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Neurofibromatosis type 1 (NF1) is one of the most
common inherited disorders in humans and is caused
by mutations in the NFI1 gene. To date, the majority of
the reported NF1 mutations are predicted to result in
protein truncation, but very few studies have correlated
the causative NFI mutation with its effect at the mRNA
level. We have applied a whole NF1 cDNA screening
methodology to the study of 80 unrelated NF1 patients
and have identified 44 different mutations, 32 being
novel, in 52 of these patients. Mutations were detected
in 87% of the familial cases, but in 51% of the sporadic
ones. At least 15 of the 80 NF1 patients (19%) had
recurrent mutations. The study shows that in 50% of the
patients in whom the mutations were identified, these
resulted in splicing alterations. Most of the splicing
mutations did not involve the conserved AG/GT
dinucleotides of the splice sites. One frameshift, two
nonsense and two missense mutations were also
responsible for alterations in mMRNA splicing. The
location and type of mutation within the NF1 gene, and
its putative effect at the protein level, do not indicate
any relationship to any specific clinical feature of NF1.
The high proportion of aberrant spliced transcripts
detected in NF1 patients stresses the importance of
studying mutations at both the genomic and RNA level.

It is possible that part of the clinical variability in NF1
could be due to mutations affecting mRNA splicing,
which is the most common molecular defect in NF1.

INTRODUCTION

tionally cloned in 1990 (3-5). It spans350 kb of genomic
DNA, contains 60 exons (6,7) and is transcribed ubiquitously
to an mRNA of 11-13 kb that encodes for a protein, neuro-
fibromin, of 2818 amino acids (8). The only region of neuro-
fibromin with a well-defined function and structure is a central
domain with a high similarity to ras-specific GTPase-
activating proteins (GAPSs), called the GAP-related domain
(GRD), which downregulates ras activity (9-11).

The NF1 gene has one of the highest mutation rates
described for any human disorderl(x 10¥gamete/genera-
tion), with the result that30-50% of NF1 cases represent new
mutations (1,2). Despite the fact that thE1 gene was identi-
fied ~9 years ago, information on the spectrum of mutations
that cause NF1 is still very limited. So far, 255 different
mutations (NNFF International NF1 Mutation Analysis
Consortium, 29 March 1999; http://www.nf.org/nflgene/
nflgene.home.html ) have been reported inNive gene. The
search forNF1 mutations has probably been hampered by:
(i) the large size of the gene; (i) the existence of homologous
pseudogenes (12); and (iii) the lack of mutational hot spots.
Several methods have been employed to seardNFdrmuta-
tions, but they have mainly been used for the analysis of a few
exons (13-17). In addition, approaches that allow a rapid
screening of the entitdF1 coding region have been employed
(18-20). The protein truncation test (PTT) has been applied
with an efficiency of~70% (18,20), but PTT is a radioactive
technigue and is better performed using RNA from lympho-
blastoid cell lines.

It has been described that a significant fraction (15%) of
disease-causing mutations in mammalian genes affect mMRNA
splicing (21). Moreover, aberrations iNF1 pre-mRNA
processing have been suggested to play an important role in the
pathogenesis of NF1 (22). To date, the majority (60—70%) of
NF1 mutations reported to the NNFF Consortium (29 March

Neurofibromatosis type 1 (NF1) (MIM 162200) is one of the 1999) are predicted to result in protein truncation. Unfortu-
most common inherited disorders in humans with a prevalenaeately, most of thesdF1 mutations have been studied only in
of ~1 in 3000 individuals. NF1 is an autosomal dominantgenomic DNA and their effect at the mMRNA level has not been
disorder fully penetrant at the age of 5 years, but with a varireported.

able clinical expression, even among members of the sameTo gain knowledge on the spectrum BF1 mutations in
family. The main clinical features of NF1 acafé au laitspots ~ NF1 patients, we have developed a rapid and efficient strategy
(CLSs), cutaneous neurofibromas and Lisch nodules (1,2). The screen the entirdF1 coding region. The method combines
NF1gene was mapped to chromosome 17g11.2 and was posingle-strand conformation polymorphism (SSCP) with
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heteroduplex (HD) analysis ®fF1 cDNA (cDNA-SSCP/HD) A Total RNA
fragments, followed by DNA sequencing. This method allows

mutation analysis at both the genomic and mRNA level. By RT ¢

applying cDNA-SSCP/HD analysis to 80 unrelated NF1 <DNA

patients, we have identified 44 different mutations and found

that in 26 patients (50%) the disease is due to aberrant splice« PCR *

transcripts. We have also tried to discern any possible correla: NFI cDNA. (60 exons)

tion between genotype and phenotype. IR RO
T T rz "B T 15

RESULTS “m n 3 7] ns

NF1 mutations detected by cDNA-SSCP/HD analysis

We have analyzed 80 unrelated patients with NF1, repre- B
senting 61% sporadic and 39% familial cases. Mutations in the
entireNF1coding region were identified by RT-PCR followed
by SSCP/HD analysis (Figs 1 and 2). Abnormal SSCP/HD
mobility patterns were detected in 52 (65%) unrelated samples
In addition, several SSCP/HD patterns, which did not segre-
gate with the disease or which were present in several subjects
were identified; these were considered as potential polymor-
phisms and were not characterized in this study. The abnorma
SSCP/HD patterns were analyzed in the parents of the proban:
when available, allowing the detection of co-segregation with
the disease. Mutations were identified for 87% of the familial
cases, but for 51% of the sporadic ones. After identifying the
NF1 alteration at the cDNA level, the underlying genomic
mutation was characterized for each of the 52 unrelated
patients. Forty-four different mutations were identified in these SEQUENCING

52 patients, 32 of which have not been reported previously

(Tables 1 and 2). Expression studies of the ™l alleles  Figure 1. Strategy for mutation analysis of theF1 gene by cDNA-SSCP/HD.
were performed in the RT-PCR fragment II1, ranging from(A) Schematic representation of mutation identification at the cDNA level by
exon 4b to exon 7, by analysis of an expressed po|ym0rphiﬂje CDNA-SSCP/HD method. The entl1cDNA was amplified in 10 over-
Rsd restriction site in exon 5 of thBIF1 gene (23). This anal- lapping fragments (from 11 to 1I5) (53)B) SSCP/HD analysis of the 10 RT—

. . . . : . PCR fragments of th&lF1 mRNA for 10 NF1 patients (A) and two controls
ysis was applied to nine NF1 individuals in whom thQ mutat'on(C) for each fragment. One abnormal pattern for each fragment is shown.
was not detected and who were heterozygous at this polymor-
phic site. All the patients studied expressed the N#d alleles
(data not shown).

Eighteen different frameshift mutations were identified, all
causing an altered reading frame probably leading to truncat
proteins (Tables 1 and 2). Six different nonsense mutation
were detected: R304X (916€T); W599X (1797G~A); _ i .
R681X (2041G>T), in two unrelated patients; S1140x NF1 mutations producing splicing defects
(3419C~G); R1513X (4537€>T); Y2264X (6792C>A), in Fourteen different mutations involving the consensus splice
twlgi\c/)etzhririsusr‘errflsaeterguagggztssWere detected: 11175 (35G}. sites were identified (Tables 1-3). Of these, seven mutations
Y489C (1466A-G), in three unrelated patients; G922S Lnoarcr:g;/;(t)en%itrf:ge 582?(%?] S|te[|(\?ssz)b, fgg%cmizggﬁgg Ozg;e

(2764G->A); R1204W  (3610G>T); and L1425P IVS8+1G—A. sKippi . . .
. G-A, pping 8; IVS10b+1G>A, skipping 10b;
(42747-C). R1204W and L1425P are located in the GRD|VSl8+1G A, skipping 18; IVS19a+1G>A, skipping 19a;

domain. Mutations Y489C and G922S produce abnorm I ; ;
splicing of NF1 (see below). We rejected the hypothesis thaP>+0C A (R1849Q), skipping 29; and IVS37+23G, skip-

the remaining three missense mutations found in this stud"9 3.7]; and one af_fected the’ 3plice site (3 S.S)’. also
were polymo?phisms as they co-segregate with the disease aR[Pducing exon skipping (IVS16-1delGGTTT, skipping 17).
they were not detected in 200 control samples (unrelated unafN€ rémaining six splice site mutations implied the utilization
fected relatives of the NF1 patients studied). Amino acid€f cryptic splice sites, two resulting in the productionif1
1117, R1204 and L1425 are conserved in mouse neurofioromiMRNAs lacking a portion of the coding sequence
(24) and in Drosophila NF1 protein (25). L1425 is also (IVS27b+1del9, 4704del69; 1VS28+1GA, 5152del54),
conserved in RasGAP @aenorhabditis elegandut neither ~and four causing the insertion of intronic nucleotides in
L1425 nor R1204 are conserved in RasGAP$o06 taurus  the coding sequence (IVS10a-$R, 1392insUUUUUAG;
Mus musculusRattus norvegicydD.melanogasterSus scrofa IVS11-3C>G, 1721ins42; 1VS15-16AG, 2409ins15;
andSaccharomyces cerevisiézs). IVS30+332A-G, 5749ins177).

A previously described (27) small in-frame deletion,
7096delAACTTT, which removed two amino acids (aspar-

ine and phenylalanine) was identified in exon 39 of patient
37-113.
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Figure 2. Example ofNF1 mutation characterizationA Pedigree of an NF1 family with mutation IVS11-3€G. Filled symbols, NF1 patients; unfilled symbols,
healthy individuals; squares, males; circles, femaBsSSCP/HD analysis of the 12 RT-PCR fragment (from exon 8 to 12b) showing an abnormal pattern (arrow-
heads) for the affected individuals (*)CJ Partial sequence of the 12 RPCR fragment of a control and of patient 96-255 showing the start of the insertion of 42
nucleotides at cDNA position 1721 (exon 12d)) Single-strand genomic sequence of the intsexon boundaries of exon 12a of a control and of patient 96-255;

a point mutation (IVS11-36G) was detected in intron 11 of tidF1 gene. E) Mutation IVS11-3G->G generates a nettgiAl restriction site. The digestionfo

exon 12a ofNF1and its intron boundaries resulted in two fragments of 177 and 125 bp in the affected individuals in addition to the normal fragment of 303 bp.

Three unrelated patients presented the above-mentionedOverall, 10 of the 19 mutations producing splicing defects
splice site mutation 55468A, which is also a missense induced exon skipping (53%), whereas the remaining nine
(R1849Q) change with respect to the amino acid sequenceutations involved the utilization of cryptic splice sites (47%)
However, this mutation alters the last nucleotide of exon 29 oin the vicinity of or within the exon, producing an exon of
NF1, which has been considered highly conserved in thes5 altered size or transcripts with an abnormal supplementary
(28), and causes skipping of exon 29. exon. Twelve splicing mutations were due to nucleotide

Interestingly, one frameshift, two missense and twochanges occurring at intronic regions (six being nucleotide
nonsense mutations were responsible for defects in mRNAubstitutions of the conserved AG/GT dinucleotides of the
processing. Frameshift mutation 3214dell1 caused the utilizaplice sites), six alterations were found in the respective exon,
tion of a cryptic 3 ss, resulting in a deletion of 104 exonic and one deleted one intronic and four exonic nucleotides.
nucleotides from cDNA position 3211. Two missense mutaTwelve of these mutations should lead to in-frame amino acid
tions introduced novel ‘5ss inside the exon, producing the deletions or insertions, with a protein length of between 2760
deletion of exonic nucleotides [1466AG (Y489C), causing and 2877 amino acids (Table 1). We have calculated the
1466del62 as described (29), found in three unrelated patientspnsensus values (CVs) for the splice sites involved in splicing
and 2764G>A (G922S), causing 2761del90] (Fig. 3). Finally, mutations, which reflect the similarity of any one splice site to
exon skipping was induced by two nonsense mutationthe consensus sequences (28) (Table 3). In all cases of skipping
[910C—T (R304X), skipping 7; and 6792C6A (Y2264X), of NF1 exons, the CVs for the mutated splice sites (CVMSs)
skipping 37, in two unrelated NF1 patients], as describedvere lower than those for the wild-type splice site sequences
(30,31). (CVNSs) as found by Krawczakt al. (21). In the five cases
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Table 1. NF1 mutations and their effect on mRNA in 52 unrelated patients with neurofibromatosis type 1

Fragment Patient F/S E/ Mutation mRNA level Typeleffect Protein (aa) Reference
11 97-13 F E4a 1117S (3563G) 350U-G Missense 2818 This report

11 98-337 S Eda 446delA 446delA Frameshift 163/trunc This report
11 96-273 F 14b IVS4b+5G5A Inact. B ss/skipping E 4b Splice 163/trunc This report

11 97-8 S E 4b 580delC 580delC Frameshift 203/trunc This report
1 98-397 S E4b 527del AT 527delAU Frameshift 198/trunc This report
1 96-16 S E5 723insA 723insA Frameshift 243/trunc This report
11 98-1370 S E5 717insTCCCACAG  717insUCCCACAG Frameshift 282/trunc This report
1 95-89 F E7 9106>T (R304X) Skipping E 7 Nonsense/splice 2760/IF(-58) 31

12 94-177 S E8 IVS8+16A Inact. 8 ss/skipping E 8 Splice 2777/\F(-41) NNFF Consortium
12 95-137 F 110a IVS10a-9BA Inact. 3ss/cryptic 3ss/1392insUUUUUAG  Splice 470/trunc This report

12 9320 S 110b IVS10b+1&A Inact. 5 ss/skipping E 10b Splice 2773/IF(-45) a55

12 94-26 S E 10b 1466AG (Y489C)  Cryptic 5ss/1466del62 Missense/splice 488/trunc 29

12 98-1333 S E 10b 1466AG (Y489C)  Cryptic 5ss/1466del62 Missense/splice 488 trunc 29

12 97-55 F E 10b 1466AG (Y489C)  Cryptic 5ss/1466del62 Missense/splice 488/trunc 29

12 98-1338 S E 10b 1465insT 1465insU Frameshift 489/trunc This report
12 96-255 F 111 IVS11-36:G Inact. 3ss/cryptic 3ss/1721ins42 Splice 2832/IF(+14) This report
12 97-105 S E12a W599X (17976A) W599X (1797G>A) Nonsense 598/trunc This report

12 98-362 S E12a 1758delTA 1758delUA Frameshift 590/trunc This report
112 92-152 S E 13 R681X (20418T)  R681X (2041G>V) Nonsense 680/trunc This report
112 96-216 F E13 R681X (20416T) R681X (2041C>V) Nonsense 680/trunc This report
112 95-141 F 115 IVS15-16A5G Cryptic 3 ss/2409ins15 Splice 807/trunc This report
112 96-81 F 115 IVS15-16A>G Cryptic 3 ss/2409ins15 Splice 807/trunc This report
112 96-284 F E 16 2764G5A (G922S)  Cryptic 5ss/2761del90 Missense/splice 2788/IF(-30) This report
13 94-3 S 116/E 17 IVS16-1delGGTTT  Inact.$s/skipping E 17 Splice 972/trunc This report
13 98-1320 S 118 IVS18+1&6A Inact. B ss/skipping E 18 Splice 2777/IF(-41) 56

13 97-81 S 119a IVS19a+16A Inact. B ss/skipping E 19a Splice 2790/IF(-28) This report
13 97-78 'S E 19b 3214del1l Cryptic 5’ ss/3211del104 Frameshift/splice 1080/trunc This report
13 95-18 F E 20 S1140X (34196G) S1140X (34196>G) Nonsense 1139/trunc This report

13 98-313 S E 20 3456delACTC 3456delACUC Frameshift 1155/trunc 57

13 98-369 S E21 R1204W(3610€T) 3610G->U Missense 2818 This report

13 97-26 F E22 3759delCTACC 3759delCUACC Frameshift 1260/trunc This report
13 98-1324 S E22 3818delCT 3818delCU Frameshift 1281/trunc This report
13 98-315 F E25 L1425P (42745C) 4274U-C Missense 2818 58

113 97-89 F E27a R1513X (4537#GT) 4537G->U Nonsense 1512/trunc NNFF Consortium
14 96-203 F 127b IVS27b+1del9 Inact. &s/cryptic 54704del69 Splice 2795/IF(-23) This report

14 95-200 F 128 IVS28+165A Inact. B ss/cryptic 95152del54 Splice 2800/IF(-18) This report

14 96-226 S E29 55466A (R1849Q) Inact. Sss/skipping E 29 Splice (missense) 1739/trunc This report
14 98-1327 F E29 55466A (R1849Q) Inact. Sss/skipping E 29 Splice (missense) 1739/trunc This report
14 98-1367 S E 29 55466A (R1849Q) Inact. Sss/skipping E 29 Splice (missense) 1739/trunc This report
14 97-65 S E 30 5617/5618del16 5617/5618del16 Frameshift 1897/trunc This report
4 96-238 S 130 IVS30+332A:G Cryptic 5 ss/5749ins177 Splice 2877/IF(+59) 59

4 98-1309 F 130 IVS30+332A:G Cryptic 5 ss/5749ins177 Splice 2877/IF(+59) 59

14 97-106 F E31 5887/5888delA 5887/5888delA Frameshift 1989/trunc This report
14 95-115 F E34 6395del10 6395del10 Frameshift 2174/trunc This report
4 97-88 F E35 6593insT 6593insU Frameshift 2219/trunc This report
15 9021 F E37 6792G:A (Y2264X)  Skipping E 37 Nonsense/splice 2784/IF(-34) 16,30,31

15 9566 S E37 67920A (Y2264X) Skipping E 37 Nonsense/splice 2784/IF(-34) 16,30,31

15 97-32 F 137 IVS37+2HG Inact. 3 ss/skipping E 37 Splice 2784/IF(-34) This report
15 97-113 F E 39 7096delAACTTT 7096delAACUUU Amino acid deletion 2816/IF(—2) 27

15 96-269 F E41 7337delC 7337delC Frameshift 2466/trunc This report
15 96-205 F E 46 8042insA 8042insA Frameshift 2680/trunc 2 60

115 96-178 F E 48 8134delAA 8134delAA Frameshift 2713/trunc This report

Fragment, RT-PCR fragment (see Materials and Methods); F/S, familial/sporadic case; E/I, exon/intron; aa, amino acid; trunc, truncated protein;
IF, inframe; inact. 5ss or 3ss, inactivation of 5or 3" splice site; cryptic 5Sor 3’ ss, activation/creation of a novel &r 3 splice site.
aPatients previously reported.

where a novel splice site is created due to the mutation, thgeneral similar values to the mutated site. We have also calcu-
scores for the new site (CVAs) were higher or similar to thelated the CVs for the splice sites of exons 7 and 37, since muta-
CVNs. Finally, in four cases in which the mutation altered thetions R304X and Y2264X produce skipping of exons 7 and 37,
normal splice site, the cryptic site that was utilized had inrespectively. As also calculated by Hoffmeyadral. (31), all
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the first time. Three other mutations [IVS30+33245,
R681X (2041G>T) and 6792G>A (Y2264X)] have each
been detected in one familial and one sporadic case of NF1.

Table 2. Forty-four different mutations in thRF1 gene detected in 52
unrelated patients with neurofibromatosis type 1

Mutation type n % However, mutation IVS15-16A4G was identified in two
Splice _ 14 32 unrelated families with the sané¢F1 haplotype, suggesting
Frameshift 18 41 that they could be identical by descent. Finally, three addi-
N?nsense 6 14 tional mutations, previously described by other investigators,
Missense 5 11 were found in three sporadic cases of NF1. Overall, at least 15
Amino acid deletions 1 2 of the 80 NF1 patients (19%) had a total of eight different
Total 44 100 mutations that are recurrent.

Mutation type refers to the identification of the defects at the genomic level.

aThe splice site mutation 5546GA could also be considered an amino acid

substitution (R1849Q), but here it has only been counted as a splice site mutatio@ur data suggest that there is no clear relationship between
specificNF1 mutations and clinical features. However, several

the splice site CVs were within a normal range [exon 7: CVNinteresting findings were observed.

(5"ss) =80.1, CVN (3ss) = 79.4; exon 37: CVN (5s) = 85.6,

CVN (3’ ss) =87.5].

Genotype/phenotype analysis

CLSs.No relationship was found between the number of CLSs
_ ) and the identified mutations in patients of similar age. For
Recurrent mutations in the NF1 gene example, mutation 1466AG was found in patients with a wide
Twenty-one of the 80 patients had mutations that wer&ariation in the number of CLSs (from 6 to >50) (Table 4). Simi-
detected more than once in this study and/or were reportddrly, mutations causing the same effect at the mRNA level
previously by other investigators (Table 1). Mutation(6792G>A and IVS37+2TFG, both producing skipping of
1466A—G (Y489C) was identified in two sporadic and in one exon 37) were present in patients with different numbers of
familial case; this mutation was recently found by Osborn andCLSs (9 and >50) and similar ages (>40 years). However, we
Upadhyaya (29). Mutation 55466A (R1849Q) was identi- have also found patients with the same mutation (8134delAA)
fied in one familial and two sporadic cases, being described foand a similar number of CLSs (Table 4).

Table 3. Consensus values (CVs), as defined by Shapiro and Senapathy (28), for splice sites involved in
splicing mutations in th&lF1 gene

Mutation Splice site/mutation CVN CVM CVA Comment

Mutations at 5ss

IVS4b+5G—A GG gtaa(g~a)t 92.15 77.74 - Skipping E 4b
IVS8+1G-A GT(g—a)tgaga 91.06 72.81 - Skipping E 8
IVS10b+1G>A GT(g—a)taagt 79.38 61.13 — Skipping E 10b
IVS18+1G->A AG(g—a)tgagt 96.72 78.47 - Skipping E 18
IVS19a+1G->A AG(g—a)taaa 79.93 61.68 - Skipping E 19a
IVS27b+1del9 AG(del9)actatg 81.93 34.49 57.48 Cryptic, 69 nt upstream
IVS28+1G->A AA(g —a)aagt 87.59 69.34 68.43 Cryptic, 54 nt upstream
5546G->A(R1849Q) C(G~A)gtaggt 81.02 68.61 — Skipping E 29
IVS37+2T->G AGg(t—>g)aatt 85.58 67.33 — Skipping E 37
Mutations at 3ss

IVS10a-9T-A tottt(t—a)gtttttagAG 87.83 82.99 77.76 Cryptic, 7 nt upstream
IVS11-3G-G ttatgttactg(e>g)agCT 85.5 73.78 75.88 Cryptic, 42 nt upstream

IVS16-1delGGTTT
Creation of novel splice sites

tgttctttcttta(delgGTTT)tAT 89.01 69.62 — Skipping E 17

5'ss
1466A—G(Y489C) CT(a~Q)taagt 79.38 — 79.00 Cryptic, 62 nt upstream
2764G->A(G922S) TGgtg(gra)ot 81.02 - 88.87 Cryptic, 90 nt upstream
3214dell1 AGgca(delll)agt 73.17 - 81.75 Cryptic, 104 nt upstream
IVS30+332A->G AC(a—g)taagt - - 86.49 Cryptic exon

3'ss
IVS15-16 A—>G catgctttgcaca@g)AA 795 - 84.60 Cryptic, 16 nt upstream

CVN, consensus value normal; CVM, consensus value mutant; CVA, consensus value of activated cryptic
splice site; ss, splice site; E, exon; —, not applicable. Upper case letters denote nucleotides within exons and

lower case letters nucleotides within introns.
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A 1466A—G (Y489C) D IVS27b+1del9
Normal splicing Normal splicing
Exon 10b Exon 11 Exon 27b Exon 28
[....AGAAGCUAUAAGUA...UGUguaagu... auucaglGCTC... | [....AAACGUUAAGUA...GAGguaagaaauacu...ccuuadGUUC...
cryptic 5 ss Splicing at cryptic 5’ ss cryptic 5 ss Splicing at cryptic 5’ ss
Exon 10b + Exon 11 Exon 27b + 9 1t deleted from DN2 Exon 28
[....AGAAGCUGUAAGUA...UGUguaagu. .. auucaglGCTC... ....AAACGUUAAGUA...GAGguaagaaauacu...ccuuag
62 nt deleted from mRNA 69 nt deleted from mRNA
B 1IVS15-16A-G " E 1VS30+332A—-G .
Normal splicing Normal splicing
Exon 15 Exon 16 Exon 30 Exon 31

....ACUGAGguaugc... gcacaaaaauuuuguguuuag[GCUGCT... guaagu... cugaaggaacucu. ..guccacauaagu. ..uuccagGUA. ]
Splicing at cryptic 3’ ss Splicing at cryptic 5’ ss
Exon 15 cryptic 3’ ss Exon 16

i . Exon 31
[guaagu... cugaaggaacucu. .. guccacguaagu. . .uuccagiGUA.]

....ACUGAGguaugc... gcaca; auuuuguguuuaglGCUGCT...
— >

15 nt inserted in mRNA 177 nt inserted in mMRNA Cryptic 57 ss
C  2764G—A (G922S) F  6792C—A (Y2264X)
Normal splicing Normal splicing
Exon 16 Exon 17 Exon 36 Exon 37 Exon 38
[...GGATCTGGTGGGT...CAGguaaag. ..cuuuagGCTC... ] [.UGduc...uaaaagGCA . _UUACAAC...AAG|guaauu...cagGAC...
Splicing at cryptic 5 ss Exon 37 skipping

cryptic 5’ ss

Exon 16 Exon 17

§ Exon 36 Exon 38
[....GGATCTGGTGAGT...CAGguaaag. .. cuuuagGCTC... | [.UGQuc...uaaaagGCA....UUAAAAC. .. AAGEuaauu. ..cagGAC...]

90 nt deleted from mRNA

Figure 3. Schematic diagram of the splicing mechanism involved in sbiiA& mutations. A) Missense mutation 1466AG (Y489C) creates a novel Splice

site (8 ss) producing a deletion of 62 nucleotides (nt) at cDNA position 148pMutation IVS15-16A-G creates a novel 3s that leads to a 15 nt insertion at
cDNA position 2409. C) Missense mutation 27646A (G922S) creates a novel §s within exon 16 that gives rise to a deletion of 90 nt at cDNA position 2761.
(D) Mutation IVS27b+1del9 inactivates thé Wwild-type ss, leading to the utilization of a crypti¢ $ located in exon 27b and producing a deletion of 69 nt at
position 4704. ) Mutation IVS30+332A-G activates a cryptic’ss in intron 30 and results in the introduction of a supplementary exon of 177 nt in the mRNA
between exons 30 and 3E)(Nonsense mutation 6792€A (Y2264X) in exon 37 induces skipping of this exon in tNE1 mRNA. Upper case letters indicate
exonic sequences, lower case letters indicate intronic sequences. The nucleotides bearing point mutations are in bold. Arrows indicagepibietstaftotele-
tions or insertions.

Cutaneous neurofibromasn general, there was no relation- with scoliosis had mutations involving exon 10b (14666&;
ship between the number of neurofiboromas and the identifietVS10b+1G-A) (Table 4).
mutations in individuals of similar age. However, none of the
seven patients aged >20 years and harboring mutations causiOgtic glioma.This complication was found in 3 of 31 patients
in-frame deletions or insertions at the mMRNA levelwith information about this feature. All three patients had
(IVS10b+1G—~A; IVS11-3C5G; 6792CG-A, in two related mutations that lead to a putative truncated NF1 protein
and two unrelated patients; IVS37+2¥G) had more than (580delC; IVS10a-9FA; 5546G—A).
seven cutaneous neurofibromas.

Mental retardationOnly one patient (92-152) was reported as
Plexiform neurofibromasOf 45 patients, for whom this clin- having mental retardation. In contrast, another patient with the
ical information was available, 7 had plexiform neurofibromas,same mutation, R681X, had a good academic level.
with mutations located either within or outside the GRD
(IVS4b+5G-A; IVS10b+1G->A; 1466A—G; 3818delAT; DISCUSSION
IVS30+332A-G; 8042insA). Two unrelated patients out of
five with mutation 1466A~>G had plexiform neurofiboromas A large number of the mutations identified in this study cause
(Table 4). alterations of the splicing of thidF1 mRNA. Whereas in 37%

of the patients the identified mutation at the DNA level was
Scoliosis.Of 40 patients with scoliosis data, 13 were affectedpredicted to affect mRNA splicing, this proportion was signif-
but none had mutations within the GRD (IVS4b+56, icantly increased to 50% when the effect of the mutation was
IVS10b+1G->A; 1466A—G, in four unrelated patients; studied atthe mRNA level (Fig. 4). The putative consequences
R681X; S1140X; IVS30+332A>G; 5887/5888delA, in two at the protein level of the detected mutations are NF1 proteins
related patients; IVS37+25G; 8134delAA). Four patients of abnormal size in 94% of patients. This high rate of detection
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Table 4. Main clinical features of 12 NF1 patients carrying three diffefd¢Rf mutations

Genotype Patient Family Sex Age (years) FIS CL3s ( CNF (n) Lisch nodules
1466A—G (Y489C) 94-26 140 Female 27 S +(20-50) +(10-50) -
1466A—G (Y489C) 98-1333 409 Female 16 S + (>50) - +
1466A—G (Y489C) 97-55 347 Male 58 F(f) +(15) + (>50) +
1466A—G (Y489C) 97-58 347 Male 27 F (b) +(6) +(10) -
1466A—G (Y489C) 97-60 347 Female 31 F (p) + (>50) +(9) +
R681X 92-152 98 Male 19 S +(20-50) - -
R681X 96-215 311 Female 38 F (m) +(20-50) +(10-50) ND
R681X 96-216 311 Female 14 F (p) +(20-50) +(10-50) +
8134delAA 96-189 301 Male 77 F (9) +(8) +(>100) -
8134delAA 96-177 301 Female 39 F(a) +(6) +(10) -
8134delAA 96-178 301 Female 45 F(f) +(5) +(8) -
8134delAA 96-179 301 Male 9 F (p) +(18) - -

F, familial case; S, sporadic case; p, propositus; a, aunt of propositus; b, brother of propositus; f; father of propositus; g, grandfathetus; pnoposiher b
propositus; CLSs, café au lait spots; CNF, cutaneous neurofibroma; PNF, plexiform neurofibromas (number); ND, not determined.

FRAMESHIFT  NONSENSE SPLICE AADELETION  MISSENSE
DNA 18 (35%) 7(13%) 19 37%) 12%) 7(13%)
\\\ //
17 1 5 2 19 1 4 3
///
mRNA 17 (33%) 509%) 26 (50%) 12%) 3(6%)
17 5 12 14 1 3
TRUNCATED IN FRAME
34 (6\5%) 15 (29%)
PROTEIN —
ABNORMAL SIZE AMINO ACID CHANGE
49 (94%) 3(6%)

Figure 4. Types of mutation identified in 52 patients with NF1. The number of patients bearing each type of mutation and their percentages are indicated for alte
ations detected at the DNA and mRNA levels, and for their putative consequences on the NF1 protein length.

of mutations that cause abnormally spliced transcripts is prolgenomic and RNA levels so as to clarify the primary effect of
ably biased by the use of cDNA-SSCP/HD. Only 9% of thethe mutation on mRNA processing, which could be different to
mutations reported to the NNFF International NF1 Genetidhat predicted solely at the genomic level.

Analysis Consortium (29 March 1999) occurNF1 intronic Of the 23 different single base pair substitutions identified
sequences, compared with 29% in our study. Osborn anldere, 74% (17/23) correspond to transitions and 26% (6/23) to
Upadhyaya (29) have recently reported the characterization ¢fansversions. These proportions are similar to those reported
19 NF1 mutations at the genomic and RNA level and havepreviously (33). This higher rate of transitions compared with
found that~20% cause splicing abnormalities. Interestingly,transversions can partially be attributed to the hypermutability
one frameshift (3214delll), two nonsense (R304X anafthe CpG dinucleotide. Accordingly, five of these transitions
Y2264X) and two missense (Y489C and G922S) mutationsccur within CpG dinucleotides, of which four are£I and
resulted in defective splicing of theF1 transcript (Fig. 3), one G-A.

some of them described previously (29-31). Thus, it is likely Some of the mutations involving small deletions and inser-
that other reported mutations categorized as one mutation typens could be explained by the model of ‘slipped mispairing’
could be considered splicing mutations if they were analyzethat occurs during DNA replication, mediated by direct or indi-
both at the mMRNA and genomic levels. Similar findings haverect repeats as determinants of secondary structures, which act
recently been reported for t#I'M gene (32). Therefore, these as mutation intermediates (33). For instance, mutation
results stress the importance of studying mutations at thél7insTCCCACAG creates a tandem duplication; 1465insT
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creates an inverted repeat (CTtATAAGanother inverted that are negative for mutation analysis in lymphocytes, it
repeat overlaps the deletion 6395del10 (TTTTTTGAGACT would be useful to search for mutations in NF1 target tissues
cagtcgacaGAGTTCT); 6593insT could be mediated by asuch as neurofibromas, where the first- and second-hit muta-
symmetric element (GAGAITATCC). Slipped mispairing tions should be present (47).
between two AACTTT repeats in tandem probably also The only genotype—phenotype correlation described so far in
accounts for the 7096delAACTTT mutation (27). NF1 associates large deletions encompassing the wtigle
The identification of mutations in 52 of 80 patients (65%) gene with mental retardation and/or learning disabilities, mild
using the cDNA-SSCP/HD method indicates that this approacfacial dysmorphology and a large number of early-onset cuta-
is very powerful in the search for mutations in tN€1 gene  neous neurofibromas (36-39,48). We have identified\Ré
and is extremely useful for the molecular diagnosis of NF1mytation in only one patient with mental retardation. This low
especially for sporadic cases. Approximately 20% of theyroportion of cases is probably due to the fact that patients
patients studied here have mutations that are recurrenfearing NF1 large deletions were already excluded before
although mutation recurrence has previously been described jjytation analysis was performed (see Materials and Methods).
NF1 (34), the high proportion detected here was unexpected. 1 information on the clinical features of the NF1 patients
The efficiency of CDNA-SSCP/HD in mutation detection is i, \yhom mutations were identified suggests that the location

similar to that previously obtained using the PTT (67%) (18).,4 ¢ ; e ; ;
ype of mutation within thé&lF1 gene and its putative
There are several advantages of CDNA-SSCP/HD over the PTda "4t the protein level do not indicate any relationship to

system, such as that it allows the detection of missense mutatiogﬁy specific clinical feature of NF1. However, since CLSs and

and small in-frame insertions/deletions, and that it is a non—radiqq- - : ; :
. . ; ! eurofiboromas are highly age dependent (49), their putative
active technique. Neither PTT nor cDNA-SSCP/HD detect delefelationship withNF1 mutations should be analyzed in a large

ggﬁ;hsaet iﬁ’::tsth:néeggzzoﬂfsosve;ﬁlrﬂnOf t%gyvmon§§SUt'vﬁumber of patients to allow comparisons between patients of
9 P 9 9ene.  similar ages. Notable findings detected here involve scoliosis

However, putative deleted regions can potentially be identified bgith mutations in exon 10b, optic glioma with mutations

haplotype analysis using markers that may detect hemizygosi . )
(35) or by FISH analysis using genomic clones that span th ausing putative truncated NF1, and a lO.W number of neuro-
ibromas in patients >20 years old with in-frame mutations.

whole NF1 gene (36-39). Although deletions were partially g . . S
excluded in the patients studied here by loss of heterozygosig/hes.’e fmdmgs will need further investigation, but the lack of
elationship between phenotype and genotype strongly

(LOH) analysis, 8 of the 28 NF1 individuals in which the mutation o ; .
was not detected by cDNA-SSCP/HD were homozygous for afpuggests that modifier genes probably play an important role in
the NF1 polymorphic markers analyzed and they could possibb;\":1 (49). ) )
bear intragenidlF1deletions, although these could not be demon- A large proportion oNF1 mutations have consequences for
strated due to sample limitations. Another problem in RNA meththe correct splicing of thBIF1 mRNA. In cystic fibrosis, ithas
odology is that in some cases the mutation can result in mRNAeen described that disease variability among patients carrying
instability. We have confirmed the expression of the el  the same splicing mutation was associated with variable levels
alleles in the nine patients where &1 mutation was not Of aberrantly spliced cystic fibrosis transmembrane regulator
detected and who were heterozygous for Rsal polymorphic  (CFTR) transcripts (50). It is hypothesized that variations in
site in exon 5 (23), but we cannot be sure that the allelic messagé® RNA splicing mechanism may lead to differential expres-
were equally represented since a quantitative analysis was r@pn of the splicing mutation, and hence to different levels of
performed. Another possibility is that some of the unidentifiedthe aberrantly spliced mRNA. Thus, it is tempting to postulate
mutations were located in theé-Gntranslated region &JTR)  that splicing mutations, which we show here are predominant
and/or in the promoter (24,40). To date, no mutations have beeén NF1, could account for part of the clinical intrafamilial and
reported in the promoter and only one in tE1 3-UTR (41). interfamilial variability that is observed in NF1 patients
One additional difficulty in mutation analysis oflF1  carrying the same mutation.
studying genomic regions is due to other sequences related to
the NF1 gene, which are present in several human chromo-
somes (12). Mutation analysis usingF1 mRNA partially MATERIALS AND METHODS
avoids this problem as most of these loci represent non- .
processed pseudogenes. When some of the mutatioh&tients and families

described here were characterized at the genomic level, Weighty unrelated NF1 patients were studied, 31 being familial

found that for some exons the primers designed by Purandaggses and 49 sporadic. Patients with large deletions iNEde

et al. (42) produced the _co-ampl|f|cat|on_of the_ homologousgene, previously detected by LOH analysis (35), were

pseudogene. To solve this problem, spedificl primers were  gxcluded from this study. The NF1 diagnosis was based on the

designed (see Materials and Methods). _ _ NIH Consensus Conference criteria (51). When available,
The different efficiency in the detection of mutations in pjgoq samples of other family members were also obtained.

familial cases (87%) versus sporadic ones (51%) could bg|| the participants were informed about the study and consent
attributed to mosaicism. Mosaicism seems to be present in ﬂWas obtained from all patients and their relatives.

de novocases of neurofibromatosis, as has been reported for

NF1 (43-45) and NF2 (46). Thus, it is possible that SOM&:NA/DNA extraction

sporadic NF1 patients could be somatic mosaics with a low

proportion or absence of theNF1 mutation in their Total RNA was extracted from peripheral blood lymphocytes
lymphocytes. To overcome this problem, in the sporadic casassing the Tripure isolation reagent (Boehringer Mannheim,
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Mannheim, Germany), according to the manufacturer's instrudaeterozygous at this site and that were also negativélFdr
tions. DNA was extracted by the ‘salting out’ method (52). mutations, showing that tHéF1 mRNA was stable.

Reverse transcription and amplification of theNF1 coding ~ Genotype/phenotype analysis

region . . . .
9 We compared the causatiwF-1 mutations with the clinical

RNA (2-5ug) was reverse transcribed using 500 ng of randonfeatures of the patients. We analyzed the patients according to
hexamers and 200 U of Superscript Il reverse transcriptasgge, numbers of CLSs and neurofibromas, Lisch nodules,
(Gibco BRL, Life Technologies, Paisley, UK) in a p0reac-  freckling, plexiform neurofibroma, scoliosis, optic glioma,
tion volume using conditions recommended by the manufadgmental retardation, hypertension, and the type/effect and loca-
turer. The entireNF1 cDNA was amplified in 10 overlapping tion of theNF1 mutations.

fragments, ranging from 634 to 1262 bp, using primer sets

designed by Hoffmeyert al (53). PCR reactions were

performed with denaturation at 9@ for 3 min, 40 cycles of ACKNOWLEDGEMENTS

94°C for 60 s, 58C for 60 s and 72C for 90 s, and a final  The quthors wish to thank all the patients and family members
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