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Background: Neurofibromatosis type 1 (NF1) is one of the most common autosomal dominant disorders in humans, and many different variants
in the NF1 gene have been observed. The aim of this study was to investigate the genetic variant spectrum of NF1 patients in Korea.

Methods: A total of 462 cases were enrolled for NF1 analysis at Seoul St. Mary’s Hospital. NF1 was analyzed through Sanger sequencing of
messenger RNA (mRNA) and genomic DNA (gDNA), and/or multiplex ligation-dependent probe amplification (MLPA) analysis.

Results: We identified 231 types of NF1 variants in 303 out of the 462 patients (65.6%). Of these, 217 variants were classified as pathogenic or
likely pathogenic, and 48.4% (N=106) of these were novel changes. Truncating variants encompassing frameshift and nonsense variants were
most commonly observed (135 types of variants in 177 patients), followed by splicing defect variants (39 types in 42 patients) and missense vari-
ants (36 types in 44 patients). There were 8 distinctive large deletions in 25 patients, detected via MLPA analysis. Interestingly, 4 cases showed ab-
errant transcripts that were identified through mRNA Sanger sequencing. The frequency of NFI mutation detected was significantly higher accord-
ing to the number of satisfying National Institutes of Health (NIH) diagnostic criteria.

Conclusions: This study revealed a wide spectrum of NFI variants in Korean NF1 patients. A comprehensive analytical strategy that combines
mRNA and gDNA analyses and MLPA is required to detect sequence variants. Additionally, it is important to define the effect of newly detected
variants on the clinical course.
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2010\ 2958 2019 SH7RA] A B ol NF1 544 A
A7} 225 48871 & avoF FHQt 25713t | whis AIE H L
SIA] o2 11 A 2Jek 4627d0] ThsiA] A5Gk Sf=lE AL
T 401702 NF1 218 9lsf oZj=]glon; 4129 AR E
B = Gloich YIRS SIE 4= Q= 01719 -9, TAke] %
B 4] Lol, A 3R SRS S FEA0 2 FEsto] H
& vlolE)= S7ls9irk o] % 25%°) 47} NIH consensus de-
velopment conference (1988)[2]o]| A AA|et Act7 | 5 27} o4
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o} 2 A= 7HEEEYYEY AT AAREEe] &
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2. NF1 [Zx} Ho| A= Wi
1) mRNA 27 | M B2 A(Sanger sequencing)

2R} g olof| 4] High Pure RNA Isolation Kit (Roche, Mann-
heim, Germany)& ©]-8-5}¢] RNAS H&]3}al Transcriptor First
Strand cDNA Synthesis Kit (Roche)Z cDNAE st G714
AB XS Q5 AJRHA|(primer)= Primer 3 (http://bioinfo.ut.ee/
primer3)E ©]-§-5to] A|2keHct SR AAEH-S-(polymerase
chain reaction, PCR)-> Thermal Cycler C1000 E+= S1000 (Bio-
Rad, Foster City, CA, USA)OJ|A] 96°C 5% WH-AJZ] & 95°C 30%,
58°C 30%, 72°C 60% Z7L 343] vHE-35}al 72°Cof|A] SE7t vh-e-
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A7 ol 40Ol BT POR AHE S 71502 Shelsh
11 3500xL Genetic Analyzer (Thermo Fisher Scientific, Foster City,
CA, USA)2. 2 9714 E& EAI3FATE mRNA &4 A] Y&t o
7IMEEA AIE 7] ofet FHY 9t 19, 38, 39, 49, S2=
gDNAS 712 EA8I3It: mRNA G7|AEEA0A Hol7}F 4
S8 5 olF Tl tie gDNA A7IMBEA = Algste]
lskalct

NF1 S-AA= NM_001042492.25 7]F0 & ut=3dlo] 7|<3}
At HE% Hol= HGMD (Human Genome Mutation Database,
Institute of Medical Genetics, Cardiff, Wales; http:/www.hgmd.
cf.ac.uk/ac/index.php), Clinvar (https://www.ncbi.nlm.nih.gov/
clinvar/), dbSNP (https://www.ncbi.nlm.nih.gov/snp/) H]o]EH|o]
20| A 71 H ol o] L5 E9l8}al ExAC, gnomAD, 1000 Genomes
glofEfHjo]2ofl A QIR sfie wolo] WIS ARSI Yl
7}A] in-silico (Align GVHD, MutationTaster, PolyPhen, SIFT) 4]
2 AJ3Y5Sial, o5 American College of Medical Genetics and
Genomics (ACMG) H0]9] sl tigh Feha] AR [4]e] wh
2} pathogenic, likely pathogenic, variant of unknown signifi-
cance (VUS), likely benign, benign © 2 H-5235}¢ict Ayt 7+
5730 T2 AL & TH(PVSDE= F-ou] o], S0l Ho], #
A7) SRy AE §17] o), A&} sii= 9129 WHol, ol Thej
oJAFe] & AAL pathogenic 22 likely pathogenic &2 E-&#3}
L, AP Aol A AzhHo| = 2hlE yhe®o]= patho-
genic 2.2 ZF7oRGIeh 7|0 BALEA] AN s -
of| A o] "7} o 7}LoHo] in-frame insertion E= in-frame
deletion®] 73-$- 5Lt R4 ofm| Al X|Eko] pathogenic
o2 BAERA, B REHO] B Ao Wl th
o] in-silico B4 A A} A} & A0 R o SE] Hloli
likely pathogenic .2 E73}%t) 1 £]9] Wol= n]E7dA7H

o](variant of unknown significance, VUS) & EF35}3Ich

2) Multiplex Ligation Dependent Probe Amplification (MLPA)
NF1 9-R7k0] o4 the] AAlo|u} 35O SALSA MLPA Probe-
mix P081-D1 NF1 mix 1 & P082-Cw NF1 mix2 (MRC-Holland,
Amsterdam, The Netherlands)S ©]-85}o] B-A15}9t}. DNASJ
probeE A7}5}0] oY (annealing) 313 PCRZ 3t 3 3500xL
Genetic Analyzer (Thermo Fisher Scientifio® 413}l Gene-
Marker version 191 (SoftGenetics, State College, PA, USA)E T+
SHATE ZH249] peak S A/ tzwtal) vlasto] Hg-o] 0.7 vk
A& 135 26M S50 2 Brhskglals], 242 Hlgo] 0d
73 @3 (homozygous) 2, 0.40-0.65¢1 74-9- o1 FH(he-

=]
terozygous) 240 2 =35Ik
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NFI 707} o] 520 ke AIek A] ¢le] W 33
St} SPSS ver 25.0 (SPSS Inc., Chicago, IL, USA)S o]

2l wlol gl Uhulx] 121904 12072] A wol7h waEg)
Aol whebis mRNA 9 gDNA G7IHAEAE B3

ooH

mlo

1Tk

o
-

5to] Stu A& 297t 2788 (91.3%) & th-E-S AA|8HAL, MLPASI|A|RE

dent’s t-test, 7}o| Al FA (chi-square test) F+= Fisher®] A&}t AZ 7Hsd ol ohe] ojAfe] & AAIL 257(8.7%)2] TRl
HA(Fisher’s exact test)2 Al3Y3+ATh PZF 0.05 BTk S-2]31 A A =Tk (Table D).

O = ekt o]o] Q1A= NF1 732 AA| A= Aol 5 16749 2hxto|

Aﬂ AEEAIL A& 90|41 8] Hol7} 1571(15/278, 5.4%), Th5 o=

A 3 2= 38 (14/278, 5.00%), <= 187} 28 (12/278, 4.3%), 4= 46 (11/278,

4.0%) <=019)ck. 71 9] F-9]oflA] Ho] ®lt= Z|tff 87](0-29%)714]

1. NF1 R8X} #Ho| iz & 2= thoFal UeRdTHFig D. BHE: A& ol AA| i AAlo)

EAE 46278 5 30395(65.6%)0 4 NF1 F-AAFe] A dddio] ZHERQIAT c910C>T (N=9), ¢.2041C>T (N=5), ¢.6852_6855delTTAC
7} AEE 1 F 182904 A& 111749] Blol= 7]&o] KB (N=4), ¢.6854dupA (N=4) =0]3lt}:

Table 1. Detected variants of the NF7 gene

Pathogenic/LP VUS Total

Patient Variant Patient Variant Patient Variant
Truncating 177 (61.2%) 135 (62.2%) 0 (0%) 0 (0%) 177 (58.4%) 135 (58.4%)
Splicing 42 (14.5%) 39 (18.0%) 0 (0%) 0 (0%) 42 (13.9%) 39 (16.9%)
Missense 34 (11.8%) 26 (12.0%) 10 (71.4%) 10 (71.4%) 44 (14.5%) 36 (15.69%)
Large del 25 (8.7%) 8 (3.7%) 0 (0%) 0 (0%) 25 (8.3%) 8 (3.5%)
In-frame del 7 (2.4%) 5 (2.3%) 0 (0%) 0 (0%) 7 (2.3%) 5 (2.29)
In-frame dup 0 (0%) 0 (0%) 1 (7.19%) 1 (7.1%) 1(0.3%) 1 (0.4%)
Aberrant transcript 4(1.4%) 4.(1.8%) 2 (14.3%) 2 (14.3%) 6 (2.0%) 6 (2.6%)
Synonymous 0 (0%) 0 (0%) 1 (7.1%) 1 (7.19%) 1 (0.3%) 1 (0.4%)
Total 289 217 14 14 303 231

Abbreviations: LP, likely pathogenic; VUS, variant of unknown significance; del, deletion; dup, duplication.

NF1 variant spectrum and location
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Fig. 1. Identified NF7 variant spectrum and location. At the midline of the figure, the involved exons and/or introns of the NF7 gene are listed. Each
block upward the midline represents one variation. Different kinds of variations are shown in different colors as indicated in the category above
the chart. Large deletions are indicated by the green rectangle at the bottom of the midline. Here, each variant is displayed in the vertical direc-
tion. The different horizontal length of each rectangle indicates the deleted scope of each individual variant.
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Holo] §gdlg B FLoju] Ho|(nonsense mutation) X £0]
& HHo|(frameshift mutation)E #E33t Ahd FHo]|truncat
ing mutation)7} 177"8(58.4%)0f| 4] 2= AL, in-frame deletion
2 73w oA BRI A plicing Mol 427
139014 BREIRAT, o) 7)ol o] 2 Bg 24
N, T2 A7) Bl W Zeolapglol w1574 olrh
QIAT}. mRNA EA0]| 4] aberrant transcript”} #2739 deep
= AC 2 oS5 4909 7 likely
pathogenic©. & X 113}it}. 1]FQ] aberrant transcript”} &5
2019] 739 RNA 2] Z|o] &Jsf of2fqt 4ol vl /g2l oz
SIS 7= HiAIE = gloli3, 81 AFHE Aol 22l
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447(14.5%)2] ALl A 367015.6%)] The o7} HEE gL om
of7]ofl = ARyl = HATE|IE pathogenic H0](21/36, 58.3%),

intronic mutation 7}5-4Jo] =

Table 2. NFT variants causing aberrant transcripts

likely pathogenic H©](5/36, 13.9%), ZL2]aL VUS (10/36, 27.8%)7F
ZFEICE 1 Qolx in-silicool| A #717] Aol HFS =
Qlthal o &% F2]u|(synonymous) O] 17H(c.6033A>G)$€]— in-
frame duplication 17]j(c.5036_5041dup, p.Ile1679_Tyrl680dup)”}
VUSE B2 53l
Wt oleie B s e
70.5% (42/6Dol| A NF1 5732} Hol7F AEE|1 L,
T 4 A 4017100419 AEE 66.7% (260/40D2 A
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A& 5 k= ARto] glov, ol 617golA ] Ed
il A& %—irﬁe # Ws Ao A7) HEY AR
ZlA}of| A National Institutes of Health
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No ID Class variant AA change Location Test methods
1 L003 LP 1.100_204del p.Val34_Met68del Exon 2 Sanger

2 L004 LP €.205-13T>G p-Arg69_Gly9edel Intron 2 Sanger

3 018 LP 1.1063_1185del Splicing defect Intron 9 Sanger, MLPA
4 L067 LP r4725_4835del p.His1576_Arg1612del Exon 36 Sanger, MLPA
5 \002 VUS r.1642_1845del204 Splicing defect Exon 15-16 Sanger, MLPA
6 V013 VUS €.6642+317>G Splicing defect Intron 43 Sanger, MLPA

Abbreviations: AA, amino acid; LP, likely pathogenic; VUS, variant of unknown significance; Sanger, Sanger sequencing; MLPA, multiplex ligation-dependent probe amplification.

Requested for NF1 analysis

(N = 462)
o No clinical data Detected Sequencing
(N =401) (N =260; 66.7%) —|: (N =236; 57.6%)
; L Not detected MLPA
Available c_:llnlcal data (N = 141: 33.3%) (N = 24: 6.0%)
(N=61)
| I
NIH diagnostic criteria (= 2) NIH diagnostic criteria (= 1) NIH diagnostic criteria (= 0)
(N =25) (N =30) (N=6)
Detected Not detected Detected Not detected Not detected
(N =23; 92%) (N=2;8%) (N=20;66.7%) | | (N=16; 33.3%) (N =6; 100%)
Sequencing L Sequencing
(N =22; 88%) (N =20; 66.7%)
MLPA
(N=1;4%)

Fig. 2. Flow chart showing the NF7 gene analysis according to the clinical findings of enrolled patients. NIH, National Institutes of Health; Sequenc-
ing, Sanger sequencing of mMRNA and gDNA; MLPA, multiplex ligation-dependent probe amplification.
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Table 3. Comparison of clinical characteristics of neurofibromatosis 1 patients with detected NF7 variants and those devoid of NF7 variants

Mutation Detected Not detected P OR (95% Cl)

Number of patients 43 18

Age, yr* 13 (1-60) 22 (4-74) 0.014

Sex (N, %) 0.678 0.792 (0.263-2.385)
Male 24 (55.8%) 9 (50%)
Female 19 (44.2%) 9 (50%)

Number of satisfying NIH criteria (1988)
2 or more 23 (92.0%) 2 (8%) 0.002 9.200 (1.881-44.998)
One 20 (66.7%) 10 (33.3%) <0.001 4583 (2.779-7.559)
None 0 (0.0%) 6 (100%)

Clinical presentation (N, %)
1st degree family history 7 (16.3%) 1 (5.6%) 0.258 3.306 (0.376-29.045)
Café-au-lait spots 39 (90.7%) 9 (50.0%) <0.001 9.750 (2.446-38.869)
Neurofibroma 18 (41.9%) 1 (5.6%) 0.005 12.240 (1.490-100.538)
Axillary/groin freckling 4(9.3%) 1 (5.6%) 0.627 1.744(0.181-16.778)
Lisch nodule 8 (18.6%) 2 (11.1%) 0.471 1.829 (0.348-9.603)
Optic glioma 2 (4.7%) 0 (0%) 0.352 1.049 (0.982-1.120)
Skeletal dysplasia 1(2.3%) 0 (0%) 0514 1.024 (0.978-1.072)
Brain hamartoma 14 (32.6%) 0 (0%) 0.006 1.483 (1.205-1.825)
Seizure, mental retardation 1(2.3%) 0 (0%) 0.514 1.024 (0.978-1.072)
MPNST 1(2.3%) 0 (0%) 0514 1.024 (0978-1.072)
Other mass lesion 0 (0%) 6 (33.3%) <0.001 0.667 (0.481-0.924)

*Median (range).

Abbreviations: OR, odds ratio; Cl, confidence interval; NIH, National Institutes of Health; MPNST, malignant peripheral nerve sheath tumors.

A=RloH, she] Xtk 7]Ewt 253t A-9-= 66.7% (20/30)°]]
A NF1 57372 o7t EIE|QITh NIH /2] %Itk 7] 8f
Gt o] gl golM= NF1 R34 Blol7h HE=A] %k
Ch(Table 3, Fig. 2).
NFI 37} Blo7h HEH vt AE=A] 2 F o+ st
H Ho|7} A& TAE3E)7F THA] -2 A8 vl Lt
o7} oJFHAL(P=0.014), YAATNH(P=0.040), 474-FE(P=

0.005), ] #}23(brain hamartoma) (P=0.006)°]| G|} =&

v 2 BHEQICh NF1 Atk &o] sgE]A] 9 1] o]9]o] X
2Jol|A] YHABE mass lesion 0.7 ZALS Q&3 AS Ho| AEE
o] 3]sl WP <0.001) (Table 3).
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NFLS 22ke] FAFo] thysh ek 4+ glow], Hg Al

& Aollis NI AXIEL 7128 F5A714) ghejet dgo]
Ssobulol uhelA] 21Kk /)% et QA opatol AYEA ek
% Qlk AE-S 27]0) WSk FUR TEF S NPT S U
= Agho] S BN AL Aldste] fA1A HolE 7
Foha we] A 2S At o] FRsteHil £ A7 L &
) NF1 $4HE A0 2 ) 7|34 NPT Hol S a2
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T2 FEH 02 Arste] Fuf SASolA tehs NP7 Ho|
o] AHEZS 251 1:} A o=)E 3} - 65.6%A4 NF1
AR} W)z Pd% o] elli= ool HALER] of> A=

& Aol A E it 30.8-66.2%2}
fAtsoActis, 16:23) A8 Qeleld AFA0E WS Zo]
ofulel, NFI 7 cheyat R glolH A&l

NFI Wole] S 7k Q1% Uepae topai YeA,
A= Ay SHolql Fon| Ho](9.0-375%)9F SolE o]
(14.2-50.0%)2] H]&o] wow, th52 & #717] Wo|(7.0-31.0%),
1 H0|(77-30.0%), A& o] o] 4] F AAHQT125%) o=
sl 2 puich AL W thesiglont A
019 QA S AIBIATHTable 4), 2 Q0|4 Mk Helol
(135/231, 58.4%), #4171 ¥o](39/231, 169%), T-LHH|(36/231,
15.6%), QA<= 9] o]4e] & AA8/231, 35%) w0l9aL, 71E9] A
5 19k vl 0] 2 Aol oIk NEL §70Ak] 2 deep
intronic varianto]] 2]t #7]7] WHo|7} EEX] oA vhshy, K2
A Lo A= U] O] 3ER}of| A aberrant transcript7} HEE I A
HFZ] © 2 aberrant transcript? |} B = 7L djj4of Fo)7F o
(3, 8], 53] nlFre.2 HEEATHE A A AZEAA 5ol
ojal RNAZF 4110 SRk WA Selstal, ZHs sl
o] Afslo] Brelsh Zlo] Basheh 4k ACMG Hue] wket
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Table 4. Review of previous reports on sequence variants of the NF7 gene

Country Number of individuals Methods Detected numbers Types of variants Reference
Korea 78 individuals from DNA sequencing 52 variants in 78 individuals Missense 23.1% [13]
60 families mRNA sequencing Nonsense 34.6%

MLPA Splicing 21.2%
FISH Indel 13.5%
Large del 7.79%
Spain 474 unrelated individuals DNA sequencing 142 variants in 189 individuals Missense 8% [16]
mRNA sequencing Nonsense 9%
mRNA SSCP/HD Splicing 31%
Frameshift 50%
Others 2%
China 107 unrelated individuals DNA sequencing 68 individuals Missense 16.2% [17]
DHPLC Nonsense 29.4%
microsatellite genotyping Splice site 13.2%
Q-PCR Frameshift 33.8%
RT-PCR Large del 7.4%
UK 169 unrelated individuals DNA sequencing 88 variants in 109 individuals Missense 15% [18]
DHPLC Nonsense 27%
MLPA Splicing 19%
FISH Frameshift 27%
Large del 9%
Others 3%
France 565 unrelated individuals DNA sequencing 546 individuals Missense 7.7% [19]
mRNA sequencing Nonsense 21.6%
microsatellite genotyping Splicing 27.1%
MLPA Frameshift 30.0%
Large del 8.4%
Others 5.1%
Japan 86 unrelated individuals NGS 67 variants in 80 individuals Missense 16.3% [20]
DNA sequencing Nonsense 37.5%
MLPA Splicing 10%
Frameshift 23.8%
Large del 12.5%
Netherlands 1985 unrelated individuals DNA sequencing 1178 individuals Missense 9.8% [21]
SSCP Nonsense 29.4%
MLPA Splicing 19.7%
FISH Frameshift 31.7%
Others 4.1%
China 109 individuals, 100 families DNA sequencing 89 variants in 100 families Missense 13.5% [22]
mRNA sequencing Nonsense 23.6%
MLPA Splicing 16.9%
Frameshift 29.2%%
Large del 12.4%
Others 4.5%
Italy 79 unrelated individuals NGS 73 variants in 79 individuals Missense 30% [23]
MLPA Nonsense 34%

Splicing 7%
Small del 24.7%
Insertion 1.4%
Large del 2.79%

Abbreviations: MLPA, multiplex ligation-dependent probe amplification; FISH, Fluorescence in situ hybridization; SSCP, single-strand conformation polymorphism; DHPLC,
denaturing high performance liquid chromatography; RT-PCR, reverse transcriptase polymerase chain reaction; NGS, next-generation sequencing; Indel, insertion/deletion;

del, deletion.
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