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Abstract

Background: Neurofibromatosis type 1 (NF1) is a common autosomal dominant disorder caused by a
heterozygous germline mutation in the tumor suppressor gene NFI. Because of the existence of highly
homologous pseudogenes, the large size of the gene, and the heterogeneity of mutation types and positions,
the detection of variations in NF1 is more difficult than that for an ordinary gene.

Methods: In this study, we collected samples from 23 patients among 46 study participants from 12 unrelated
Chinese families with NF1. We used a combination of Sanger sequencing, targeted next-generation sequencing,
and multiplex ligation-dependent probe amplification to identify potential mutations of different types.

Results: Seven recurrent mutations and four novel mutations were identified with the aforementioned methods,
which were subsequently confirmed by either restriction fragment length polymorphism analysis or Sanger
sequencing. Truncating mutations accounted for 73% (8/11) of all mutations identified. We also exhaustively
investigated the clinical manifestations of NF1 in patients via acquired pathography, photographs and follow-up.
However, no clear genotype—phenotype correlation has been found to date.

Conclusion: In conclusion, the novel mutations identified broaden the spectrum of NF7 mutations in Chinese;
however, obvious correlations between genotype and phenotype were not observed in this study.
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Background

Neurofibromatosis type 1 (NF1; MIM: 162200) is one of
the most common autosomal dominant inherited diseases
with an incidence of 1 in 2500-3000 individuals [1].
Caused by a germline heterozygous mutation in the tumor
suppressor gene neurofibromin 1 (NFI; MIM: 613113) lo-
cated on chromosome 17q11.2, NF1 is characterized by
typical café-au-lait spots and cutaneous neurofibromas
[2]. Individuals with NF1 are predisposed to plexiform
neurofibromas, axillary and inguinal freckling, Lisch
nodules of the iris, benign and malignant tumors, and
renal artery stenosis, among a list of other abnormalities
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[3]. Although NF1 is a classical monogenic disease with
complete penetrance by adulthood, clinical symptoms
may vary in patients who come from the same family, or
even for the same patient at different life stages. Complex
though the clinical manifestations of patients may be, indi-
viduals in this study were diagnosed as NF1 only when
they met two or more of the National Institutes of Health
Diagnostic Criteria for NF1 [4].

NF1 is one of the largest known genes with a genomic
size of 282 kb, consisting of 57 constitutive exons and
three alternatively spliced exons [5]. Owing to its ex-
tremely frequent incidence of mutation (circa 1 in 10,000
gametes per generation) without obvious mutational hot
spots, over 2600 NFI mutations have hitherto been re-
ported in the Human Gene Mutation Database (HGMD).
Single nucleotide substitutions and small deletions (20 bp
or less) account for 71% of currently known mutations.
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Moreover, approximately half of all NF1 cases are de novo
mutations [6]. In addition, the large size of the NFI gene,
the existence of homologous pseudogenes dispersed on
other chromosomes [7], the diversity of mutation types
and positions, and the great variety of lesions make trad-
itional mutation detection in patients with NF1 a compli-
cated, time-consuming and laborious process [8]. With
the superiority of being high throughput and its rapidity,
the next-generation sequencing can make up for any defi-
ciency in the single Sanger sequencing method to some
extent. In addition, multiplex ligation-dependent probe
amplification (MLPA) for the detection of copy number
was incorporated in our methods. Hence, we adopted
various approaches such as Sanger sequencing, targeted
next-generation sequencing, and MLPA so as to overcome
challenges in the detection of NFI mutations in patients.

Despite several reports with regard to genotype—pheno-
type correlations in patients [9-11], the underlying causes
of sophisticated clinical manifestations among patients
have not yet been elucidated [12]. Nevertheless, the causes
of polymorphisms in genotype—phenotype correlations
may be assigned to modifier genes, gender, loss of hetero-
zygosity (based on the two-hit hypothesis) [13], tumor
microenvironment, and heterogeneity in the regulation of
signaling pathways [3]. Consequently, it is of great signifi-
cance to identify the causative mutation and assess the
prognosis of NF1 patients, if genotype—phenotype correla-
tions can be clarified, before the onset of symptoms.

In brief, we examined 12 non-consanguineous Chinese
families from which patients were diagnosed with NF1.
A molecular diagnosis and clinical characterization of
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NF1 patients were undertaken to identify causative mu-
tations and evaluate any correlations between genotype
and phenotype.

Methods

Patients

We studied 12 unrelated families with NF1 from differ-
ent regions in China that included seven cases with
positive family histories (Families 1-5 and 11-12; Fig. 1)
and five sporadic cases (Families 6-10; Additional file 1:
Figure S1), including 23 patients and 23 unaffected indi-
viduals. Peripheral blood samples of all 46 participants,
as well as clinical data and photographs of patients, were
obtained after written informed consent from all partici-
pants and from parents or legal guardians of children
under the age of 18. Long-term follow-up was also per-
formed with several contactable patients to evaluate pro-
gression of the disease. Age of patients was recorded at
their last visit in this study. This study was approved by
the Institutional Review Board (IRB) of the Institute of
Basic Medical Sciences, Chinese Academy of Medical
Sciences, Beijing, China (015-2015).

Sanger sequencing

For earlier probands in Families 1-8 and other study
participants in Families 4-12, the identification and
verification of mutations were carried out with conven-
tional Sanger sequencing. Genomic DNA was extracted
by a traditional proteinase K and phenol/chloroform
method. Genomic DNA and ¢cDNA reference sequences
of NFI (hgl9; NM_000267.3) were downloaded from
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Fig. 1 Pedigrees of families with positive family histories. The arrows indicate the probands in each family. The asterisks denote that peripheral
blood samples of individuals had been acquired. a-g: Pedigrees of Families 1-5 and 11-12
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the University of California, Santa Cruz (UCSC) Genome
Browser. Primers were designed via Primer Premier 5
(version 5.00; PREMIER Biosoft, Palo Alto, CA, USA) to
amplify and sequence exons and flanking intronic regions
of NF1 (Additional file 1: Table S1). The specificity of the
primers was checked using the UCSC Genome Browser
BLAT and In-Silico PCR online tools. Sequencing data was
analyzed using CodonCode Aligner (version 6.0.2.6;
CodonCode, Centerville, MA, USA).

Targeted next-generation sequencing

The mutation identification of later probands in Families
9-12 was performed through targeted next-generation se-
quencing. A NimbleGen capture panel (Roche, Basel,
Switzerland) was designed and assessed to detect potential
variants in the probands. The capture panel comprised
10,308 bp that covered all exons together with flanking in-
tronic regions (+ 15 bp) of the NFI and NF2 genes.

Genomic DNA was extracted using a QIAamp DNA
Blood Midi Kit (QIAGEN, Hilden, Germany) in accord-
ance with the manufacturer’s instructions. Genomic
DNA was then fragmented for the paired-end library
(200-250 bp) using an ultrasonicator LE220 (Covaris,
Woburn, MA, USA). The library was enriched through
array hybridization at 47 °C for 64—72 h, with elution
and post-capture amplification afterwards. The library
was then inspected using a 2100 Bioanalyzer (Agilent,
Santa Clara, CA, USA) and ABI StepOne (Thermo
Fisher Scientific, Waltham, MA, USA) to estimate the
size, concentration, and magnitude of the enrichment
of the reads.

After the assessment of read quality, captured library
sequencing was implemented on a HiSeq2500 System
high-throughput sequencing system (Illumina, San Diego,
CA, USA) for 90 cycles per read following the manufac-
turer’s instructions. Image analysis, error estimation and
base calling were performed with Pipeline software
(version 1.3.4; [llumina) to generate raw data.

MLPA

For the proband in whom a causative mutation was not
identified by Sanger sequencing or targeted next-generation
sequencing, P081 (version C1) and P082 (version Cl1)
MLPA probemixes (MRC-Holland, Amsterdam, the
Netherlands) were applied to detect copy number variation
in conformity with the manufacturer’s instructions. Capil-
lary electrophoresis results of MLPA samples were ana-
lyzed by Coffalyser.Net software (version 140,721.1958;
MRC-Holland).

Bioinformatics analysis

The raw data from targeted next-generation sequencing
was screened by filtering criteria to remove low-quality
and contaminated reads [14]. Reads were then aligned to
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the human genome reference (hgl9) by a Burrows
Wheeler Aligner—backtrack software package [15]. The
sequencing coverage and depth of the target region, single
nucleotide variant (SNV) and indel calling, were analyzed
after alignment. Software Short Oligonucleotide Analysis
Package—snp (version 1.03; Beijing Genomics Institute,
Beijing, China) [16] and Sequence Alignment/Map tools
(version 1.4) [17] were used to detect SN'Vs and indels, re-
spectively. After acquisition of the allele frequency from
the UCSC Genome and ExAC Browsers database to
eliminate the possibility of single nucleotide poly-
morphism (SNP), we consulted the HGMD and other
references to study relevant reports about screened var-
iants in all probands.

For missense variants, the online tools Polymorphism
Phenotyping v2 (PolyPhen-2) [18], Scale-Invariant Fea-
ture Transform (SIFT) [19], and Mutation Taster [20]
were utilized to predict the pathogenicity of each
variant. Multiple sequence alignment and conservative
analysis were performed by ClustalX software (version
2.1; Conway Institute, University College Dublin,
Dublin, Republic of Ireland). The amino acid sequences
of human neurofibromin (NP_000258.1) and that of 11
different vertebrates were obtained from the National
Center for Biotechnology Information (NCBI) protein
database (FASTA format). For frame shift variants
(small deletions and single nucleotide duplication),
DNAMAN (version 5.2.2; Lynnon Biosoft, San Ramon,
CA, USA) was used to predict how the reading frame
was interrupted and to calculate the number of nucleo-
tides before a premature stop codon.

Restriction fragment length polymorphism

Restriction fragment length polymorphism (RFLP) was
used, together with nested PCR and restriction endonucle-
ase, to discriminate between genotypes of patients and that
of unaffected individuals in Families 1-3 with larger pedi-
grees. In addition to the primers used for Sanger sequen-
cing, nested PCR primers were designed to enhance the
specificity of small DNA fragments or to introduce a mis-
match nucleotide to create a new restriction site (Add-
itional file 1: Table S1). Sequence differences between
wild-type and mutant alleles resulted in the gain or loss
of a restriction site that led to size differences between
amplicons of different alleles after the restriction endo-
nuclease reaction. The restriction endonucleases (New
England Biolabs, Ipswich, MA, USA) Tag® I (restriction
site: T|CGA), Alu I (restriction site: AG|CT), and Sac
II (restriction site: CCGC|GG) were applied to Families
1, 2, and 3, respectively. Polyacrylamide gel electro-
phoresis (PAGE) using an 8% neutral polyacrylamide
gel was then performed to separate DNA fragments of
different sizes. Electrophoresis conditions included 1 x
TBE as electrophoresis buffer and a constant voltage of
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350 V for 3-5 h. Silver staining was used for the final
step of the chromogenic reaction.

Results

Clinical manifestations

A general description of the clinical manifestations of 23
NF1 patients are listed in Table 1, with typical symptoms
shown in Fig. 2. It is regrettable that on account of ad-
vanced age, geographical distances, or for personal rea-
sons, the detailed clinical data and photographs of six
patients (Patients 2, 6, 8, 9, 14 and 21) were not available
except for their peripheral blood samples. Of the readily
obtained clinical symptoms of the remaining 17 patients,
café-au-lait spots were observed in all 17 patients and
were found spotted in one or more skin regions immedi-
ately after birth in Patients 1, 5, 7, 11, 15, 16, 17, 19, 20
and 22. Axillary or inguinal freckling was the second
most common phenotype that accounted for 94% (16/
17) of cases. Additionally, 13 (76%) patients suffered
from cutaneous neurofibromas, six (35%) of which were
also found to have plexiform neurofibromas. In terms of
the location of skin lesions, these were present on the
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trunk in all 17 (100%) patients, followed by limbs (upper
and lower limbs) in 11 (65%), neck in seven (41%) and
face (chin, forehead and cheek) in four (24%).

NF1 mutation Spectrum

We identified 11 different germline mutations in probands
from the 12 families mentioned above; these were located
in different exons across the gene (Fig. 3 and Table 2). In
other words, a mutational hot spot was not detected
according to our findings. Remarkably, the proportion of
truncating mutations approached 73% (8/11), and was
composed of four (36%) nonsense mutations (c.1246C>T,
p.R416% ¢.2062G>T, p.E688* ¢.3826C>T, p.R1276%
c.6102C>A, p.C2034*), three (27%) small deletions
(c.4802delT, p.L1601Cfs*2; c.5428delT, p.W1810Gfs*32;
¢.1754_1757delTAAC, p.T586Vfs*18), and one (9%) sin-
gle nucleotide duplication (c.6791dupA, p.Y2264*). In
addition, the remaining three (27%) variants were all mis-
sense mutations (c.5791T>C, p.W1931R; c.4469T>C,
p.L1490P; c.1885G>A, p.G629R). For the proband in Fam-
ily 12 (Patient 22) in whom a causative mutation was not
identified by targeted next-generation sequencing, an

-

Fig. 2 Clinical signs of NF1 in several patients. a: Café-au-lait spots on the abdomen and left leg of prepubertal female Patient 17; b-i: Café-au-lait
spots and neurofibromas on the back of postpubertal females without (Patients 11 and 20) or with (Patients 18, 1, and 10) histories of pregnancy,
and postpubertal males (Patients 4, and 7 in 2007 and 2017, respectively)
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Fig. 3 Mutations identified in the probands of Families 1-11. Mutations detected by Sanger sequencing: a: Patient 1, c.1246C>T; b: Patient 4,
C4802delT; c: Patient 7, .5428delT; d: Patient 11, c.3826C>T; e: Patient 13, c.5791T>C; f: Patient 15, c.2062G>T; g: Patient 16, c4469T>C; h: Patient
17 c.1885G>A, i: Patient 18, c.1754_1757delTAAC; j: Patient 19, c6102C>A; k: Patient 20, c.6791dupA
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abnormal copy number was not detected in either Patient
22 or her father (Patient 23) using MLPA (Additional file
1: Figure S2).

Furthermore, the mutations we identified in Families 2
(c.4802delT, p.L1601Cfs*2), 3 (c.5428delT, p.W1810Gfs*32),
6 (c.2062G>T, p.E688*), and 10 (c.6102C>A, p.C2034*), re-
spectively, as far as we know, have not been reported
previously. It is noteworthy that the four novel muta-
tions are all truncating mutations that are generally
considered to introduce a premature stop codon in the
reading frame.

Table 2 NF1 mutations identified in this study

Mutation verification in the families
For individuals in Families 1-3, a nested PCR-restric-
tion endonuclease reaction—neutral PAGE method was
adopted. All patients in the three families were found to
carry the same mutation as that of the probands, and
were heterozygotes for mutant alleles, while all un-
affected individuals only had wild-type alleles (Fig. 4).
Sanger sequencing was performed to verify mutations
in individuals of Families 4—11. It turned out that other
patients in the families all carried mutations identical to
that of the probands, while unaffected individuals were

Family Number Mutation Position Nucleotide Change Amino Acid Change Mutation Type References
1 Exon 11 c.1246C>T p.R416* Nonsense Reported®
2 Exon 36 €4802delT p.L1601Cfs*2 Deletion Novel

3 Exon 37 €.5428delT p.W1810Gfs*32 Deletion Novel

4 Exon 28 €3826C>T p.R1276* Nonsense Reported
5 Exon 39 c57917>C p.W1931R Missense Reported
6 Exon 18 c.2062G>T p.E688* Nonsense Novel

7 Exon 33 c4469T>C p.L1490P Missense Reported
8 Exon 17 c.1885G>A p.G629R Missense Reported
9 Exon 16 c.1754_1757delTAAC p.T586Vfs*18 Deletion Reported
10 Exon 41 c6102C>A p.C2034* Nonsense Novel

11 Exon 45 c.6791dupA p.Y2264* Duplication Reported

“The mutation has been reported in the Human Gene Mutation Database (HGMD; Professional 2016.4)
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Fig. 4 Neutral polyacrylamide gel electrophoresis (PAGE) of DNA
samples from all study participants in Families 1-3. A 50-bp DNA
Ladder was used as a marker (lane M). Red asterisks denote
affected individuals. The numbers on the left and right of the
figures represent the size of markers and DNA fragments,
respectively. a: Neutral PAGE of DNA samples from participants in
Family 1. The wild-type allele had a Tag® | restriction site, and was
therefore digested into 29-bp (not shown) and 102-bp fragments;
b: Neutral PAGE of DNA samples from participants in Family 2. The
mutation ¢4802delT resulted in a gain of the Alu | restriction site
after the forward primer (NFI-family 2F; Additional file 1: Table S1)
introduced a mismatch nucleotide in its 3" end, and the mutant
allele was subsequently digested into 24-bp (not shown) and 77-bp
fragments; c¢: Neutral PAGE of DNA samples from participants in
Family 3. The mutant allele was digested into 39-bp (not shown)
and 112-bp fragments by Sac Il since the deletion of thymidylate
produced a new restriction site

all homozygotes for wild-type alleles (data available on
request).

Genotype-phenotype correlations

Patients who had rather serious clinical manifestations
(from Families 1, 3 and 9) were all heterozygotes for the
truncating mutation. However, other patients with milder
symptoms carried similar truncating or missense muta-
tions. Furthermore, patients who carried the same muta-
tion within the one family exhibited diverse clinical
symptoms. For example, Patient III-3 in Family 2 (samples
not available), whose father (II-5; Patient 4) merely mani-
fested moderate symptoms, died of acute infantile spasm
10.5 months after birth as a complication of NF1, while
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her affected sister (III-4; Patient 5) fortunately survived.
Moreover, the phenotype of Patient 1 was slightly more
severe than that of her father (Patient 3).

Discussion

In this study, we utilized a synthetic method of Sanger
sequencing, targeted next-generation sequencing, and
MLPA to detect potential mutations in patients. We also
investigated the clinical presentations of each patient
with NF1 to elucidate the factors associated with the
severity of the disease phenotype.

As a consequence, 11 different mutations scattered in
different exons of NFI were identified in 12 unrelated
Chinese families with NF1, suggesting a positive detec-
tion rate of 92% (11/12). Though no mutational hot spot
was discovered, our attention was drawn to the observa-
tion that about three quarters of the mutations identified
were truncating mutations. Consequently, a truncated
neurofibromin with a partial or absolute functional loss
may be produced, or the protein may become degraded
as a result of its abnormal termination, resulting in the
inactivation of the negative regulatory protein. There-
fore, the pathogenicity of the four novel truncating
mutations that we identified is proverbially acknowl-
edged because of a prematurely disrupted reading frame.
Furthermore, we detected three different missense muta-
tions that had been previously reported [21-26]. Nonethe-
less, multiple sequence alignment and in silico analysis
were still performed to authenticate their pathogenicity
(Additional file 1: Figure S3 and Table S2). Moreover, for
Family 12 in whom a causative mutation was not found by
either targeted next-generation sequencing or MLPA, we
conjectured the existence of a deep intronic mutation.

Maruoka et al. [27] described a c¢.6853_6854insA
(hg19; NM_001042492.2) NFI mutation that was identi-
cal to the mutation we found in Family 11 (Table 2).
However, we thought a description of c.6791dupA
(hgl19; NM_000267.3) rather than c.6790_6791insA may
be more appropriate in keeping with the standard human
sequence variant nomenclature of the Human Genome
Sequence Variation Society (HGVS) [28] and Mutalyzer
website (version 2.0.23; Leiden University Medical Center,
Leiden, the Netherlands) [29]. Likewise, the amino acid
change in the c.1754_1757delTAAC mutation in Family 9
(Table 2) should be depicted as p.T586Vfs*18 [30], instead
of p.L585fs*18 [31].

According to our observations, clinical manifestations
in patients who had the same mutation within a family,
and the same patient at different stages of their life,
may be highly discrepant. Additionally, with regard to
the polymorphisms in genotype—phenotype correla-
tions, possible causes may be modifier genes, gender, or
heterogeneity in the regulation of signaling pathways,
to name a few.
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Alterable though the phenotype of NF1 may be, the
progression of NF1 was ascribed to age and pregnancy ac-
cording to a long-term follow-up of several contactable
patients. In general, it was older patients who usually
manifested severer symptoms, while prepubertal patients
displayed a comparatively mild phenotype with only
café-au-lait spots. For example, Patient 7’s symptoms
gradually worsened in the form of an increase in the num-
ber and size of cutaneous neurofibromas during a 10-year
observation period (from 2007 to 2017; Fig. 2). Patients 1,
7, 16, 20 and 22 recalled that cutaneous neurofibromas
appeared and symptoms became worse in their adoles-
cence. Furthermore, some females with NF1 (Patients 1, 8,
10 and 18) complained of a marked exacerbation of dis-
ease after pregnancy (Fig. 2), as also described by Griffiths
et al. [32]. These observations indicated that a patient’s
physical condition, particularly their hormone levels,
played a vital role in the development of NF1.

Conclusions

Our research, via an integrated methodology, extends
the NFI mutation spectrum in the Chinese population.
Although a comprehensive investigation of the clinical
profiles of patients was undertaken, we rarely found
correlations between genotype and phenotype in NFI1.
Nevertheless, we noticed during follow-up observation
that age and hormone levels were associated with the
severity of disease.

Additional file

Additional file 1: Figure S1. Pedigrees of families of sporadic cases.
The arrows indicate the probands in each family. The asterisks denote
that peripheral blood samples of individuals had been acquired. a-e:
Pedigrees of Families 6-10. Figure S2. Multiplex ligation-dependent
probe amplification (MLPA) results using P081 and P082 probemixes for
patients in Family 12. a: MLPA results using P081 for Patient 22; b: MLPA
results using P081 for Patient 23; ¢: MLPA results using P082 for Patient
22; d: MLPA results using P082 for Patient 23. Figure S3. Amino acid
sequences of neurofibromin around missense mutations. Mutation sites
are highlighted. a: The amino acid G629 and surrounding sequence;

b: The amino acid L1490 and surrounding sequence; ¢: The amino

acid W1931 and surrounding sequence. Table S1. Primers used in this
study. Table S2 In silico analysis of missense mutations. (PDF 781 kb)

Abbreviations

HGMD: Human Gene Mutation Database; HGVS: Human Genome Sequence
Variation Society; IRB: Institutional Review Board; MLPA: multiplex ligation-
dependent probe amplification; NCBI: National Center for Biotechnology
Information; NF1: neurofibromatosis type 1; PAGE: polyacrylamide gel
electrophoresis; PolyPhen-2: Polymorphism Phenotyping v2; RFLP: restriction
fragment length polymorphism; SIFT: Scale-Invariant Feature Transform;
SNP: single nucleotide polymorphism; SNV: single nucleotide variant;

UCSC: University of California, Santa Cruz

Acknowledgments
We thank all patients and their families for their participation in this study.

Page 8 of 9

Funding
This work was supported by the National Key Research and Development
Program of China (2016YFC0905100) to Xue Zhang and Xiuli Zhao.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

BM, SYC, XC and XJZ performed the experiments; BM, SYC, XC, XJZ, TY, LLL
and ZW analyzed the data; XLZ and XMY studied the patients and collected
the clinical samples; BM drafted and wrote the manuscript; XZ and XLZ
designed the study. All authors read and approved the final manuscript.

Ethics approval and consent to participate

This study was approved by the Institutional Review Board (IRB) of the
Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences,
Beijing, China (015-2015). Written informed consent was obtained from all
participants and from parents or legal guardians of children under the age
of 18.

Consent for publication

Written informed consent for publication of patients’ images and medical
data in anonymity was obtained from all participants and from parents or
legal guardians of children under the age of 18.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Medical Genetics, Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences & School of Basic Medicine, Peking Union
Medical College, Beijing 100005, China. *Department of Obstetrics and
Gynecology, the First Affiliated Hospital of Hebei North University,
Zhangjiakou 075061, China.

Received: 20 January 2018 Accepted: 23 May 2018
Published online: 18 June 2018

References

1. Williams VC, Lucas J, Babcock MA, Gutmann DH, Korf B, Maria BL.
Neurofibromatosis type 1 revisited. Pediatrics. 2009;123(1):124-33.

2. Lin X, Chen H, Zhu W, Lian S. A novel frameshift mutation of the NF1 gene
in a Chinese pedigree with neurofibromatosis type 1. Indian J Dermatol
Venereol Leprol. 2017,83(2):231-3.

3. Monroe CL, Dahiya S, Gutmann DH. Dissecting clinical heterogeneity in
Neurofibromatosis type 1. Annu Rev Pathol. 2017;12:53-74.

4. Neurofibromatosis. Conference statement. National Institutes of Health
consensus development conference. Arch Neurol. 1988;45(5):575-8.

5. Hinman MN, Sharma A, Luo G, Lou H. Neurofibromatosis type 1 alternative
splicing is a key regulator of Ras signaling in neurons. Mol Cell Biol. 2014;
34(12):2188-97.

6. Valero MC, Pascual-Castroviejo |, Velasco E, Moreno F, Hernandez-Chico C.
Identification of de novo deletions at the NF1 gene: no preferential paternal
origin and phenotypic analysis of patients. Hum Genet. 1997,99(6):720-6.

7. Luiften M, Redeker S, Minoshima S, Shimizu N, Westerveld A, Hulsebos TJ.
Duplication and transposition of the NF1 pseudogene regions on
chromosomes 2, 14, and 22. Hum Genet. 2001;109(1):109-16.

8. Cunha KS, Oliveira NS, Fausto AK, de Souza CC, Gros A, Bandres T, Idrissi Y,
Merlio JP, de Moura Neto RS, Silva R, et al. Hybridization capture-based
next-generation sequencing to evaluate coding sequence and deep
Intronic mutations in the NF1 gene. Genes. 2016;7(12):133.

9. Alkindy A, Chuzhanova N, Kini U, Cooper DN, Upadhyaya M. Genotype-
phenotype associations in neurofibromatosis type 1 (NF1): an increased risk
of tumor complications in patients with NF1 splice-site mutations? Hum
Genomics. 2012,6:12.


https://doi.org/10.1186/s12881-018-0615-8

Mao et al. BMC Medical Genetics (2018) 19:101

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Upadhyaya M, Ruggieri M, Maynard J, Osborn M, Hartog C, Mudd S, 31.

Penttinen M, Cordeiro |, Ponder M, Ponder BA, et al. Gross deletions of the
neurofibromatosis type 1 (NF1) gene are predominantly of maternal origin
and commonly associated with a learning disability, dysmorphic features

and developmental delay. Hum Genet. 1998;102(5):591-7. 32,

Upadhyaya M, Huson SM, Davies M, Thomas N, Chuzhanova N, Giovannini
S, Evans DG, Howard E, Kerr B, Griffiths S, et al. An absence of cutaneous
neurofibromas associated with a 3-bp inframe deletion in exon 17 of the
NF1 gene (c.2970-2972 delAAT): evidence of a clinically significant NF1
genotype-phenotype correlation. Am J Hum Genet. 2007,80(1):140-51.
Faden DL, Asthana S, Tihan T, DeRisi J, Kliot M. Whole exome sequencing of
growing and non-growing cutaneous Neurofibromas from a single patient
with Neurofibromatosis type 1. PLoS One. 2017;12(1):e0170348.

Emmerich D, Zemojtel T, Hecht J, Krawitz P, Spielmann M, Kuhnisch J,
Kobus K, Osswald M, Heinrich V, Berlien P, et al. Somatic neurofibromatosis
type 1 (NF1) inactivation events in cutaneous neurofibromas of a single NF1
patient. Eur J Hum Genet. 2015;23(6):870-3.

Wei X, Ju X, Yi X, Zhu Q, Qu N, Liu T, Chen Y, Jiang H, Yang G, Zhen R, et al.
Identification of sequence variants in genetic disease-causing genes using
targeted next-generation sequencing. PLoS One. 2011;6(12):229500.

Li H, Durbin R. Fast and accurate short read alignment with burrows-
wheeler transform. Bioinformatics (Oxford, England). 2009;25(14):1754-60.

Li R, Li 'Y, Fang X, Yang H, Wang J, Kristiansen K, Wang J. SNP detection for
massively parallel whole-genome resequencing. Genome Res. 2009;19(6):
1124-32.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R. Genome project data processing S: the sequence
alignment/map format and SAMtools. Bioinformatics (Oxford, England).
2009;25(16):2078-9.

Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P,
Kondrashov AS, Sunyaev SR. A method and server for predicting damaging
missense mutations. Nat Methods. 2010;7(4):248-9.

Ng PC, Henikoff S. Predicting deleterious amino acid substitutions. Genome
Res. 2001;11(5):863-74.

Schwarz JM, Cooper DN, Schuelke M, Seelow D. MutationTaster2: mutation
prediction for the deep-sequencing age. Nat Methods. 2014;11(4):361-2.
Hudson J, Wu CL, Tassabehji M, Summers EM, Simon S, Super M, Donnai D,
Thakker N. Novel and recurrent mutations in the neurofibromatosis type 1
(NF1) gene. Hum Mutat. 1997,9(4):366-7.

van Minkelen R, van Bever Y, Kromosoeto JN, Withagen-Hermans CJ,
Nieuwlaat A, Halley DJ, van den Ouweland AM. A clinical and genetic
overview of 18 years neurofibromatosis type 1 molecular diagnostics in the
Netherlands. Clin Genet. 2014;85(4):318-27.

Duat Rodriguez A, Martos Moreno GA, Martin Santo-Domingo Y, Hernandez
Martin A, Espejo-Saavedra Roca JM, Ruiz-Falco Rojas ML, Argente J:
Phenotypic and genetic features in neurofibromatosis type 1 in children.
Anales de pediatria (Barcelona, Spain : 2003) 2015, 83(3):173-182.

Gasparini P, D'Agruma L, Pio de Cillis G, Balestrazzi P, Mingarelli R, Zelante L.
Scanning the first part of the neurofibromatosis type 1 gene by RNA-SSCP:
identification of three novel mutations and of two new polymorphisms.
Hum Genet. 1996,97(4):492-5.

Kiel C, Serrano L. Structure-energy-based predictions and network modelling
of RASopathy and cancer missense mutations. Mol Syst Biol. 2014;10:727.

Kim MJ, Cheon CK. Neurofibromatosis type 1: a single center's experience in
Korea. Korean J Pediatr. 2014,57(9):410-5.

Maruoka R, Takenouchi T, Torii C, Shimizu A, Misu K, Higasa K, Matsuda F,
Ota A, Tanito K, Kuramochi A, et al. The use of next-generation sequencing
in molecular diagnosis of neurofibromatosis type 1: a validation study.
Genet Test Mol Biomarkers. 2014;18(11):722-35.

Page 9 of 9

Upadhyaya M, Spurlock G, Majounie E, Griffiths S, Forrester N, Baser M,
Huson SM, Gareth Evans D, Ferner R. The heterogeneous nature of germline
mutations in NF1 patients with malignant peripheral serve sheath tumours
(MPNSTSs). Hum Mutat. 2006,27(7):716.

Griffiths S, Thompson P, Frayling |, Upadhyaya M. Molecular diagnosis
of neurofibromatosis type 1: 2 years experience. Familial Cancer. 2007;
6(1):21-34.

den Dunnen JT, Dalgleish R, Maglott DR, Hart RK, Greenblatt MS, McGowan-
Jordan J, Roux AF, Smith T, Antonarakis SE, Taschner PE. HGVS
recommendations for the description of sequence variants: 2016 update.
Hum Mutat. 2016;37(6):564-9.

Wildeman M, van Ophuizen E, den Dunnen JT, Taschner PE. Improving
sequence variant descriptions in mutation databases and literature using
the Mutalyzer sequence variation nomenclature checker. Hum Mutat. 2008;
29(1):6-13.

Hutter S, Piro RM, Waszak SM, Kehrer-Sawatzki H, Friedrich RE, Lassaletta A,
Witt O, Korbel JO, Lichter P, Schuhmann MU, et al. No correlation between
NF1 mutation position and risk of optic pathway glioma in 77 unrelated
NF1 patients. Hum Genet. 2016;135(5):469-75.

Ready to submit your research? Choose BMC and benefit from:

o fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Patients
	Sanger sequencing
	Targeted next-generation sequencing
	MLPA
	Bioinformatics analysis
	Restriction fragment length polymorphism

	Results
	Clinical manifestations
	NF1 mutation Spectrum
	Mutation verification in the families
	Genotype–phenotype correlations

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

