',\' frontiers
in Genetics

BRIEF RESEARCH REPORT
published: 09 March 2021
doi: 10.3389/fgene.2021.603195

OPEN ACCESS

Edited by:
Yuejin Hua,
Zhejiang University, China

Reviewed by:

Priyanka Upadhyai,

Manipal Academy of Higher
Education, India

Cecilia Mancini,

Rare Diseases and Medical Genetics
Unit, Bambino Gesu Children Hospital
(IRCCS), Italy

*Correspondence:
Feng-Li Xiao
Xiaofengli@126.com
Wen-Liang Fang
fangwenliang@ahmu.edu.cn

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Genetics of Common and Rare
Diseases,

a section of the journal
Frontiers in Genetics

Received: 05 September 2020
Accepted: 02 February 2021
Published: 09 March 2021

Citation:

Zhang Z-Y-O, Wu Y-Y, Cai X-y,
Fang W-L and Xiao F-L (2021)
Molecular Diagnosis

of Neurofibromatosis by Multigene
Panel Testing.

Front. Genet. 12:603195.

doi: 10.3389/fgene.2021.603195

Check for
updates

Molecular Diagnosis of
Neurofibromatosis by Multigene
Panel Testing

Zeng-Yun-Ou Zhang'?t, Yuan-Yuan Wu'?t, Xin-ying Cai’?, Wen-Liang Fang®* and
Feng-Li Xiao’>4*

" Department of Dermatology, First Affiliated Hospital of Anhui Medical University, Hefei, China, ? Key Laboratory
of Dermatology, Ministry of Education, Anhui Medical University, Hefei, China, 3 Clinical College, Anhui Medical University,
Hefei, China, * The Center for Scientific Research of Anhui Medical University, Hefei, China

Neurofibromatosis (NF) is an autosomal genetic disorder for which early and
definite clinical diagnoses are difficult. To identify the diagnosis, five affected
probands with suspected NF from unrelated families were included in this
study. Molecular analysis was performed using multigene panel testing and
Sanger sequencing. Ultradeep sequencing was used to analyze the mutation
rate in the tissues from the proband with mosaic mutations. Three different
pathogenic variants of the NF7T gene were found in three probands who mainly
complained of café-au-lait macules (CALMs), including one frameshift variant
¢.5072_5073insTATAACTGTAACTCCTGGGTCAGGGAGTACACCAA:p.Tyr1692llefs  in
exon 37, one missense variant ¢.3826C > T.p.Arg1276Ter in exon 28, and one
splicing variant ¢.4110 + 1G > T at the first base downstream of the 3’-end of
exon 30. One NFT gene mosaic variant was found in a proband who complained of
cutaneous neurofibroma with the frameshift variant ¢.495_498del:p.Thr165fs in exon 5,
and ultradeep sequencing showed the highest mutation rate of 10.81% in cutaneous
neurofibromas. A frameshift variant, ¢.36_39del:p.Ser12fs in exon 1 of the NF2 gene,
was found in a proband who presented with skin plaques and intracranial neurogenic
tumors. All of these pathogenic variants were heterozygous, one was not reported, and
one not in Chinese before. This study expands the pathogenic variant spectrum of NF
and demonstrates the clinical diagnosis.

Keywords: neurofibromatosis type 1-NF1, neurofibromatosis type 2-NF2, mosaic neurofibromatosis type 1-MNF1,
multi-gene panel testing, ultra-deep sequencing

INTRODUCTION

Neurofibromatosis (NF) is characterized by abnormal development of the nervous system, bones,
and skin. It can be divided into the following three different clinical types: NF type 1 (NF1), NF
type 2 (NF2), and schwannomatosis. The most common form is NF1 (96%), followed by NF2 (3%)
and the lesser known form schwannomatosis (Kresak and Walsh, 2016). The incidence rates of
NF1, NF2, and schwannomatosis are 1:3,000, 1:60,000, and 1:70,000 in the general population,
respectively (Dhamija et al., 1993; Evans, 1993; Friedman, 1993).
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The clinical manifestations of NF are complex. Superficial
features of NF1 include axillary, inguinal freckling, café-au-
lait macules (CALMs), multiple cutaneous neurofibromas,
and iris Lisch nodules. NF2 is characterized by bilateral
vestibular schwannomas (VSs) with associated symptoms of
hearing loss, tinnitus, and balance dysfunction (Evans, 1993).
Schwannomatosis is prone to peripheral nerve sheath tumors.
Histological features of cutaneous neurofibromas showed
tumoral nodules with wavy spindle cell changes. The expression
of the S100 protein in the cytoplasm and nucleus highlights
Schwann cell elements, while CD34 showed a specialized
fibroblastic component forming a net-like pattern and presenting
NF architectures (Miettinen et al., 2017).

Neurofibromatosis is an autosomal-dominant disorder.
Approximately 50% of individuals inherit it from a parent, while
in others it is caused by a spontaneous mutation (Friedman,
1993). NF1 and NF2 are caused by mutations in NFI at 17q11.2
and NF2 at 22q12, respectively. Mosaic NF type 1 (MNF1) is a
somatic mosaicism of NF1 that is uncommon (Garcia-Romero
et al., 2016). The clinical manifestations of MNF are similar to
those of NFI. It is not easy to distinguish NF clinically because
it has multiple and complicated phenotypes. Thus, molecular
investigation is useful to identify pathogenic variants and
improve diagnosis (Louvrier et al., 2018).

Next-generation sequencing (NGS) is a high-output
sequencing method that can rapidly sequence exomes,
transcriptomes, and genomes (Levy and Myers, 2016; Le
Gallo et al., 2017). NGS, especially multigene panel testing,
has promoted rapid progress, allowing for the simultaneous
analysis of many genes and improvements in the detection rate of
mutations (Shin et al., 2020). In this study, we applied multigene
panel testing combined with Sanger sequencing testing to five
families suspected of having NF and made clear diagnoses.

MATERIALS AND METHODS
Study Subjects

Five probands suspected of having NF and nine relatives were
from the outpatient department of the First Affiliated Hospital
of Anhui Medical University. Clinical samples were collected,
including peripheral blood, skin lesions, hair, oral mucosa, and
cutaneous tissue. The study was approved by the Institutional
Review Board of our hospital. Informed consent was obtained
from all participants or their guardians for the collection of data
and samples. The samples collected from the probands’ families
are shown in Supplementary Table 1.

There were six patients in five families (Supplementary
Figure 1). Three probands, including a 3-year-old girl (III-1)
from family 1, a 2-year-old girl (II-1) from family 2, and a
2.8-year-old boy (II-1) from family 3, presented with scattered
CALMs throughout the body (Figures 1A,C,D), and the father
(III-1) of the proband from family 1 exhibited CALMs in the
trunk area (Figure 1B). These patients were born with CALMs
that gradually increased with age. These patients showed no
other abnormalities. Reflectance confocal microscopy (RCM)
(Supplementary Figure 2A) and dermoscopy (Supplementary

Figure 2B) of the probands from family 2 and family 3 revealed
significantly increased pigment contents in the stratum basal and
regular sepia grid-like pigmentation with clear boundaries.

A 62-year-old man in family 4 (II-4) presented with cutaneous
neurofibromas of the left back, chest, and abdomen at the
age of 58 years (Figure 1E). No other abnormalities were
found. Histological evaluation of the cutaneous neurofibromas
showed a large and isolated tumoral nodule that presented
wavy spindle cell changes (Supplementary Figures 3A,D).
Immunohistochemical analysis showed scattered S100 positivity
in tumor cell nuclei (Supplementary Figures 3C,F) and strong
and diffuse CD34 positivity in the tumor cell cytoplasm
(Supplementary Figures 3B,E). No abnormalities were found in
the rest of the family members.

A 4-year-old female proband in family 5 (II-1) mainly
presented with skin plaques, amblyopia in her right eye, and
an intracranial neurogenic tumor by MRI. The skin plaque was
present on her right foot when she was born and developed
into six skin lesions as she grew up (Figure 1F). These
lesions were distributed in the trunk area, left hip, right
calf front knee, right ankle, and left foot back and consisted
of well-circumscribed and slightly pigmented plaques. There
were no obvious differences in learning ability and intelligence
between her and her peers during her growth. Cranial MRI
examination showed an intracranial neurogenic tumor located
in the cerebellum medulla oblongata pool of the right side.
Histological evaluation of the skin plaques showed multiple
nodules forming well-circumscribed interconnected masses of
different sizes (Supplementary Figure 4A). These multiple
nodules presented swirly spindle cell changes (Supplementary
Figure 4D). Immunohistochemical analysis showed strong and
diffuse S100 positivity in the tumor cell nuclei (Supplementary
Figures 4C,F) and weak and scattered CD34 positivity in the
tumor cell cytoplasm (Supplementary Figures 4B,E). Other
family members did not show similar symptoms.

All clinical manifestations in the NF families are shown
in Table 1.

DNA Isolation of Samples

Genomic DNA was extracted from the peripheral blood, skin
lesions, hair, oral mucosa, and tumor tissues separately using
the AxyPrep Blood Genomic DNA Miniprep Kit (Axygen,
Corning, Jiangsu, China) and DNeasy Blood & Tissue Kit
(Qiagen, Germany). The DNA purity was determined using
a NanoDrop one spectrophotometer and quantified with a
Qubit 2.0 Fluorometer using the Qubit dsSDNA HS Assay Kit
(Life Technologies, Thermo Fisher Scientific, Inc.) according to
the manufacturer’s recommendations. DNA samples were then
preserved at —20°C for further experiments.

Multigene Panel Testing

To explore the genetic properties of the patients, the capture
probe from the Roche NimbleGen Sequence Capture SeqCap
EZ Library was used to capture a total of 569 genes associated
with hereditary dermatosis. Firstly, DNA was cropped into
approximately 300-bp fragments using focused ultrasonicators
(Covaris M220, United States) and used to construct the DNA
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FIGURE 1 | Clinical features of the patients with neurofibromatosis (NF). Multiple cafel-au-lait macules were scattered on the left lateral chest of the proband (A) and
the back of the proband’s father in family 1 (B), the back of the proband in family 2 (C), and the right side of the face of the proband in family 3 (D). (E) Cutaneous
neurofioroma on the back of the proband in family 4. (F) Skin pigmented plaques on the left foot back of the proband in family 5.

TABLE 1 | Clinical characteristics of the neurofibromatosis proband study.

Family no. Patientno. Age (years) Gender CALMs Neurofibromas Intracranial neurogenic tumor Lisch nodules Ocular abnormalities
1 1lI-1 3 F - — - -

2 11-1 2 F — — — -

3 1I-1 2.8 M — - — —

4 -4 62 M — — NA —

5 1I-1 4 F + + NA +

“+”: affected; “—": unaffected. CALMSs, cafei-au-lait macules; NA, not available.

library. Then, streptavidin-coated magnetic beads by NimbleGen
(Roche NimbleGen, Inc.) were bound to an avidin-labeled
probe after the probe had captured the target exons. Next, a
hybridization reaction between the DNA library with various
index marks and probes with biotin was performed. After linear
PCR amplification, the quality of the library was determined.
Sequencing was carried out on an Illumina HiSeq X Ten System
(lumina, San Diego, CA, United States) under sequencing
efficiency with an average sequencing depth > 200x and
Q30 > 90% according to the manufacturer’s instructions. DNA
from all of the probands’ blood samples and tumor tissues from
the proband in family 4 were subjected to multigene panel testing.

Sanger Sequencing

Sanger sequencing was used to confirm the mutations found
by multigene panel testing, which were analyzed to determine
whether the variants co-segregated with the disease phenotype
in their families. Primers were designed based on the mutation
sites found using Primer 3.0. An ABI PRISM 3730XL analyzer

(Applied Biosystems, Foster City, CA, United States) was used
for Sanger sequencing. The DNA from blood samples of
all the probands and their relatives was assessed separately,
and the mutation sites of the genes were detected by
multigene panel testing.

Ultradeep Sequencing

When multigene panel testing could detect mutations in the
probands’ tumor tissues but not in the peripheral blood, ultradeep
sequencing was applied to determine the mutation percentage
in the peripheral blood, skin lesions, hair, oral mucosa, and
tumor tissues. This was performed using the Illumina HiSeq
X Ten System (Illumina, San Diego, CA, United States) after
DNA quantification and library quality control. The variant
allele frequency (VAF) was defined as the number of reads that
mapped to whole exons of causal genes, including untranslated
and splicing regions. A mutation was considered present when
the mutation site VAF was >1.0%.
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TABLE 2 | Variants identified of neurofibromatosis in this study.

Nucleotide change Mutation Amino acid Variant type Type of Reference Inheritance SIFT_score Mutation
gene change variants Taster_score

¢.5072_5073InsTATAACTGTAACT  NF1 p.Tyr1692llefs Frameshift Germline Novel Familial 0 0
CCTGGGTCAGGGAGTACACCAA

c4110+1G>T NF1 NA Splicing Germline Reported Sporadic 0 1
c.3826C > T NF1 p.Arg1276Ter Missense Germline Reported Sporadic 1 1
€.495_498del NF1 p.Thr165fs Frameshift Mosaicism Reported Sporadic 0 0
€.36_39del NF2 p.Ser12fs Frameshift Germline Reported Sporadic 0 0

NA, not available.

ol MMM\M e m

FIGURE 2 | Mutational analysis of the neurofibromatosis (NF) patients in families 1-3. The red arrows indicate the mutation sites. (A) Family 1: the
¢.5072_5073insTATAACTGTAACTCCTGGGTCAGGGAGTACACCAA:p. Tyr1692llefs frameshift variant in NF7 in exon 37 in proband lll-1 (a7) and her father (a2);
there was no mutation in her mother (a3). (B) Family 2: the c.4110 + 1G > T splicing variant in NF1 at the first base downstream of the 3’-end of exon 30 in proband
[I-1 (b1); there were no mutations in her father and mother (b2,b3, respectively). (C) Family 3: the ¢.3826C > T:p.Arg1276Ter missense variant in NF1 in exon 28 in
proband II-1 (c1); there were no mutations in his father and mother (¢1,¢2, respectively).

RESULTS

Four NFI variants in four families and one NF2 variant in one
family were found in our study. All variants were heterozygous,
and the genetic findings and analyses are shown in Table 2.

A novel frameshift variant, c.5072_5073insTATAACTGTAA
CTCCTGGGTCAGGGAGTACACCAA:p.Tyr1692llefs in exon
37, was found in III-1 and II-3 in family 1 (Figure 2A), which
inserted 12 amino acids and changed the amino acid sequence
starting at position 1692, followed by the production of abnormal
neurofibromin. A splicing variant, c.4110 + 1G > T, at the first
base downstream of the 3’-end of exon 30 was found in II-1 in
family 2 (Figure 2B), which resulted in putative aberrant splicing.

A missense variant, ¢.3826C > T:p.Argl276Ter in exon 28, was
identified in II-1 in family 3 (Figure 2C), which resulted in the
replacement of the arginine residue at 1276 position with a stop
codon and premature protein truncation. These variants were not
found in the DNA samples from unaffected family members.

In family 4, no variant was found in the peripheral blood
of the proband (II-4) by multigene panel testing. However,
testing of cutaneous neurofibromas from the proband showed
a frameshift variant, c.495_498del:p.Thr165fs, in exon 5 of
NFI (Figure 3A). The pathogenic variant deleted four bases,
including thymine, guanine, thymine, and thymine, located
from 495-498 in NFI exon 5, which caused a change in
the amino acid at position 165. This result was confirmed
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FIGURE 3 | Mutational analysis of the neurofibromatosis (NF) patients in families 4 and 5. The red arrows indicate the mutation sites. (A) Family 4: the
€.495_498del:p.Thr165fs frameshift variant in NF7 in exon 5 in cutaneous neurofioromas from proband II-4 (a7); there was no mutation in the peripheral blood, oral
mucosa, or hair (a2-a4, respectively). (B) Family 5: the ¢.36_39del:p.Ser12fs frameshift variant in NF2 in exon 1 in proband II-1 (b7); there were no mutations in her

& [\“L‘/{\,“_‘d\‘ ““

father and mother (b2,b3, respectively).

in the cutaneous neurofibroma tissue of the proband by
Sanger sequencing. Ultradeep sequencing analysis was used
to determine the mutation percentage of samples, including
from the peripheral blood, the oral mucosa, hair follicles, and
cutaneous neurofibromas. The highest mutation rate of 10.81%
was observed in the cutaneous neurofibromas, while those of
other tissues were less than 0.01% (Supplementary Table 2).
These results confirmed that the proband had MNF1. This variant
was not found in the DNA derived from the peripheral blood of
his unaffected daughter.

In family 5, the genetic testing analysis presented a frameshift
variant, ¢.36_39del:p.Ser12fs in exon 1 of NF2, in the proband’s
peripheral blood (Figure 3B). The absence of bases 36-39 in exon
1 resulted in the deletion of the serine residue at position 12. The
variant was not found in the unaffected family members.

These variants were also not found in the DNA samples from
100 unrelated healthy volunteers.

DISCUSSION

The main manifestation of CALMs can overlap with that of
other disorders, such as Legius syndrome (Brems et al., 2012),
Lynch syndrome (Wimmer et al., 2017), and the Piebald trait
(Stevens et al., 2012). According to some studies, the incidence
rates of NFI and SPREDI mutations in NF1 patients presenting
with familial CALMs are 73 and 19%, respectively (Messiaen
and Legius, 2010). In this study, three probands only presented
with CALMs. RCM and dermoscopy could provide new ways
to help diagnose CALMs, which were used as supplementary
diagnostic criteria for NF1 (Duman and Elmas, 2015). The results
of the RCM and dermoscopy examination showed pigmentation
changes, supporting the observed CALMs.

NF1 is a highly mutable tumor suppressor gene, and
approximately half of affected individuals have de novo variants

(Yao et al., 2019). Approximately half of children with NFI have
no known family history (Friedman, 1993). Genetic testing could
confirm the diagnosis of NF1 in patients suspected of NF1 but
only presenting with CALMs (Wang et al., 2019). The variant
¢.5072_5073insTATAACTGTAACTCCTGGGTCAGGGAGTAC
ACCAA:p.Tyr1692Ilefs in exon 37 was found both in the
proband and her father from family 1, so the mutation was
inherited from her father. This variant was not reported before.

In family 2, the splicing variant, ¢.4110 + 1G > T of NFI at the
first base downstream of the 3’-end of exon 30, affects a donor
splice site in intron 30 of the NFI gene, which is expected to
disrupt RNA splicing and likely result in an absent or disrupted
protein product. This mutation was reported in NF1 patients of
German or Turkish descent (Fahsold et al., 2000). It was first
found in the Chinese NFI patient in this study. The variant
¢.3826C > T:p.Argl276Ter in exon 28 was found in the proband
from family 3. This was first reported in two unrelated patients
from Spain (Valero et al.,, 2011) and identified in Chinese and
other populations later (Fahsold et al., 2000; Zhang et al., 2015).
The sporadic NF1 variant was most likely a de novo variant
or inherited from the germ cell of one or both of the parents
(Friedman, 1993). No genetic testing was performed on the germ
cells from the parents of the probands (families 2 and 3), so the
source of the mutation is unclear.

MNF1 is an uncommon NF1 subtype with a prevalence
rate of approximately 0.0006-0.0027% (Wolkenstein et al.,
1995; Ruggieri and Huson, 2001; Ruggieri et al, 2004;
Pascual-Castroviejo et al., 2008; Cohen, 2016). In general,
affected individuals exhibit milder phenotypes than complete
NF1. Fernandez-Rodriguez et al. (2011) revealed the possible
biological mechanisms, which were somatic mosaicism and the
presence of mild NF1 mutations. Cutaneous neurofibromas are
the most common clinical manifestation, with a prevalence
of 56% in MNF1 (Ruggieri and Huson, 2001; Wagner
et al, 2018). The proband in family 4 only presented

Frontiers in Genetics | www.frontiersin.org

March 2021 | Volume 12 | Article 603195


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Zhang et al.

Molecular Diagnosis of Neurofibromatosis

with large cutaneous neurofibromas in some parts of the
body. The histopathology results showed wavy spindle cell
changes, and immunohistochemical analysis mainly presented
strong and diffuse CD34 positivity, which supported the
neurofibroma changes.

No variant was found in the peripheral blood of the proband
in family 4, but a frameshift variant, ¢.495_498del:p.Thr165fs in
exon 5 of NFI, was discovered in his cutaneous neurofibromas,
which may produce an abnormal protein product. Ultradeep
sequencing showed that the frequency of the mutant NFI gene
was the highest at 10.81% in cutaneous neurofibromas, though it
was very low in the peripheral blood, hair, or the oral mucosa
from the patient or normal control. This patient was found
to be a somatic mosaic. All three germ layers should carry
mutations, and the clinical phenotype will be generalized disease
if the mutation occurs earlier than zygote formation. Mutations
occurring later in development during embryogenesis may affect
fewer cell types or specific tissues. The proband’s children might
have a risk of classic NF1 if the affected individuals display
gonosomal mosaicism (Hardin et al., 2014; Garcia-Romero et al,,
2016). However, there was no molecular proof revealing the
proband to be an NF1 gonosomal mosaic because the proband
refused to provide his semen. Currently, no clinical manifestation
of NF has appeared in his offsprings, including a son and two
daughters. The variant might be a de novo mutation and occurred
in the late stage of embryo development after zygote formation.
This mutation has been reported in the germline (Osborn and
Upadhyaya, 1999; Toliat et al.,, 2000; Ars et al., 2003; Schaefer
et al., 2013; Xu et al., 2014) and saliva (Toliat et al., 2000) from
multiple patients with sporadic or familial NF1, which belong
to the germline mutation. Interestingly, it is the first report of
c.499_502del TGTT appearing as the somatic mosaicism variant.

NF2 is a devastating autosomal-dominant disorder and is
characterized by VS (Evans, 1993; Kluwe and Mautner, 1998).
The early and typical features of NF2 are meningiomas, ocular
abnormalities, or skin plaques in children (Evans et al., 1999;
Ruggieri et al., 2015; Gaudioso et al, 2019). The diagnosis
of NF2 is easy in adults, but it is often delayed in pediatric
patients. The average age of these diagnoses in individuals is
18-24 years, or even earlier (Evans, 1993). The prognosis of
younger individuals affected with NF2 might be worse, and severe
sporadic NF2 typically occurs in childhood. Skin plaques were
the initial manifestation in the proband in family 5. Histological
and immunohistochemical analyses showed a dermal plexiform
schwannoma with swill spindle cell changes and a strong and
diffuse S100 staining. Furthermore, amblyopia was found in her
right eye, and an approximately 12-mm tumor was located in the
cerebellum medulla oblongata pool of the right brain. Intracranial
tumors might become larger, form multiple neurogenic tumors,
and further press the tongue base, which could cause epilepsy and
affect her ability to speak.

A heterozygous  pathogenic  frameshift  variant,
c.36_39del:p.Ser12fs in exon 1 of NF2, was found in the
proband of family 5, which might result in abnormally truncated
proteins because the reading frameshift was predicted to
introduce a premature stop codon. It was reported as the somatic
inactivating mutation in a study for detecting SMARCBI and

NF2 gene mutations (Paganini et al., 2018). It is, for the first time,
reported as a germline mutation in this report, which suggests
that the same mutation may occur at the different stages of
embryo formation.

Approximately 50% of patients with NF2 have an affected
parent, while the remaining 50% may have a de novo mutation
(Mills et al., 2018). Approximately 25-33% of patients with a
de novo NF2 variant have somatic mosaicism (Kluwe et al.,
2003; Moyhuddin et al., 2003; Evans et al., 2007, 2013). Genetic
testing showed an NF2 variant in her blood lymphocytes, but
no mutation in her parents. However, we did not examine
non-hematopoietic tissues from the proband or her parents,
specifically germ cells. The presentation may be due to germline
mosaicism in a parent or a de novo pathogenic variant in
the proband. According to genotype—phenotype correlations,
frameshift mutations are frequently associated with meningioma
(Baser et al., 2004; Smith et al., 2011). Therefore, the prognosis
may not be optimistic for the 4-year-old girl.

Multigene panel belongs to next-generation sequencing, and
multiple genes can be tested at one time. It has a higher gene
mutation detection rate. By applying multigene panel testing
methods, the molecular cause has been successfully elucidated
in 91% of 35 inherited ichthyosis patients (Cheng et al., 2020)
and 90% of 40 suspected epidermolysis bullosa patients (Has
et al., 2018). Although it is not a 100% discovery rate, there
is undoubtedly an economic and a time advantage to panel
genetic testing versus a stepwise approach, which is one of
the alternative effective methods to help clinical diagnosis. In
this study, five affected probands with suspected NF from
unrelated families were enrolled. The probands had different
clinical manifestations (CALMs, cutaneous neurofibromas,
skin plaque, and intracranial neurogenic tumor), and it was
difficult to diagnose and determine the type of NF based on
clinical manifestations alone. Fortunately, all of them were
diagnosed clearly using multigene panel testing combined with
Sanger sequencing.

Multigene panel testing combined with Sanger sequencing
was used to test five probands suspected of having NF. Three
NFI mutations were found in three probands with CALMs, one
NF1 mosaic variant was observed in a proband with cutaneous
neurofibroma, and an NF2 variant was found in a proband with
skin plaques and an intracranial neurogenic tumor. All of these
variants were present in the heterozygous state; one of them
has never been reported previously, and one has been reported
in the Chinese population for the first time. The additional
methods employed in the present study, including multigene
panel testing, Sanger sequencing, and ultradeep sequencing,
helped to clarify the diagnosis. The novel pathogenic variants
expanded the pathogenic variant spectrum of NF.
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