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NF1 single and multi-exons copy number variations
in neurofibromatosis type 1
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Neurofibromatosis type 1 (NF1) is caused by dominant loss-of-function mutations of the tumor suppressor NF1 containing 57

constitutive coding exons. A huge number of different pathogenic NF1 alterations has been reported. The aim of the present

study was to evaluate the usefulness of a multiplex ligation-dependent probe amplification (MLPA) approach in NF1 patients to

detect single and multi-exon NF1 gene copy number variations. A genotype–phenotype correlation was then performed in NF1

patients carrying these types of genetic alterations. Among 565 NF1 index cases from the French NF1 cohort, single and

multi-exon deletions/duplications screening identified NF1 partial deletions/duplications in 22 patients (~4%) using MLPA

analysis. Eight single exon deletions, 11 multiple exons deletions, 1 complex rearrangement and 2 duplications were identified.

All results were confirmed using a custom array-CGH. MLPA and custom array-CGH allowed the identification of rearrangements

that were missed by cDNA/DNA sequencing or microsatellite analysis. We then performed a targeted next-generation sequencing

of NF1 that allowed confirmation of all 22 rearrangements. No clear genotype–phenotype correlations were found for the most

clinically significant disease features of NF1 in patients with single and multi-exons NF1 gene copy number changes.
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Neurofibromatosis type 1 (NF1, OMIM# 162200) is an autosomal
tumor predisposition disorder with an estimated birth incidence of 1
in 3500.1 NF1 is caused by dominant loss-of-function mutations of the
tumor suppressor NF1 (Neurofibromin 1; OMIM# 613113), located at
17q11.2 and containing 57 constitutive coding exons and three
alternative spliced exons over ~ 280 kb. Almost half of all NF1 cases
are caused by de novo sporadic mutations. A huge number of different
pathogenic NF1 alterations have been reported.2–7 Five to ten percents
of NF1 patients present large 17q11.2 deletions associated with a more
severe phenotype, the so-called ‘NF1 microdeletion syndrome’.8–10 For
patients with intragenic NF1 mutations (4 90% of all NF1 cases), no
clear-cut allele–phenotype correlations have been established so
far11–14 with the exception of a 3-bp inframe deletion associated with
the absence of cutaneous neurofibromas.15 To date, few reports have
estimated the contribution of single and multi-exon NF1 gene copy
number changes to the NF1 mutation spectrum.6–18

The aim of the present study was (i) to evaluate the usefulness of a
multiplex ligation-dependent probe amplification (MLPA) approach

in NF1 patients and (ii) to perform a genotype–phenotype correlation
in NF1 patients carrying these type of genetic alterations from the large
NF French cohort. We then assessed whether all identified NF1 gene
copy number changes could be detected by using a recently developed
targeted next-generation sequencing (NGS) pipeline for NF1
screening.
The French NF1 database was previously described.14 Briefly, it

represented a collection of 565 families, consisting of 1697 individuals
among whom 1083 fulfilled National Institutes of Health diagnostic
criteria for NF1.19 Single and multi-exon deletions/duplications
screening was performed by MLPA analysis using the SALSA MLPA
kits P081/P082 NF1, as recommended in the manufacturer’s protocol
(MRC Holland, Amsterdam, the Netherlands). The two probe mixes
included in this MLPA kit contain probes for all constitutive NF1
exons, except in exons 7, 9, 22, 23, 54 and 56. One probe is also
present in the NF1 promoter and in intron 1. MLPA analysis identified
NF1 partial deletions/duplications in ~ 4% (n= 22/565) of all index
cases, confirming previous literature data.6,16–18 The 22 NF1 partial
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deletions/duplications are detailed in Table 1 and Figure 1. Eight single
exon deletions (including four restricted deletions of the NF1
promoter and exon 1), 11 multiple exons deletions (including one
mosaic exon 1–35 deletion in patient NF00587; Supplementary
Figure S1), 1 complex rearrangement and 2 duplications were found.
We analyzed the two NF1 intragenic duplications at the cDNA level in
patients NF00735 and NF00966. The two duplications were found to
be in a direct tandem orientation for both exons 28–29 and exons 49–
57 duplications in patients NF00735 and NF00966, respectively
(Supplementary Figures S3 and S4).
Among the 22 deletions/duplications, three were identified by

microsatellites pre-screening before any sequencing investigation.
Among the 19 remaining deletions/duplications, only seven were
detected by NF1 cDNA study. Undetected rearrangements included at
least one of the two primers used for the cDNA PCR, causing an
absence of amplification of the mutated alleles. All results were
confirmed using a high-resolution NF1 custom array-CGH targeting
the 17q11.2 region, allowing characterization of the duplication/
deletion boundaries and suggesting recurrent breakpoints
(Supplementary Figure S1). The theoretical and practical aspects of
this custom array-CGH are described in detail elsewhere.20 Array-
CGH showed that the promoter-exon 1 deletion profile was the same
for patients NF00173 and NF00416, suggesting a recurrent molecular
mechanism or a familial unknown link. According to array CGH
analyses, no additional gene was included in the deletions exceeding
the NF1 gene locus in 5′ (NF00173, NF00416, NF00485, NF00587,
NF01745) or 3′ (NF00162, NF00911, NF01693) directions.
NF1 sequencing at both cDNA and DNA levels enabled the

detection of a broader mutation spectrum than any single level
approach.14 However, MLPA and/or custom array-CGH allowed the
identification of rearrangements that were missed by cDNA/DNA
sequencing or microsatellite analysis (Table 1). In case of negative
results, these last approaches should therefore be completed by the
screening for single or multi-NF1 exons copy number variation using
MLPA or array-CGH. These results led us to reconsider our strategy

for molecular study of the NF1 gene (Supplementary Figure S2). In the
first step, whole NF1 deletions are now screened using microsatellites
analysis. Sequencing at cDNA and then DNA levels is performed when
no whole deletion is found. MLPA is performed in case of negative
screening at cDNA and DNA approaches.
We recently developed a targeted NGS of the NF1 gene using a

multiplex PCR approach on a PGM sequencer (Ampliseq, Life
Technologies).21 All the 22 rearrangements were confirmed using this
targeted NGS approach used as a quantitative method by comparing
the number of reads for each amplicon of each sample, as previously
described (Supplementary Figure S5).21 A mosaic NF1 deletion was
confirmed for one (NF00587) of the six patients’ samples with de novo
rearrangements. However, it cannot be excluded that mosaic may be
restricted to other tissues types than peripheral blood for the other five
samples from sporadic index cases. Targeted-NGS allowed simulta-
neous NF1 sequencing and provided a quantitative aspect allowing the
detection of exons copy number alteration. This coupled analysis
provides information of both the sequence and copy number
alterations and avoids the sequential implementation of different
techniques for the identification of these two different types of
alterations. For laboratories using NGS in routine molecular diag-
nostic, MLPA may thus be used as a second line confirmation test for
samples with suspected deletion or duplication.
As the great majority of NF1 alterations are private mutations,

genotype–phenotype correlations in NF1 can be more readily exam-
ined by categorizing NF1 mutations on the basis of the type of
molecular defect. Genotype–phenotype correlations were statistically
evaluated by comparing the 22 NF1 patients harboring NF1 exon
deletions/duplications with a reference group composed of 439
unrelated patients with intragenic NF1 mutations from the NF-France
database.14 All patients were clinically evaluated using the same
standardized core questionnaire. Twelve major clinical features of
NF1 were considered for the genotype–phenotype association study.
Five were quantitative traits: number of café-au-lait (CAL) spots of
small and large size, and number of plexiform, cutaneous and

Table 1 Twenty-two NF1 partial deletions or duplications were identified by MLPA and confirmed by array-CGH

Affected exons Deletion or Duplication Index cases references Comment

Promoter-1 Deletion NF00173, NF00416, NF00485, NF01742 ND

1–35 Deletion NF00587 ND, mosaic

2 Deletion NF01343 Detected by cDNA analysis

3 Deletion NF00752 Detected by cDNA analysis

3–14 Deletion NF00478 ND

2–48 Deletion NF00367 Detected by microsatellites pre-screening

14–58 Deletion NF01693 ND

18–36 Deletion NF01085 ND

28–29 Duplication NF00735 Detected by cDNA analysis

30 Deletion NF00743 Detected by cDNA analysis

30–38 Deletion NF00469 ND

32–36 and 49–58 Deletion NF00911 ND

38–39 Deletion NF00008 Detected by cDNA analysis

39 Deletion NF00268 Detected by cDNA analysis

49–57 Duplication NF00966 ND

52–54 Deletion NF01376 ND

6–8 Deletion NF00668 Detected by cDNA analysis

9–51 Deletion NF01336 Detected by microsatellites pre-screening

10–58 Deletion NF00162 Detected by microsatellites pre-screening

ND: not detected by microsatellite pre-screening and cDNA analysis.
Three were already identified by microsatellites pre-screening before any sequencing investigation. Among the 19 remaining deletions/duplications, 7 were detected by NF1 cDNA analysis. The 12
remaining deletions/duplications were not detected (ND) by microsatellite pre-screening and cDNA analysis. These single and multi-exon deletions/duplications were deposited in the LOVD (http://
www.lovd.nl/NF1).
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subcutaneous neurofibromas. The seven other clinical features were:
skin-fold freckling, blue-red macules, Lisch nodules, facial dysmorph-
ism, scoliosis, optic gliomas and learning disabilities. The 22 NF1
patients harboring single or multi-exon deletions and duplications in
the NF1 gene consisted of 13 men (59%) and 9 women (41%) with a
mean age at examination of 28.9± 16.8 years (Supplementary
Table S1). Around 27% (6/22) of patients had de novo mutations,
adjudged based on the absence of a clinically affected parent. The
number or prevalence of each of 12 major clinical features of NF1
were contrasted with those observed in a reference group composed of
NF1 patients carrying either a truncating, missense or in-frame splice
NF1 mutation (N= 439). A comparison with the more homogeneous
subgroup of patients harboring truncating mutations was also
performed (Supplementary Table S1). To our knowledge, only a few
previous studies have investigated the influence of the type of
constitutional NF1 mutation on the disease phenotypic
variability.11–13 The association of the type of NF1 mutation with
each of the 12 clinical features individually was investigated through
multiple regression analysis. All regression models included age at
examination (as a continuous variable), gender and mutation inheri-
tance (de novo versus inherited) as possible explanatory variables to
control for potential confounding. Although patients with exon
deletions/duplications exhibited a higher prevalence of scoliosis (55
versus 38%) and learning disabilities (59 versus 46%) when compared
with either the general NF1 population or the subgroup of patients
carrying truncating mutations (Supplementary Table S2), our analysis
did not reveal any significant association with any of the 12 clinical
features considered at either a Bonferroni-corrected or nominal
significance threshold (Po0.05). These results are consistent with
our previous findings showing a limited contribution of the allelic
heterogeneity of the constitutional NF1 mutation to the variable

expressivity of the disease,13 with the exception of those patients with
the NF1 microdeletion syndrome.8,9 The knowledge of the NF1
mutation type is not expected to provide any valuable prognostic
information to patients and clinicians in the future, suggesting that
genetic modifiers contribute to the variable expression of NF1.22,23

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

This work was supported in part by grants from Association Neurofibromatoses

et Recklinghausen, Ligue Française Contre les Neurofibromatoses, the French

Clinical Research program (PHRC 2002), INSERM (Nf1GeneModif project)

and Ministère de l’Enseignement Supérieur et de la Recherche.

1 Carey, J. C., Baty, B. J., Johnson, J. P., Morrison, T., Skolnick, M. & Kivlin, J.
The genetic aspects of neurofibromatosis. Ann. NY Acad. Sci. 486, 45–56 (1986).

2 Fahsold, R., Hoffmeyer, S., Mischung, C., Gille, C., Ehlers, C., Kücükceylan, N. 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.
J. Hum. Genet. 66, 790–818 (2000).

3 Messiaen, L. M., Callens, T., Mortier, G., Beysen, D., Vandenbroucke, I., Van Roy, N.
et al. Exhaustive mutation analysis of the NF1 gene allows identification of 95% of
mutations and reveals a high frequency of unusual splicing defects. Hum. Mutat. 15,
541–555 (2000).

4 Ars, E., Kruyer, H., Morell, M., Pros, E., Serra, E., Ravella, A. et al. Recurrent mutations
in the NF1 gene are common among neurofibromatosis type 1 patients.
J. Med. Genet. 40, e82 (2003).

5 Mattocks, C., Baralle, D., Tarpey, P., ffrench-Constant, C., Bobrow, M. & Whittaker, J.
Automated comparative sequence analysis identifies mutations in 89% of NF1 patients
and confirms a mutation cluster in exons 11-17 distinct from the GAP related domain.
J. Med. Genet. 41, e48 (2004).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58

F1
F2

F3
F4

F5
F6

F7
F8

39

NF00268

NF00009

38-39

3-14

1 NF00478

NF00173
NF00416
NF00485
NF01745

NF01693

NF01376
52-54

NF00966

49 - 57

NF00469

30-38

NF00911
32-36 49-58

NF01085

18-36

14-58

9-51

NF01336

2 - 48

NF00367

D17S1307
D17S2163
D17S1166

IVS38-
GT53.0

1-35 mosaic

NF00587

10-58

NF00162

NF01342

2

NF00754
3

NF00668

6-8

NF00735

28-29

30

NF00743
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or deleted segments. Affected exons are indicated above the corresponding duplicated or deleted segments.
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