational
stop signal that results in a truncated and likely nonfunctional neurofibromin protein.
This variant is associated with the clinical diagnosis of NF1, which frequently includes
cognitive and neurodevelopmental problems [40]. Unlike P03, patient P07 had a positive
family history and exhibited a more severe neurodevelopmental phenotype, including
autism spectrum disorder, intellectual disability (DQ 55%), expressive language disorder,
and FASI on MRI The clinical variability between P03 and P07, despite sharing the
identical mutation, exemplifies the concept of variable expressivity in NF1, likely
influenced by genetic modifiers, stochastic factors, or environmental exposures [51].

Patient P08 (C.O.), a 3-year-old female with a positive family history of NF1, carried
the missense NF1 c.4868A>T, p.(Asp1623Val) variant in exon 33. The clinical presentation
was notable for an optic pathway glioma (OPG) involving the left optic nerve and chiasm,
along with FASI but no neurofibromas. OPGs occur in approximately 15-20% of children
with NF1 [52,53] and result from loss of the neurofibromin protein, leading to
overactivation of the RAS signaling pathway [53]. Xu et al. [54] demonstrated an
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association between NF1 mutations and an increased risk of OPGs, with most associated
variants being missense mutations, and identified the CSRD as a high-risk “hotspot”
region. In the same study, two patients with OPGs carried large deletions involving exons
30-34 and exons 31-35, respectively [54]. The NF1 c.4868A>T, p.(Asp1623Val) variant is
located in the GRD region of the NF1 gene. It is not reported in gnomAD [31] but is listed
in ClinVar (variation ID: 2765159) [26]. This variant has not been reported in the medical
literature in patients with NF1-related disease. Assessment of experimental evidence
suggests that this variant results in abnormal protein function (PMID: 34948100) [55].

Other missense variants in the same codon, p.(Aspl1623Tyr), p.(Aspl623Gly),
p-(Aspl623His), p.(Asp1623Asn), and p.(Aspl623Ala), have been reported in individuals
with NF1-related phenotypes, suggesting that this residue is clinically significant and that
variants disrupting it are likely disease-causing (PMIDs: 23913538, 23656349, 34694046,
and 26740943) [28,56-58]. The absence of neurofibromas at age 3 is consistent with the age-
dependent onset of these lesions. The positive family history confirms germline
transmission.

Patient P09 (S.A.), a 4-month-old female, with a negative family history of NF1,
carried the frameshift NF1 c.499_502del, p.(Cys167GInfs*10) variant in exon 5, resulting in
a premature codon stop and loss of protein function. This is a well-recognized pathogenic
variant, listed in several databases including ClinVar (variation ID: 185021) [26], HGMD
[25], and LOVD [35]. The mutation has been reported in several studies in the literature
(PMIDs: 10543400, 12807981, and 17311297) [59-61], occurring as a sporadic (de novo)
event in most cases.

Patient P09 presented with congenital pseudarthrosis of the tibia (CPT), a severe
skeletal complication occurring in 3-5% of NF1 patients [62,63]. CPT has been associated
with truncating variants in the first half of the gene in several studies [64-66].

Recent studies have confirmed that the location of mutations in the 5 region of the
NF1 gene (specifically in the first tertile, corresponding to exons 1-10) represents a critical
prognostic indicator, being strongly correlated with a severe phenotype that includes a
high incidence of CPT, early-onset OPG, and an increased overall tumor risk [67].

The early-onset of CPT in P09 aligns with these observations and suggests that the
location of the mutation may influence the risk of skeletal manifestations. The presence of
FASI on brain MRI, even at this young age, is a common finding in NF1 and does not
predict neurological outcome.

Patient P10 (R.M.G.), an 8-year-old female with a negative family history of NF1,
carried a deletion of exon 19 (NF1 c.(2809 -?_2905+?1)del). The clinical phenotype was
characterized by optic nerve neurofibroma, FASI, chronic kidney disease (CKD) with
secondary hypertension, and dorsal kyphosis, with no cutaneous neurofibromas.
Intragenic deletions in NF1 are generally associated with classic NF1, though some studies
have reported a higher prevalence of cardiovascular and skeletal abnormalities (PMIDs:
28213670 and 34199217) [68,69]. Although some studies have suggested that NF1
mutations located in the 5’ tertile (exons 1-21) or affecting the cysteine/serine-rich domain
(CSRD) may be associated with an elevated risk of optic pathway gliomas [53,67], this
genotype—phenotype correlation remains unconfirmed in larger independent cohorts, and
current evidence does not support its use in clinical risk stratification [70,71]. Indeed, the
present case, with a deletion of exon 19 (a region encompassed by the 5' tertile) but
presenting with an optic nerve neurofibroma rather than a glioma, exemplifies this
phenotypic heterogeneity.

The absence of cutaneous neurofibromas at age 8 years is within the expected clinical
course, as these tumors typically appear during adolescence and often continue to grow
in size and multiply into adulthood [2]. The presence of optic nerve neurofibroma (as
opposed to OPG) is less common but well documented in NF1, particularly in their
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plexiform form with potential to cause secondary glaucoma [72,73]. This case illustrates
the phenotypic variability associated with intragenic deletions.

Patient P11 (U.M.L), a 13-year-old female with a negative family history of NF1,
carried the frameshift NF1 c.4625del, p.(Asn1542Thrfs*11) variant in exon 34. She
presented with a progressive left brachial plexus plexiform neurofibroma (partially
resected), multiple spinal neurofibromas, scoliosis, and postoperative left Horner
syndrome. Frameshift variants, including those located in the central region of the NF1
gene (exons 30-35), have been associated with loss-of-function (LOF) and are frequently
observed in patients with plexiform neurofibromas, although no specific exon-level
hotspot has been definitively established [54,74,75].

The NF1 c.4625del, p.(Asn1542Thrfs*11) variant is a rare, likely pathogenic mutation
that is not present in major population databases (ClinVar, LOVD, and gnomAD), making
it highly unlikely to be a common benign variant in the general population.

However, as a loss-of-function (LOF) mutation leading to premature protein
termination—a class in which over 99% of NFI variants are pathogenic or likely
pathogenic—this variant is highly likely to be disease-causing [2,76]. This frameshift
variant p.(Asn1542Thrfs*11) results in a truncated neurofibromin protein lacking the
functional GRD, which is essential for Ras-GAP activity. This loss may affect
neurofibromin’s interactions with other signaling pathways, potentially contributing to
the aggressive tumor phenotype [77]. Given the significant tumor burden and disease
progression, selumetinib therapy was initiated in this patient.

Patient P12 (M.S.), a 7-month-old female, with positive family history of NF1, carried
the nonsense NF1 c.236T>A, p.(Leu79*) variant in exon 2. She presented with multiple
café-au-lait macules and FASI, with early involvement of the left optic tract on MRI but
no clinical signs of OPG.

The NF1 ¢.236T>A (p.Leu79*) variant is a nonsense mutation that introduces a
premature stop codon at amino acid position 79. This leads to a truncated neurofibromin
protein, which is typically degraded through nonsense-mediated mRNA decay (NMD),
resulting in a complete loss-of-function. Although this specific c.236T>A substitution is
not currently listed in international databases, such as ClinVar or gnomAD, the same
premature stop codon is caused by the NF1 c.236T>G (p.Leu79*) variant. This alternative
variant has been identified in two patients with NF1 (PMID: 31766501) [70] and is listed
in ClinVar (variation ID: 655362) [26]. As a nonsense mutation, this variant is predictably
pathogenic. This aligns with the well-established paradigm that premature stop codons
in NF1 almost invariably result in loss-of-function and clinical disease.

Some studies have suggested that genotype is the main determinant of OPG
development, with an increased risk observed in patients harboring NF1 mutations within
the 5’ tertile or the CSRD [53,54,67]. However, contradictory results have been reported
by several independent studies. Hutter et al. [71] analyzed a cohort of 77 patients and did
not confirm clustering of mutations in the 5 region among those with OPGs [71].
Similarly, Melloni et al. [70] combined their own cohort of 309 patients with a previously
described cohort of 381 patients, for a total of 690 patients. Upon statistical re-analysis,
they found no correlation between mutation location (tertile or domain) and OPG risk,
thereby refuting the initial conclusions [70]. Due to conflicting evidence from large-scale
studies, current clinical guidelines do not support OPG risk stratification solely based on
NF1 mutation location [71]. Our findings, as illustrated in Figure 4, support this lack of
clustering, given that our patients with optic pathway involvement (P08, P10, and P12)
harbor variants distributed across different regions of the neurofibromin protein (the
GRD, exon 19, and the 5’ tertile, respectively).

The early detection of optic tract involvement in patient P12 highlights the
importance of systematic neuroimaging in young NF1 patients, even in the absence of
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clinical symptoms. The positive family history (affected mother) confirms autosomal
dominant inheritance. Furthermore, the absence of neurofibromas at 7 months is expected,
as these lesions typically appear later in childhood.

Within the molecularly confirmed subgroup (n = 12), brain MRI was available for 11
patients. Focal abnormal signal intensities (FASIs) were present in 9 of these 11 patients
(81.8%), consistent with published data reporting FASI in 60-90% of children with NF1
[78]. Notably, in the larger clinically diagnosed cohort (1 = 54), FASI were reported in 27
patients (50.0%), reflecting the broader clinical spectrum. In the molecular subgroup, no
clear correlation was observed between FASI burden and specific neurocognitive deficits.

For instance, patient P02 presented with FASI and language delay, while patient P06
had FASI but no cognitive impairment (his developmental delay was primarily attributed
to fetal alcohol spectrum disorder). Patient P07 exhibited both FASI and severe
neurodevelopmental manifestations (autism spectrum disorder and intellectual
disability), whereas patient P03 had FASI and only mild language delay. While FASI were
already identifiable in the youngest patients (e.g., P09, aged 4 months, and P12, aged 7
months), supporting their early emergence, age-related trends could not be reliably
assessed due to the cross-sectional nature of the data. Larger prospective studies are
needed to clarify whether FASI burden or location predicts long-term neurocognitive
outcomes.

4.4. Study Limitations

The present study has several limitations that should be acknowledged.

Cohort size and generalizability. The cohort size is relatively small (n = 12 for the
molecularly confirmed subgroup), which limits statistical power for robust genotype—
phenotype correlations and precludes generalization to the broader Romanian NF1
population. Consequently, our findings should be regarded as exploratory and
hypothesis-generating rather than definitive. They serve as a foundational step for future
multicenter initiatives, not as a comprehensive characterization of NF1 in Romania.

Selection bias and representativeness. Importantly, the 12 molecularly confirmed
patients represent a subgroup of a larger clinically diagnosed cohort (1 = 54). Selection
was driven by the availability of complete molecular testing (NGS + MLPA), which in turn
was influenced by financial constraints (genetic testing for NF1 is not covered by the
Romanian national health system) and by the retrospective nature of this study (many
patients were diagnosed before the 2021 NIH criteria mandated molecular testing).
Consequently, the molecularly confirmed subgroup may not be fully representative of the
entire Romanian NF1 population. Patients from lower socioeconomic backgrounds, who
could not afford NGS, are likely underrepresented. This selection bias should be carefully
considered when interpreting the genotype-phenotype correlations reported here.
Moreover, this limitation reflects real-world challenges in resource-limited settings and
highlights the urgent need for national funding of genetic testing for rare diseases,
including NF1.

Retrospective design and heterogeneity of clinical data. The long-term retrospective design
(2016-2026) means that many patients were evaluated when diagnosis was based solely
on the 1987 NIH clinical criteria, before genetic confirmation was integrated into the
guidelines in 2021. As a result, earlier patients often lacked the indication for molecular
testing. Furthermore, clinical data were collected from medical records without a fully
standardized set of investigations; neuropsychological assessments, uniform imaging
protocols, and longitudinal follow-up data were not available for every patient. This
heterogeneity may have introduced bias in phenotype severity grading.

Lack of functional and RNA studies. Functional studies to assess the impact of the novel
frameshift variant identified in patient P04 (c.7504_7508delinsC, p.Ser2502 Argfs*24) were
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not performed. Similarly, the absence of RNA analysis for splicing variants may have led
to an underestimation of splicing defects, which account for a significant proportion of
NF1 mutations [28,36,74].

Detection limitations for mosaicism and deep intronic variants. Our methodology
(targeted NGS panel and MLPA) was not designed to detect low-level mosaicism or deep
intronic variants not affecting splice sites. While these are relatively rare in classic, non-
mosaic NF1, their presence cannot be formally excluded. Future studies incorporating
whole-genome sequencing (WGS), RNA analysis, and testing of affected tissues (when
available) will be required to address this gap.

Absence of a control group. We did not include an independent control group (e.g.,
patients with suspected NF1 but negative genetic testing), which would have allowed
calculation of the sensitivity and specificity of clinical criteria in our population.
Incorporating a symptomatic, genotype-negative control group should be considered in
future larger-scale initiatives.

Exclusion of alternative RASopathies. Despite the clinical overlap of NF1 with other
RASopathies (such as Legius syndrome, Noonan syndrome, and PTEN hamartoma
syndrome), all patients in our cohort met the revised 2021 NIH diagnostic criteria for NF1,
and alternative diagnoses were excluded clinically before genetic testing.

4.5. Significance as the First Romanian NF1 Cohort Study

To our knowledge, this is the first study to provide a combined molecular and clinical
characterization of a Romanian cohort of patients with NF1. In Romania, published
research on neurofibromatosis type 1 is scarce and dominated by case reports and small
clinical studies. The 2007 study by Buteica et al. [79], which reported six cases (three
sporadic), is one of the few addressing the genetic aspect [79]. However, consistent with
the resources available at the time, it only describes the inheritance pattern (de novo vs.
inherited) without identifying or reporting the specific genetic variants. As such, it
represents a foundational step toward understanding the mutational spectrum and
clinical heterogeneity of NF1 in Romania. The identification of three novel variants and
the recurrence of NF1 c¢.910C>T (p.Arg304*) variant in two unrelated patients highlights
the need for larger, multicenter studies to further characterize population-specific
mutational patterns in the Romanian cohort.

Such studies would enable comparisons with other European countries and
ethnically diverse populations, potentially revealing population specific mutational
hotspots and genotype-phenotype patterns [3,28,50,67].

Beyond the molecular findings, this study provides the first systematic clinical
characterization of a large cohort of Romanian patients with NF1 (1 = 54). To the best of
our knowledge, no previous report has documented the frequency of major clinical
manifestations within a Romanian NF1 population.

The observed frequencies (100% for café-au-lait macules, 64.8% for Lisch nodules,
61.1% for axillary freckling, 42.6% for cutaneous neurofibromas, 50.0% for FASI on MRI,
20.4% for nondystrophic scoliosis, and 27.8% for plexiform neurofibromas) are broadly
consistent with published data from other European cohorts [80-83].

This clinical baseline is highly valuable for local healthcare planning, for educational
and training purposes, and as a reference point for future comparative studies in Central
and Eastern Europe.

4.6. Importance of Early Molecular Diagnosis and Genetic Counseling

A key finding of this study is the high proportion of sporadic cases (7 out of 12,
58.3%), underscoring the importance of molecular genetic testing for establishing an
accurate diagnosis, particularly in young children who may not yet fulfill all clinical
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diagnostic criteria. In our cohort, patients diagnosed at very young ages—such as P09 (4
months), P12 (7 months), P06 (1 year and 6 months), and P03 (2 years)—benefited from
early genetic confirmation, which facilitated timely clinical surveillance and family
counseling. In these cases, testing was indicated either by a positive family history (P12)
or by the presence of multiple café-au-lait macules (P03, P06, and P09), reinforcing the
utility of genetic testing as a first line diagnostic tool in the pediatric population.

Genetic counseling was offered to all families enrolled in this study, with particular
emphasis on explaining the autosomal dominant inheritance pattern, the 50% recurrence
risk for future offspring, and the variable expressivity that characterizes NF1. For sporadic
cases, parents were counseled regarding the de novo nature of the mutation and the low
recurrence risk in subsequent pregnancies, while for familial cases, cascade testing of at-
risk relatives was recommended. The provision of accurate genetic counseling is essential
for informed reproductive decision making and for ensuring appropriate long-term
medical follow up.

The discrepancy between the number of clinically diagnosed patients (n = 54) and
those with complete molecular confirmation (n = 12) highlights a critical gap in access to
genetic testing for NF1 in Romania. Financial constraints were the primary barrier, as NGS
is not reimbursed by the national health system, and even MLPA testing was discontinued
due to lack of funding. This situation is likely not unique to Romania but reflects broader
challenges in Central and Eastern European countries. Addressing these disparities
should be a priority for healthcare policymakers, as molecular confirmation is essential
not only for accurate diagnosis and genetic counseling but also for determining eligibility
for targeted therapies (e.g., selumetinib for plexiform neurofibromas).

4.7. Therapeutic Perspectives: Targeted Therapy for Plexiform Neurofibromas

The identification of patients with progressive plexiform neurofibromas in our cohort
(P04 and P11) highlights the importance of recognizing candidates for targeted therapy.
Selumetinib, a selective MEK1/2 inhibitor, has been approved for the treatment of
symptomatic, inoperable plexiform neurofibromas in children with NF1 based on the
phase II SPRINT trial, which demonstrated durable tumor volume reduction and clinical
improvement in pain and quality of life [16,84]. In our study, patient P04 was undergoing
selumetinib therapy for a large lumbar plexiform neurofibroma with significant
neurological compromise, while patient P11 was being considered for treatment due to
disease progression. These cases illustrate the transformative impact of molecularly
targeted therapies in NF1 and underscore the need for early referral to specialized
multidisciplinary centers.

In conclusion, this study operates on two complementary levels. First, we provide a
comprehensive clinical baseline of NF1 in a Romanian cohort of 54 patients, documenting
the frequency of major diagnostic criteria and complications. Second, within a molecularly
confirmed subgroup of 12 patients, we report three novel NFI variants and establish
preliminary genotype—phenotype correlations. While the small size of the molecular
subgroup limits statistical power, the clinical description of the larger cohort adds
valuable context and illustrates the real-world challenges of accessing genetic testing.

4.8. Future Directions

The present study lays the groundwork for several future research directions. First,
expansion to a multicenter national registry would enable the collection of clinical and
molecular data from a larger cohort of Romanian NF1 patients, allowing for robust
genotype—phenotype correlation analyses and the identification of population-specific
mutational patterns. Future studies should be framed within recent neurogenetic
precision medicine approaches, where genotype is integrated with standardized
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phenotype, longitudinal follow up, modifier assessment, imaging/functional data, and
explicit uncertainty, rather than used as a deterministic predictor of individual outcome
[85].

Second, future studies should adopt a prospective, multicenter design with
standardized, blinded phenotyping protocols, predefined inclusion and exclusion criteria,
and independent validation of novel variants in control populations. Third, whenever
possible, functional studies (e.g., RNA sequencing, minigene assays, and Western blot for
protein expression) and multi-tissue testing for mosaicism should be incorporated to
improve the characterization of splice variants and the novel frameshift variants identified
here. Fourth, longitudinal follow-up of the cohort will provide valuable data on the
natural history of the disease and the long-term outcomes of targeted therapies. Fifth, a
separate forthcoming study will provide a detailed analysis of the «clinical,
epidemiological, and treatment-related outcomes of the entire 54-patient clinically
diagnosed cohort, including longitudinal follow-up and a comprehensive evaluation of
the 42 patients who lacked complete molecular confirmation.

Finally, comparative studies with other European populations would help delineate
the unique features of NF1 in Romania and contribute to the global understanding of this
complex disorder.

5. Conclusions

This study provides the first dual-level characterization of NF1 in a Romanian cohort:
a clinical description of 54 patients meeting diagnostic criteria, followed by preliminary
molecular confirmation and descriptive, exploratory genotype—phenotype observations
in a subgroup of 12 patients. This establishes a foundational framework for future national
research in a population previously underrepresented in the international literature.

Within the molecularly confirmed subgroup, frameshift and nonsense mutations
accounted for 75% of the variants, including three novel frameshift mutations. The
recurrent nonsense variant c.910C>T (p.Arg304*) observed in two unrelated patients is
consistent with a known mutational hotspot; however, haplotype analysis in a larger
cohort is required before any population specific interpretation can be made. The high
proportion of sporadic cases (58.3%) underscores the vital role of early molecular testing,
particularly in infants and young children presenting with isolated café-au-lait macules.
Early genetic confirmation facilitated timely multidisciplinary surveillance, accurate
prognostic assessment, and comprehensive family counseling.

The identification of severe phenotypes, including progressive plexiform
neurofibromas and a malignant peripheral nerve sheath tumor, highlights the urgency of
early referral to specialized centers and illustrates the emerging role of targeted therapies,
such as the MEK inhibitor selumetinib.

Despite the acknowledged limitations (including small cohort size, retrospective
design, and lack of functional studies—which preclude definitive genotype—phenotype
correlations), this first regional report from Romania offers valuable data for cross-
population comparisons and represents an essential starting point for improving
diagnostic accuracy and genetic counseling for NF1 patients in this region. Future
prospective studies incorporating transcriptome sequencing, more sensitive mosaicism
assays, and standardized clinical evaluations are needed to fully capture the molecular
and clinical heterogeneity of NF1.

Supplementary Materials: The following supporting information can be downloaded at

https://www.mdpi.com/article/10.3390/genes17070843/s1, Supplementary Table S1. ACMG/AMP

criteria applied for variant classification.
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NF1 Neurofibromatosis type 1

MPNST  Malignant peripheral nerve sheath tumor

CSRD Cysteine-serine-rich domain

GRD GAP-related domain

TBD Tubulin-binding domain

NFNS Neurofibromatosis type 1 with Noonan Syndrome-like features
OPG Optic pathway glioma

CPT Congenital pseudarthrosis of the tibia

References

Online Mendelian Inheritance in Man (OMIM). Available online: https://www.omim.org/ (accessed on 28 February 2026).
Friedman, ].M. Neurofibromatosis 1. In GeneReviews® 1993-2026; Adam, M.P., Bick, S., Mirzaa, G.M., Pagon, R.A., Wallace, S.E.,
Amemiya, A., Eds.; University of Washington, Seattle, WA, USA, 1998; Updated 3 April 2025. Available online:
https://www.ncbi.nlm.nih.gov/books/NBK1109/ (accessed on 28 February 2026).

3. Jurca, A,; Pop, S.; Jurca, CM.; Vesa, C.M.; Jurca, A.D. Unveiling the complexity of neurofibromatosis type 1: Innovations in
genetic understanding and clinical management. A narrative review. Biomed. Pap. Med. Fac. Univ. Palacky Olomouc Czech Repub.
2025, 169, 255-261.

4.  Teranishi, Y.; Miyawaki, S.; Saito, N. [Molecular Pathogenesis, Genetic Profiles, and Therapeutic Strategies for NF2-Related
Schwannomatosis]. No Shinkei Geka 2025, 53, 802-810.

5. Legius, E.; Messiaen, L.; Wolkenstein, P.; Pancza, P.; Avery, R.A.; Berman, Y; Blakeley, J.; Babovic-Vuksanovic, D.; Cunha, K.S.;
Ferner, R.; et al. Revised diagnostic criteria for neurofibromatosis type 1 and Legius syndrome: An international consensus
recommendation. Genet. Med. 2021, 23, 1506-1513.

6. Liao, M.; Lee, HLL.; Liu, Y.L.; Wong, T.T. Neurofibromatosis Type 1: A General Review. ]. Korean Neurosurg. Soc. 2025, 68, 644—
651. https://doi.org/10.3340/jkns.2025.0073.

7.  Kehrer-Sawatzki, H.; Cooper, D.N. Classification of NF1 microdeletions and its importance for establishing
genotype/phenotype correlations in patients with NF1 microdeletions. Hum. Genet. 2021, 140, 1635-1649.
https://doi.org/10.1007/s00439-021-02363-3.

8. Wu-Chou, Y.H.; Hung, T.C,; Lin, Y.T.; Cheng, HW.; Lin, J.L.; Lin, C.H,; Yu, C.C; Chen, K.T,; Yeh, T.H.; Chen, Y.R. Genetic
diagnosis of neurofibromatosis type 1: Targeted next-generation sequencing with Multiple Ligation-Dependent Probe
Amplification analysis. ]. Biomed. Sci. 2018, 25, 72. https://doi.org/10.1186/s12929-018-0474-9.

https://doi.org/10.3390/genes17070843



Genes 2026, 17, 843 23 of 27

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Ruggieri, M.; Huson, S.M. The clinical and diagnostic implications of mosaicism in the neurofibromatoses. Neurology 2001, 56,
1433-1443. https://doi.org/10.1212/wnl.56.11.1433.

Koczkowska, M.; Callens, T.; Gomes, A.; Sharp, A.; Chen, Y.; Hicks, A.D.; Aylsworth, A.S.; Azizi, A.A; Basel, D.G,; Bellus, G.;
et al. Expanding the clinical phenotype of individuals with a 3-bp in-frame deletion of the NF1 gene (c.2970_2972del): An update
of genotype-phenotype correlation. Genet. Med. 2019, 21, 867-876. https://doi.org/10.1038/s41436-018-0269-0.

Scala, M.; Schiavetti, I.; Madia, F.; Chelleri, C.; Piccolo, G.; Accogli, A.; Riva, A.; Salpietro, V.; Bocciardi, R.; Morcaldi, G.; et al.
Genotype-Phenotype Correlations in Neurofibromatosis Type 1: A Single-Center Cohort Study. Cancers 2021, 13, 1879.
https://doi.org/10.3390/cancers13081879.

Koczkowska, M.; Chen, Y; Callens, T.; Gomes, A.; Sharp, A.; Johnson, S.; Hsiao, M.C.; Chen, Z.; Balasubramanian, M.; Barnett,
C.P,; et al. Genotype phenotype correlation in NF1: Evidence for a more severe phenotype associated with missense mutations
affecting NF1 codons 844-848. Am. |. Hum. Genet. 2018, 102, 69-87. https://doi.org/10.1016/j.ajhg.2017.12.001.

Well, L.; Débel, K.; Kluwe, L.; Bannas, P.; Farschtschi, S.; Adam, G.; Mautner, V.F.; Salamon, J. Genotype-phenotype correlation
in neurofibromatosis type-1: NF1 whole gene deletions lead to high tumor-burden and increased tumor-growth. PLoS Genet.
2021, 17, €1009517. https://doi.org/10.1371/journal.pgen.1009517.

Koczkowska, M.; Callens, T.; Chen, Y.; Gomes, A.; Hicks, A.D.; Sharp, A.; Johns, E.; Uhas, K.A.; Armstrong, L.; Bosanko, K.A.;
et al. Clinical spectrum of individuals with pathogenic NF1 missense variants affecting p.Met1149, p.Argl276, and p.Lys1423:
Genotype-phenotype study in neurofibromatosis type 1. Hum. Mutat. 2020, 41, 299-315. https://doi.org/10.1002/humu.23929.
Pacot, L.; Blok, M.; Vidaud, D.; Fertitta, L.; Laurendeau, I.; Coustier, A.; Maillard, T.; Barbance, C.; Hadjadj, D.; Ye, M,; et al.
Refined genotype-phenotype correlations in neurofibromatosis type 1 patients with NF1 point variants. ]. Med. Genet. 2025, 62,
783-793. https://doi.org/10.1136/jmg-2025-110783.

Gross, A.M.; Wolters, P.L.; Dombi, E.; Baldwin, A.; Whitcomb, P.; Fisher, M.].; Weiss, B.; Kim, A.; Bornhorst, M.; Shah, A.C.; et
al. Selumetinib in Children with Inoperable Plexiform Neurofibromas. N. Engl. ]. Med. 2020, 382, 1430-1442.
https://doi.org/10.1056/NEJMoal912735.

Sharafi, P.; Ayter, S. Possible modifier genes in the variation of neurofibromatosis type 1 clinical phenotypes. ]. Neurogenet. 2018,
32, 65-77. https://doi.org/10.1080/01677063.2018.1456538.

Kafshboran, H.R.; Sanlidag, B.; Polat, D.C.; Ergéren, M.C. Neurodevelopmental Comorbidities and Novel Population-based
Mutations in Ethnic Patients with Neurofibromatosis Type 1. Neurol. Sci. Neurophysiol. 2025, 42, 108-115.
https://doi.org/10.4103/nsn.nsn_26_25.

Chen, Y.; Chen, X.; Wang, Y.; Zhang, L.; Li, M. An Overview of Optic Pathway Glioma With Neurofibromatosis Type 1:
Pathogenesis, Risk Factors, and Therapeutic Strategies. Investig. Opthalmol. Vis.  Sci. 2024, 65, 8.
https://doi.org/10.1167/i0vs.65.6.8.

Hirbe, A.C.; Dehner, C.A.; Dombi, E.; Eulo, V.; Gross, A.M.; Sundby, T.; Lazar, A.].; Widemann, B.C. Contemporary Approach
to Neurofibromatosis Type 1-Associated Malignant Peripheral Nerve Sheath Tumors. Am. Soc. Clin. Oncol. Educ. Book 2024, 44,
€432242. https://doi.org/10.1200/EDBK_432242.

Ng, P.C.; Henikoff, S. SIFT: Predicting amino acid changes that affect protein function. Nucleic Acids Res. 2003, 31, 3812-3814.
https://doi.org/10.1093/nar/gkg509. PMID: 12824425.

Adzhubei, I; Jordan, D.M.; Sunyaev, S.R. Predicting functional effect of human missense mutations using PolyPhen-2. Curr.
Protoc. Hum. Genet. 2013, 76, 7.20.1-7.20.41. https://doi.org/10.1002/0471142905.hg0720s76.

Schwarz, J.; Cooper, D.; Schuelke, M.; Seelow, D. MutationTaster2: Mutation prediction for the deep-sequencing age. Nat.
Methods 2014, 11, 361-362. https://doi.org/10.1038/nmeth.2890.

American College of Medical Genetics and Genomics (ACMG). Available online: https://www.acmg.net/ ACMG/Medical-
Genetics-Practice-Resources/Technical_Standards_and_Guidelines.aspx (accessed on 28 March 2026).

The Human Gene Mutation Database (HGMD). Available online: https://www.hgmd.cf.ac.uk/ac/index.php (accessed on 10
April 2026).

ClinVar Database. Available online: https://www.ncbi.nlm.nih.gov/clinvar/ (accessed on 11 April 2026).

Fahsold, R.; Hoffmeyer, S.; Mischung, C.; Gille, C.; Ehlers, C.; Kiiciikceylan, N.; Abdel Nour, M.; Gewies, A.; Peters, H.;
Kaufmann, D.; et al. Minor lesion mutational spectrum of the entire NF1 gene does not explain its high mutability but points to
a functional domain upstream of the GAP related domain. Am. |. Hum. Genet. 2000, 66, 790-818. https://doi.org/10.1086/302809.
Sabbagh, A.; Pasmant, E.; Imbard, A.; Luscan, A.; Soares, M.; Blanché, H.; Laurendeau, I.; Ferkal, S.; Vidaud, M.; Pinson, S.; et
al. NF1 molecular characterization and neurofibromatosis type I genotype—phenotype correlation: The French experience. Hum.
Mutat. 2013, 34, 1510-1518. https://doi.org/10.1002/humu.22392.

https://doi.org/10.3390/genes17070843



Genes 2026, 17, 843 24 of 27

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Chen, Y.; Fu, Y.; Koczkowska, M.; Callens, T.; Gomes, A.; Liu, J.; Bradley, W.; Brown, B.; Shaw, B.; D’Agostino, D.; et al.
Genotype-Phenotype Correlation in Neurofibromatosis Type 1: Evidence for a Mild Phenotype Associated with Splicing
Variants Leading to In-Frame Skipping of NF1 Exon 24 [19a]. Cancers 2024, 16, 2406. https://doi.org/10.3390/cancers16132406.
Riva, M.; Martorana, D.; Uliana, V.; Caleffi, E.; Boschi, E.; Garavelli, L.; Ponti, G.; Sangiorgi, L.; Graziano, C.; Bigoni, S.; et al.
Recurrent NF1 gene variants and their genotype/phenotype correlations in patients with Neurofibromatosis type 1. Genes
Chromosomes Cancer 2022, 61, 10-21. https://doi.org/10.1002/gcc.22997.

Genome Aggregation Database (gnomAD). Available online: https://registry.opendata.aws/broad-gnomad/ (accessed on 11
April 2026).

Thomas, L.; Richards, M.; Mort, M.; Dunlop, E.; Cooper, D.N.; Upadhyaya, M. Assessment of the potential pathogenicity of
missense mutations identified in the GTPase-activating protein (GAP)-related domain of the neurofibromatosis type-1 (NF1)
gene. Hum. Mutat. 2012, 33, 1687-1696. https://doi.org/10.1002/humu.22162.

Hirata, Y.; Brems, H.; Suzuki, M.; Kanamori, M.; Okada, M.; Morita, R.; Llano Rivas, L; Ose, T.; Messiaen, L.; Legius, E.; et al.
Interaction between a Domain of the Negative Regulator of the Ras-ERK Pathway, SPRED1 Protein, and the GTPase-activating
Protein-related Domain of Neurofibromin Is Implicated in Legius Syndrome and Neurofibromatosis Type 1. | Biol Chem. 2016,
291(7), 3124-34. doi: 10.1074/jbc.M115.703710.

Arshad, F.; Prasad, A.; Somaraj, A.; Udupi, G.A.; Ramakrishnan, S.; Alladi, S. Novel Pathogenic Missense NF1-Variant
Associated With Cognitive Impairment. Dement. Neurocognitive Disord. 2024, 23, 71-73.
https://doi.org/10.12779/dnd.2024.23.1.71.

LOVD Database. Available online: https://www.lovd.nl/ (accessed on 10 April 2026).

Ars, E.; Serra, E.; Garcia, J.; Kruyer, H.; Gaona, A.; Lazaro, C.; Estivill, X. Mutations affecting mRNA splicing are the most
common molecular defects in patients with neurofibromatosis type 1. Hum. Mol. Genet. 2000, 9, 237-247. Erratum in Hum Mol
Genet 2000, 9, 659. https://doi.org/10.1093/hmg/9.2.237.

Hoffmeyer, S.; Niirnberg, P.; Ritter, H.; Fahsold, R.; Leistner, W.; Kaufmann, D.; Krone, W. Nearby stop codons in exons of the
neurofibromatosis type 1 gene are disparate splice effectors. Am. J. Hum. Genet. 1998, 62, 269-277. https://doi.org/10.1086/301715.
Ko, ].M.; Sohn, Y.B.; Jeong, S.Y.; Kim, H.].; Messiaen, L.M.; Choi, ].Y.; Lee, S.J.; Kim, S.H.; Yoon, S.Z.; Park, S.S.; et al. Mutation
spectrum of NF1 and clinical characteristics in 78 Korean patients with neurofibromatosis type 1. Pediatr. Neurol. 2013, 48, 447—
453. https://doi.org/10.1016/j.pediatrneurol.2013.02.004.

Palma Milla, C.; Lezana Rosales, ].M.; Lopez Montiel, ].; Andrés Garrido, L.D.; Sanchez Linares, C.; Carmona Tamajon, S.; Torres
Fernandez, C.; Sanchez Gonzalez, P.; Franco Freire, S.; Benito Lépez, C.; et al. Neurofibromatosis type I: Mutation spectrum of
NF1 in spanish patients. Ann. Hum. Genet. 2018, 82, 425-436. https://doi.org/10.1111/ahg.12272.

Hernandez-Imaz, E.; Martin, Y.; de Conti, L.; Melean, G.; Valero, A.; Baralle, M.; Herndandez-Chico, C. Functional Analysis of
Mutations in Exon 9 of NF1 Reveals the Presence of Several Elements Regulating Splicing. PLoS ONE 2015, 10, e0141735.
https://doi.org/10.1371/journal.pone.0141735.

Anastasaki, C.; Mo, J.; Chen, ] K.; Chatterjee, J.; Pan, Y.; Scheaffer, S.M.; Cobb, O.; Monje, M.; Le, L.Q.; Gutmann, D.H. Neuronal
hyperexcitability drives central and peripheral nervous system tumor progression in models of neurofibromatosis-1. Nat.
Commun. 2022, 13, 2785. https://doi.org/10.1038/s41467-022-30466-6.

Mo, J.; Moye, S.L.; McKay, R.M.; Le, L.Q. Neurofibromin and Suppression of Tumorigenesis: Beyond the GAP. Oncogene 2022,
41, 1235-1251. https://doi.org/10.1038/s41388-021-02156-y.

Evans, D.G.R.; Baser, M.E.; McGaughran, J.; Sharif, S.; Howard, E.; Moran, A. Malignant Peripheral Nerve Sheath Tumours in
Neurofibromatosis 1. |. Med. Genet. 2002, 39, 311-314. https://doi.org/10.1136/jmg.39.5.311.

Kluwe, L.; Friedrich, R.E.; Peiper, M.; Friedman, J.; Mautner, V.F. Constitutional NF1 mutations in neurofibromatosis 1 patients
with malignant peripheral nerve sheath tumors. Hum. Mutat. 2003, 22, 420. https://doi.org/10.1002/humu.9193.

Birnbaum, R.A.; O'Marcaigh, A.; Wardak, Z.; Zhang, Y.Y.; Dranoff, G.; Jacks, T.; Clapp, D.W.; Shannon, K.M. Nfl and Gmcsf
interact in myeloid leukemogenesis. Mol. Cell 2000, 5, 189-195. https://doi.org/10.1016/51097-2765(00)80415-3.

Eisfeld, A.K.; Kohlschmidt, J.; Mrézek, K.; Mims, A.; Walker, C.J.; Blachly, J.S.; Nicolet, D.; Orwick, S.; Maharry, S.E.; Carroll,
A].; et al. NF1 mutations are recurrent in adult acute myeloid leukemia and confer poor outcome. Leukemia 2018, 32, 2536-2545.
https://doi.org/10.1038/s41375-018-0147-4.

Ye, J; Jiang, Y.; Wang, H.; Wang, D. NF1 with Multiple Cardiac Structural Abnormalities Leading to Cerebral Infarction.
Diagnostics 2026, 16, 163. https://doi.org/10.3390/diagnostics16010163.

https://doi.org/10.3390/genes17070843



Genes 2026, 17, 843 25 of 27

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Ou, M;; Ho, SK,; Luk, HM.; Cheng, S.S.; Lee, M.M.; Lam, T.W; Lo, LF.; Luo, R. Protein Domain-Specific Genotype-Phenotype
Correlation Study of Neurofibromatosis Type 1. Sci. Rep. 2025, 16, 2709. Erratum in Sci. Rep. 2026, 16, 7617.
https://doi.org/10.1038/s41598-025-32422-y.

Bettinaglio, P.; Mangano, E.; Tritto, V.; Bordoni, R.; Paterra, R.; Borghi, A.; Volonte, M.; Battaglia, C.; Saletti, V.; Cesaretti, C.; et
al. New insights into the molecular basis of spinal neurofibromatosis type 1. Eur. . Hum. Genet. 2023, 31, 931-938.
https://doi.org/10.1038/s41431-023-01377-x.

Gjorgjievska, M.; Bozhinovski, G.; Sukarova-Angelovska, E.; Kocova, M.; Kanzoska, L.M.; Plaseska-Karanfilska, D. Mutational
Spectrum and Genotype-phenotype Correlations in Neurofibromatosis Type 1 Patients from North Macedonia: Identification
of Ten Novel NF1 Pathogenic Variants. Balk. Med. ]. 2023, 40, 252-261. https://doi.org/10.4274/balkanmedj.galenos.2023.2022-12-
28.

Clissa, P.B.; Sanabani, S.S. Genetic and non-genetic factors influencing phenotypic variability in neurofibromatosis type 1.
Orphanet ]. Rare Dis. 2026, 21, 189. https://doi.org/10.1186/s13023-026-04334-1.

Tang, Y.; Gutmann, D.H. Neurofibromatosis Type 1-Associated Optic Pathway Gliomas: Current Challenges and Future
Prospects. Cancer Manag. Res. 2023, 15, 667-681. https://doi.org/10.2147/CMAR.S362678.

Sharif, S.; Upadhyaya, M.; Ferner, R.; Majounie, E.; Shenton, A.; Baser, M.; Thakker, N.; Evans, D.G. A molecular analysis of
individuals with neurofibromatosis type 1 (NF1) and optic pathway gliomas (OPGs), and an assessment of genotype-phenotype
correlations. |. Med. Genet. 2011, 48, 256-260. https://doi.org/10.1136/jmg.2010.081760.

Xu, M,; Xiong, H.; Han, Y.; Li, C;; Mai, S.; Huang, Z.; Ai, X;; Guo, Z.; Zeng, F.; Guo, Q. Identification of Mutation Regions on
NF1 Responsible for High- and Low-Risk Development of Optic Pathway Glioma in Neurofibromatosis Type 1. Front. Genet.
2018, 9, 270. https://doi.org/10.3389/fgene.2018.00270.

Park, G.H,; Lee, S.J.; Lee, C.G.; Kim, J.; Park, E.; Jeong, S.Y. Neurofibromin Deficiency Causes Epidermal Growth Factor Receptor
Upregulation through the Activation of Ras/ERK/SP1 Signaling Pathway in Neurofibromatosis Type 1-Associated Malignant
Peripheral Nerve Sheet Tumor. Int. J. Mol. Sci. 2021, 22, 13308. https://doi.org/10.3390/ijms222413308.

van Minkelen, R.; van Bever, Y.; Kromosoeto, ].N.; Withagen-Hermans, C.J.; Nieuwlaat, A.; Halley, D.J.; van den Ouweland,
A.M. A clinical and genetic overview of 18 years neurofibromatosis type 1 molecular diagnostics in the Netherlands. Clin. Genet.
2014, 85, 318-327.. https://doi.org/10.1111/cge.12187.

Long, A.; Liu, H.; Liu, J.; Daniel, M.; Bedwell, D.M.; Korf, B.; Kesterson, R.A.; Wallis, D. Analysis of patient-specific NF1 variants
leads to functional insights for Ras signaling that can impact personalized medicine. Hum. Mutat. 2022, 43, 30-41.
https://doi.org/10.1002/humu.24290.

Bianchessi, D.; Morosini, S.; Saletti, V.; Ibba, M.C.; Natacci, F.; Esposito, S.; Cesaretti, C.; Riva, D.; Finocchiaro, G.; Eoli, M. 126
novel mutations in Italian patients with neurofibromatosis type 1. Mol. Genet. Genom. Med. 2015, 3, 513-525.
https://doi.org/10.1002/mgg3.161.

Osborn, M.].; Upadhyaya, M. Evaluation of the protein truncation test and mutation detection in the NF1 gene: Mutational
analysis of 15 known and 40 unknown mutations. Hum. Genet. 1999, 105, 327-332. https://doi.org/10.1007/s004399900135.

Ars, E.; Kruyer, H.; Morell, M,; Pros, E; Serra, E.; Ravella, A.; Estivill, X.; Lazaro, C. Recurrent mutations in the NF1 gene are
common among neurofibromatosis type 1 patients. . Med. Genet. 2003, 40, e82. https://doi.org/10.1136/jmg.40.6.e82.

Wimmer, K.; Roca, X.; Beiglbock, H.; Callens, T.; Etzler, J.; Rao, A.R.; Krainer, A.R.; Fonatsch, C.; Messiaen, L. Extensive in silico
analysis of NF1 splicing defects uncovers determinants for splicing outcome upon 5 splice-site disruption. Hum. Mutat. 2007,
28, 599-612. https://doi.org/10.1002/humu.20493.

Stevenson, D.A.; Birch, P.H.; Friedman, ].M.; Viskochil, D.H.; Balestrazzi, P.; Boni, S.; Buske, A.; Korf, B.R.; Niimura, M.; Pivnick,
E.K,; et al. Descriptive analysis of tibial pseudarthrosis in patients with neurofibromatosis 1. Am. J. Med. Genet. 1999, 84, 413—
419. https://doi.org/10.1002/(sici)1096-8628(19990611)84:5<413::aid-ajmg5>3.0.co;2-1.

Mustafin, R.N. Skeletal anomalies in patients with neurofibromatosis type 1. Genij Ortop. 2022, 296, 296-304.
https://doi.org/10.18019/1028-4427-2022-28-2-296-304.

Xu, J.; Zhang, Y.; Zhu, K,; Li, J.; Guan, Y.; He, X,; Jin, X.; Bai, G.; Hu, L. Clinical characteristics and in silico analysis of congenital
pseudarthrosis of the tibia combined with neurofibromatosis type 1 caused by a novel NF1 mutation. Front. Genet. 2022, 13,
991314. https://doi.org/10.3389/fgene.2022.991314.

Wang, R;; Zheng, Y.; Yang, G.; Xu, Z.; Liu, Y.; Zhao, W.; Wang, H.; Mei, H.; Zhu, G. Unraveling the molecular landscape of
congenital pseudoarthrosis of the tibia: Insights from a comprehensive analysis of 159 probands. Orphanet ]. Rare Dis. 2025, 20,
269. https://doi.org/10.1186/s13023-025-03759-4.

https://doi.org/10.3390/genes17070843



Genes 2026, 17, 843 26 of 27

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Zhu, G.; Zheng, Y; Liu, Y.; Yan, A;; Hu, Z,; Yang, Y.; Xiang, S.; Li, L.; Chen, W.; Peng, Y ; et al. Identification and characterization
of NF1 and non-NF1 congenital pseudarthrosis of the tibia based on germline NF1 variants: Genetic and clinical analysis of 75
patients. Orphanet ]. Rare Dis. 2019, 14, 221. https://doi.org/10.1186/s13023-019-1196-0.

Bolcekova, A.; Nemethova, M.; Zatkova, A.; Hlinkova, K.; Pozgayova, S.; Hlavata, A.; Kadasi, L.; Durovcikova, D.; Gerinec, A.;
Husakova, K.; et al. Clustering of mutations in the 5 tertile of the NF1 gene in Slovakia patients with optic pathway glioma.
Neoplasma 2013, 60, 655-665. https://doi.org/10.4149/neo_2013_084.

Kehrer-Sawatzki, H.; Mautner, V.F.; Cooper, D.N. Emerging genotype-phenotype relationships in patients with large NF1
deletions. Hum. Genet. 2017, 136, 349-376. https://doi.org/10.1007/s00439-017-1766-y.

Pacot, L.; Vidaud, D.; Sabbagh, A.; Laurendeau, I.; Briand-Suleau, A.; Coustier, A.; Maillard, T.; Barbance, C.; Morice-Picard, F.;
Sigaudy, S.; et al. Severe Phenotype in Patients with Large Deletions of NF1. Cancers 2021, 13, 2963.
https://doi.org/10.3390/cancers13122963.

Melloni, G.; Eoli, M.; Cesaretti, C.; Bianchessi, D.; Ibba, M.C.; Esposito, S.; Scuvera, G.; Morcaldi, G.; Micheli, R.; Piozzi, E.; et al.
Risk of Optic Pathway Glioma in Neurofibromatosis Type 1: No Evidence of Genotype-Phenotype Correlations in A Large
Independent Cohort. Cancers 2019, 11, 1838. https://doi.org/10.3390/cancers11121838.

Hutter, S.; Piro, RM.; Reuss, D.E.; Hovestadt, V.; Sahm, F.; Farschtschi, S.; Kehrer-Sawatzki, H.; Wolf, S.; Lichter, P.; von
Deimling, A.; et al. No correlation between NF1 mutation position and risk of optic pathway glioma in 77 unrelated NF1
patients. Hum. Genet. 2016, 135, 469-475. https://doi.org/10.1007/s00439-016-1646-x.

Chaudhary, K.; Dubey, S. Optic Nerve Glioma, Plexiform Neurofibroma, and Secondary Glaucoma in a Child With a Rare NF1
Variant (p.GIn83Ter): A Case Report. Cureus 2025, 17, €95957. https://doi.org/10.7759/cureus.95957.

Katowitz, W.R. Neurofibromatosis. In Atlas of Orbital Imaging; Ben Simon, G., Greenberg, G., Prat, D., Eds.; Springer: Cham,
Switzerland, 2021; pp. 1-10. Available online: https://doi.org/10.1007/978-3-030-41927-1_10-1 (accessed on 12 April 2026).
Messiaen, L.M.; Callens, T.; Mortier, G.; Beysen, D.; Vandenbroucke, I.; Van Roy, N.; Speleman, F.; Paepe, A.D. Exhaustive
mutation analysis of the NF1 gene allows identification of 95% of mutations and reveals a high frequency of unusual splicing
defects. Hum. Mutat. 2000, 15, 541-555. https://doi.org/10.1002/1098-1004(200006)15:6<541:: AID-HUMU6>3.0.CO;2-N.

Kluwe, L.; Friedrich, R.E.; Korf, B.; Fahsold, R.; Mautner, V.F. NF1 mutations in neurofibromatosis 1 patients with plexiform
neurofibromas. Hum. Mutat. 2002, 19, 309. https://doi.org/10.1002/humu.9018.

Huang, J.; Yang, K.; Wang, Y.; Ma, X,; Yang, W.; Huo, X,; Bai, J.; Zhu, H.; Wang, J.; Lv, Y.; et al. Unraveling novel variants in the
NF1 gene and investigating potential therapeutic strategies. Sci. Rep. 2025, 15, 24008. https://doi.org/10.1038/s41598-025-07318-
6.

Abernathy, C.R.; Colman, S.D.; Kousseff, B.G.; Wallace, M.R. Two NF1 mutations: Frameshift in the GAP-related domain, and
loss of two codons toward the 3’ end of the gene. Hum. Mutat. 1994, 3, 347-352. https://doi.org/10.1002/humu.1380030404.
Calvez, S,; Levy, R,; Calvez, R.; Roux, CJ.; Grévent, D.; Purcell, Y.; Beccaria, K.; Blauwblomme, T.; Grill, J.; Dufour, C,; et al.
Focal Areas of High Signal Intensity in Children with Neurofibromatosis Type 1: Expected Evolution on MRI. AJNR Am. ].
Neuroradiol. 2020, 41, 1733-1739. https://doi.org/10.3174/ajnr. A6740.

Buteicd, E.; Stoicescu, I.; Burada, F.; Stanoiu, B. Genetic and clinical considerations in six cases with neurofibromatosis type 1.
Rom. J. Morphol. Embryol. 2007, 48, 243-248. PMID: 17914490.

Russo, C.; Russo, C.; Cascone, D.; Mazio, F.; Santoro, C.; Covelli, E.M.; Cinalli, G. Non-Oncological Neuroradiological
Manifestations in NF1 and Their Clinical Implications. Cancers 2021, 13, 1831. https://doi.org/10.3390/cancers13081831.
Santoro, C.; Picariello, S.; Palladino, F.; Spennato, P.; Melis, D.; Roth, J.; Cirillo, M.; Quaglietta, L.; D’Amico, A.; Gaudino, G.; et
al. Retrospective Multicentric Study on Non-Optic CNS Tumors in Children and Adolescents with Neurofibromatosis Type 1.
Cancers 2020, 12, 1426. https://doi.org/10.3390/cancers12061426.

Kerekes, K.; Boostani, M.; Metyovinyi, Z.; Kiss, N.; Medvecz, M. Dermoscopy-Guided High-Frequency Ultrasound Imaging of
Subcentimeter Cutaneous and Subcutaneous Neurofibromas in Patients with Neurofibromatosis Type 1. J. Clin. Med. 2026, 15,
475. https://doi.org/10.3390/jcm15020475.

Nasi, L.; Alexopoulos, A.; Kokkinou, E.; Roka, K.; Tzetis, M.; Tsipi, M.; Kakourou, T.; Kanaka-Gantenbein, C.; Chrousos, G.;
Kattamis, A; et al. Characteristics of Café-au-lait Macules and their Association with the Neurofibromatosis type I Genotype
in a Cohort of Greek Children. Acta Derm.-Venereol. 2023, 103, adv5758. https://doi.org/10.2340/actadv.v103.5758.

https://doi.org/10.3390/genes17070843



Genes 2026, 17, 843 27 of 27

84. Imataka, G.; Kuwashima, S.; Hayashi, S.; Ogino, K.; Hoshiyama, E.; Naruse, K.; Shiraishi, H. Neurofibromatosis Type 1 and
MEK Inhibition: A Comprehensive Review with Focus on Selumetinib Therapy. ]. Clin. Med. 2025, 14, 5071.
https://doi.org/10.3390/jem14145071.

85. Cipriano, L. Virtual Brain and Digital Twins in Neurogenetics: From Multimodal Patient Data to Genomically Informed,
Clinically Actionable Models. Appl. Biosci. 2026, 5, 37. https://doi.org/10.3390/applbiosci5020037.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/genes17070843



