Am. |. Hum. Genet. 59:331-342, 1996
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Summary

The gene predisposing to neurofibromatosis type 2 (NF2)
on human chromosome 22 has revealed a wide variety of
different mutations in NF2 individuals. These patients dis-
play a marked variability in clinical presentation, ranging
from very severe disease with numerous tumors at a young
age to a relatively mild condition much later in life. To
investigate whether this phenotypic heterogeneity is deter-
mined by the type of mutation in NF2, we have collected
clinical information on 111 NF2 cases from 73 different
families on whom we have performed mutation screening
in this gene. Sixty-seven individuals (56.2%) from 41 of
these kindreds revealed 36 different putative disease-causing
mutations. These include 26 proposed protein-truncating
alterations (frameshift deletions/insertions and nonsense
mutations), 6 splice-site mutations, 2 missense mutations,
1 base substitution in the 3' UTR of the NF2 ¢cDNA, and
a single 3-bp in-frame insertion. Seventeen of these muta-
tions are novel, whereas the remaining 19 have been de-
scribed previously in other NF2 individuals or sporadic tu-
mors. When individuals harboring protein-truncating
mutations are compared with cases with single codon alter-
ations, a significant correlation (P < .001) with clinical
outcome is observed. Twenty-four of 28 patients with muta-
tions that cause premature truncation of the NF2 protein,
schwannomin, present with severe phenotypes. In contrast,
all 16 cases from three families with mutations that affect
only a single amino acid have mild NF2. These data provide
conclusive evidence that a phenotype/genotype correlation
exists for certain NF2 mutations.
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Introduction

Neurofibromatosis type 2 (NF2), or central neurofi-
bromatosis, is a severe, often fatal condition in which
patients usually present with symptoms from tumors
affecting the CNS (Eldridge 1981; Martuza and Eldridge
1988). The most common tumors found in NF2 are
vestibular schwannomas, schwannomas at other sites,
meningiomas, and ependymomas (Evans et al. 19925b).
These tumors are often benign and slow growing, but
their location predominantly within the CNS may have
catastrophic effects on sensitive intracranial and intra-
spinal structures, thus causing a high rate of morbidity
and mortality. Affected individuals typically develop
symptoms such as hearing loss (often bilateral), imbal-
ance, tinnitus, facial weakness, and headache (Kanter et
al. 1980; Martuza and Eldridge 1988). Approximately
half of all NF2 patients also develop posterior capsular
lens opacities (Pearson-Webb et al. 1986; Kaiser-Kupfer
et al. 1989). The overall incidence of NF2 in Western
populations is ~1/40,000 live births, and the average
age at onset is in the mid 20s (Kanter et al. 1980; Mar-
tuza and Eldridge 1988; Evans et al. 1992b; Narod et
al. 1992).

It has been proposed that NF2 patients may be clini-
cally subdivided into a severe (Wishart) type and a mild
(Gardner) subtype (Eldridge et al. 1991; Evans et al.
1992a). This classification is based on the age at onset
of symptoms, number and type of tumors developing,
and duration of disease. Individuals with the severe-
Wishart form of the disease usually present before the
age of 25 years, develop numerous tumors (more than
three), require repeated surgical intervention, and often
do not survive past 50 years of age. Patients with the
mild-Gardner subtype usually present with symptoms
later in life (classically after 25 years of age), develop a
smaller number of more slowly growing tumors (often
only bilateral vestibular schwannomas [BVS]), and gen-
erally survive beyond the 5th decade. It has been re-
ported that in the majority of familial cases of NF2 there
is predominantly only one form of the disease, either
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Table 1

Clinical Data for 41 NF2 Families with Mutations in the NF2 Gene

Present Age at
Age Onset Lens Family Clinical
Family Patient (years) (years) Opacity* Tumors Present” History® Subtype?
799 782402 17 15 Negative BVS, mM, mSS Negative Severe
240 R1923 Unknown Unknown
780 R6307 12 11 Negative BVS, mM Negative Severe
736 R6867 (II-1) 74 Unknown Positive Asymptomatic
R6859 (II-2) 71 Unknown Positive Asymptomatic
R6868 (II-3) 70 22 Unknown BVS Positive Mild
R6873 (II-5) 57 54 Unknown BVS Positive Mild
R6865 (1I-7) 66 Unknown Positive Asymptomatic
R6872 (II-8) 64 40 Negative BVS Positive Mild
R6869 (1I-10) 59 41 Negative BVS Positive Mild
R6874 (I11-4) 36 33 Negative Uvs Positive Mild
R6862 (III-5) 29 Unknown Positive Asymptomatic
R6861 (III-8) 36 Unknown Positive Asymptomatic
794 MR111 Unknown Unknown
225 G3060 35 12 Negative BVS, mM Negative Severe
261 R5268 37 18 Positive BVS, mSS, 1 M Negative Severe
202 G5789 29 12 Negative BVS, 1 M Negative Severe
214 G6763 Unknown Unknown
223 VMRO195 Positive BVS Negative
254 590402 36 16 Negative BVS, mSS, 1 M, 1E, 1 N Negative Severe
745 GS514S5 40 19 Unknown BVS, mN, 1 M Negative Severe
201f G4393 618 42 Negative BVS, mM Positive Mild
220 G9823/0391 17 Unknown VS, mSS, 2 M Negative Severe
758 NNFF103 37 6 Positive BVS, mS, 1 M Negative Severe
781 G2815 27 10 Positive BVS,1M,1S Negative Severe
249 R3188 32 14 Positive BVS,2M,1S Negative Severe
234° 1I-1 34¢ 20 Negative BVS, 1 M Positive Severe
1I-5 338 24 Positive BVS,1 M Positive Severe
R3681 (III-1) 32 Negative UVS, mM Positive Asymptomatic
R3807 (III-2) 31 12 Negative UVS, mM, 1 N Positive Severe
R3572 (1lI-4) 30 5 Positive BVS, mM Positive Severe
244 R2848 25 18 Positive BVS,1 M;1 N Negative Severe
209 G5095 45 42 Positive BVS, 1 M Positive Mild
535 R0004 37 31 Unknown BVS,15,1 M Negative Moderate
540 RO00S 388 21 Unknown BVS, mSS Positive Severe
783 R5866 37 28 Negative BVS,2 M Negative Moderate
716 552709 39 18 Unknown BVS, m$ Positive Severe
580802 37 Unknown BVS,3 M Positive Severe
256° I-2 75 40 Unknown BVS Positive Mild
I-3 65 20 Positive BVS Positive Mild
1I-2 49 20 Unknown BVS Positive Mild
II-3 36 Unknown Positive Asymptomatic
1I-4 37 35 Negative UVs, 18 Positive Mild
800 800208 15 13 Negative BVS, mSS Negative Severe
222 G9882/0402 18 Unknown BVS,SS 1M Positive Severe
78S R7122 30 15 Positive Negative Severe
205 G4920 37 24 Unknown Negative
757 R4519 20 15 Unknown BVS, mM, 1S Negative Severe
255 3295D 34 24 Positive BVS, mM Negative Severe
213 G9054 48 28 Unknown BVS, PN Positive Mild
744 Unknown Unknown
725 R6364 46 28 Unknown BVS Positive Mild
218 G6274 Unknown Positive
779 R6816 (11-4) 29 27 Negative BVS Positive Mild
I-2 57 40 Unknown BVS Positive Mild
II-2 36 Unknown BVS Positive Mild
II-3 33 Unknown BVS Positive Mild

(continued)
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Table 1 (continued)

Present Age at
: Age Onset Lens Family Clinical
Family Patient (years) (years) Opacity® Tumors Present® History* Subtype?
204 GS5434 25 Unknown BVS, mM, 2 S Positive Severe
793 MR112 Unknown Unknown
260 R5528 (II-1) 21 20 Positive BVS, mS, 1 G Positive Severe
1I-2 19 19 Unknown BVS Positive Severe
1I-3 16 16 Unknown BVS Positive Severe
I-2 45 29 Unknown BVS, 1 M Positive Severe
203 G4924 46 41 Unknown BVS, 2 SS Positive Mild
G5144 50 30 Unknown BVS Positive Mild
G4913 35 30 Unknown mSS Positive Mild
226 R0622 32 12 Positive BVS, mS Negative Severe

NoTe.—Clinical data are provided only for the families in which sequence variants were identified in NF2.
? Eye examination to detect posterior subcapsular lens opacities was performed whenever possible.
® Tumors with which each patient has been diagnosed (either by direct histopathological examination of tumor tissue or by radioimaging

techniques): M = meningioma (mM = multiple meningiomas); SS =

spinal schwannoma (mSS = multiple spinal schwannomas); UVS

= unilateral vestibular schwannoma; E = spinal ependymoma; N = neurofibroma (mN = multiple neurofibromas); VS = vestibular schwannoma;
§ = schwannoma (mS = multiple schwannomas); PN = peripheral neurofibroma; and G = glioma.

© Patients are regarded as having a family history if at least one first-degree relative has been diagnosed with NF2.

4 Patients have been classified according to whether they display a phenotype consistent with the severe or mild form of NF2. This classification
is based on age at onset of symptoms, number and type of tumors present, and survival time from diagnosis. Two affected individuals have
been classified as having a moderate phenotype, since they do not clearly fall into either of the above two categories.

© Pedigrees for three of the largest previously undescribed families (736, 234, and 256) are shown in figure 1.

f Clinical data for 22 other affected members of this family may be found in the work of Wertelecki et al. (1988).

& Age at death.

the mild-Gardner or severe-Wishart type (Eldridge et al.
1991; Evans et al. 19924). However, this is not exclu-
sively the case, since families with both extremes and
with intermediate cases have been observed (Kanter et
al. 1980).

We wished to determine whether there is a correlation
between the molecular defects in the NF2 gene (NF2)
and the disease phenotype in affected individuals. That
is, does the site or type of mutation play a major role
in the severity of NF2, or are there additional factors
that play a significant part in the development of this
disease? Phenotype/genotype associations have been
identified in other disorders, such as colon cancer (for
review, see Foulkes, in press), and in some cases this has
resulted in a better understanding of the disease and in
improvement of the clinical care of patients. Moreover,
this type of analysis often results in identification of
specific parts of the protein that are critical for normal
functioning. To this end, we have screened 73 NF2 fami-
lies (comprising 111 NF2 individuals) for mutations in
the entire coding region of NF2, using single-strand con-
formational analysis (SSCA). For each of the individuals
(n = 67) in whom a mutation was identified we have
evaluated, wherever possible, the clinical presentation
of the disease. For 59 of these cases we have determined
age at onset of symptoms, present age, number and type
of tumors present, and whether the patient developed
posterior capsular lens opacities. Our results demon-

strate a statistically significant phenotype/genotype cor-
relation in NF2, for the majority of mutations identified.

Subjects, Material, and Methods

Patient Material

A total of 73 NF2 families containing 111 individuals
were screened for mutations in NE2 (clinical data for
the 41 families in which a mutation was identified are
given in table 1). These patients were collected as part
of our ongoing efforts to elucidate the role of NF2 and
its protein product, schwannomin (SCH), in the disease
process. Most cases were referred to us by various clinics
in Canada and the United States, but a number were
received from Japan, Germany, and Poland. Patients de-
veloping at least three tumors (schwannomas, meningio-
mas, or ependymomas) at an early age (usually before
age 25 years) are classified as having severe-Wishart NF2
(n = 49). Individuals presenting later in life (after 30
years of age) and with three tumors or fewer are consid-
ered as mild-Gardner cases (# = 38). Four individuals
(RO004, R5866, D1956, and D1204) were classified as
having moderate NF2, since they did not clearly fall into
either of the above two categories (two of these cases
are shown in table 1). A further 12 individuals who are
presently asymptomatic are known to have NF2 either
because a mutation is present or because there is ra-
dioimaging evidence of intracranial or intraspinal tu-
mors.
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Figure 1 Pedigrees for three of the larger kindreds examined in
this study. The patient in which the mutation was first identified (the
index case) is indicated by an arrow. Males are represented as squares,
and females are represented as circles. Blackened symbols denote af-
fected cases, and a diagonal line through a symbol indicates that the
person is deceased. The individual’s pedigree number is given to the
left, and, where known, present ages are included for at-risk individu-
als. Patients known to carry a mutation in NF2 are denoted by an
asterisk (*). Mutations were identified in all three families. Allelotyp-
ing for a2 number of chromosome 22 DNA markers are included for
family 256. The loci CRYB2 and NEFH are located proximal to the
NF2 gene, within 22q12-13 (Ruttledge et al. 1994b), and the marker
75C8 is located immediately telomeric to the NF2 gene (Rouleau et
al. 1993). The haplotype enclosed by a box is the disease-predisposing
haplotype.
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Of the 73 index cases investigated, 28 (38.4%) had a
previous family history of the disease, 37 (50.7%) had
no other family members presenting evidence of CNS
tumors or peripheral nervous system tumors, and in the
8 (11%) remaining cases no other family information
was available. Family 201 is the large NF2 pedigree
(BANF 1/family 1) that was originally used to genetically
map the NF2 gene to chromosome 22 (Rouleau et al.
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1987, 1990; Wertelecki et al. 1988). We have previously
performed presymptomatic diagnosis on many members
of this pedigree, using DNA markers flanking the NF2
gene (Ruttledge et al. 1993). Subsequently, the disease-
predisposing mutation has been identified in this family
(MacCollin et al. 1993; present report). Families 203
and 218 are two NF2 cohorts (BANF 2 and BANF 9,
respectively) that were used for presymptomatic diagno-
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Oligonucleotide Primerrs for SSCA and Direct Sequencing Analysis of the NF2 Gene

PCR Product
Size Nucleotides

Exon Oligonucleotide Sequences® (bp) Screened®
Forward 5-AGG CCT GTG CAG CAA CTC-3' _

1 {Reverse 5"-GAG AAC CTC TCG AGC TTC CAC-3'} 261 60-114 (174)
Forward 5'-GCT TCT TTG AAG GTA GCA CA-3'

3 {Reverse 5-GGT CAA CTC TGA GGC CAA Cr-3'} 275 2417363 (123)
Forward 5'-CCT CAC TTC CCC TCA CAG AG-3"

4 {Reverse 5"-CCC ATG ACC CAA ATT AAC GC-3'} 188 364-447 (84)
Forward 5'-CAT GTG TAG GTT TTT TAT TIT GC-3' .

¢ {Reverse §"-GCC CAT AAA GGA ATG TAA ACC-3' } le1 3172555 (83)
Forward 5'-CAG TGT CTT CCG TTC TCC-3'

7 {Rcverse 5"-AGC TCA GAG AGG TTT CAA-3'} 123 600-675 (76)
Forward 5'-GTT CTG CTT CAT TCT TCC-3' N

? {Reverse §"-GTA ATG AAA ACC AGG ATC-3'} 138 811885 (75)
Forward 5'-CCT TTT AGT CTG CTT CTG-3' .

10 {Rcverse 5"-TCA GTT AAA ACA AGG 'ITG-3'} 166 8862999 (114)
Forward 5'-GGT GTC TTT TCC TGC TAC CT-3" .

13 {Reverse 5"-GGG AGG AAA GAG AAC ATC AC-3'} 227 134171446 (106)
Forward §'-TGT GCC ATT GCC TCT GTG-3"

14 {Reverse 5"-AGG GCA CAG GGG GCT ACA-3'} 233 1447-1574 (128)
Forward 5'-TCT CAC TGT CTG CCC AAG-3'

15 {Reverse 5"-GAT CAG CAA AAT ACA AGA AA-3'} 245 157571737 (163)
Forward 5'-CTC TCA GCT TCT TCT CTG CT-3'

16 {Reverse 5"-CCA GCC AGC TCC TAT GGA TG-3’} 178 1738>1876 (149)

;  [Forward 5-GGC ATT GTT GAT ATC ACA GGG-3' "
Reverse 5"-GGC AGC ACC ATC ACC ACA TA-3"

* Oligonucleotide sequences for exons 2, 5, 8, and 12 have been given by Ruttledge et al. (1994x). Sequences
for exons 3, 4, 6, 13, 14, 16, and 17 were provided by Dr. Lee Jacoby. The antisense oligonucleotide from
each primer set was biotinylated at the 5’ end for sequencing.

® From Rouleau et al. (1993). The total number of nucleotides examined is given in parentheses.

sis and genetic homogeneity testing (Narod et al. 1992;
Ruttledge et al. 1993). Family 752 has been described
by Pastores et al. (1991). Clinical details for family 213
(BANF 14) will be described elsewhere. Pedigrees for
families 736, 234, and 256 (which have not been de-
scribed previously) are given in figure 1. Substantial clin-
ical information was unavailable for other affected fam-
ily members in the remaining kindreds.

Mutation Screening by SSCA

Isolation of constitutional DNA directly from periph-
eral blood leukocytes or from transformed cell lines was
performed as described elsewhere (Ruttledge et al.
1993). All 17 exons of the NF2 gene were examined for
point mutations by using SSCA with the primers listed
in table 2. Approximately 50-100 ng of genomic DNA

was used for PCR (with $**-dATP) in a total reaction
volume of 12.5 pl. The conditions for PCR were as
follows: initial denaturation at 94°C for 5 min, followed
by 35 cycles of alternate steps of annealing, polymeriza-
tion, and denaturation as outlined elsewhere (Ruttledge
et al. 19944). To this reaction 8 pl of stop buffer (95%
formamide, 10 mM EDTA pH 8.0, 0.025% each of
xylene cyanol FF and bromophenol blue) was added,
and § pl of this mix was heated to 85-90°C for 2 min
and then loaded onto a 6% nondenaturing polyacryl-
amide gel (with and without 5%-7% glycerol). A non-
denatured control was also included, so that the single-
stranded fragments could be identified easily. The sam-
ples were electrophoresed at a constant current of 20
mA at 4°C for 4-8 h, the time being dependent on the
size and pattern of migration of the fragment being
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tested. The gel was then dried and exposed to X-ray film
for 1-3 d. When an abnormal migration pattern was
detected, the PCR was repeated and run together with
negative controls on a new nondenaturing polyacryl-
amide gel.

Direct Sequencing of Aberrant PCR Fragments

The exons showing an abnormal SSCA pattern were
amplified by PCR from ~300-500 ng of genomic DNA
in a total reaction volume of 100 pl by using the same
conditions as described above. The amplified fragments
were excised from a 1% agarose gel and were purified
as described elsewhere (Ruttledge et al. 19944). After
precipitation, the DNA was resuspended in 50 pl of TE
buffer (10 mM Tris-Cl pH 7.6, 1 mM EDTA pH 8),
and the complementary strands were separated by using
streptavidin-coated magnetic beads (Dynal) as described
elsewhere (Ruttledge et al. 19944). The nucleotide se-
quence of both single strands was independently deter-
mined by using the Sequenase version 2 DNA sequenc-
ing kit (United States Biochemical). Mutations were
verified by repeating the sequencing from a second PCR,
and, in cases where other family members were avail-
able, these were also included. The primers that were
employed for PCR reactions were also used for sequenc-
ing, except that nonbiotinylated oligonucleotides were
used in the antisense direction.

Results

Clinical details for the 41 NF2 families (67 individu-
als) in which mutations were identified in NF2 are given
in table 1. Pedigrees for three of the larger families that
have not been described elsewhere are shown in figure
1. A total of 36 different putative disease-causing muta-
tions were identified in these 41 kindreds after SSCA
and direct sequencing analysis of constitutional DNA
(table 3). Of these 36 variants, 15 are insertions or dele-
tions presumably causing frameshifts, 11 are nonsense
mutations, 6 are believed to result in defective splicing,
2 are missense changes, 1 is an in-frame insertion of 3
bp in exon 2, and in a single case a base substitution in
the 3’ UTR of NF2 was identified. The age at onset of
symptoms in 83 of the 95 NF2 individuals for whom
data were available ranged from 1 to 54 years (mean
24.8 years). In the remaining 12 cases either a mutation
in NF2 has been identified or there is diagnostic imaging
evidence of intracranial tumors, but the patient remains
asymptomatic at ages ranging from 10 to 74 years (mean
37.3 years). On the basis of these ages at onset, the
number of years since diagnosis, and the number and
type of tumors presenting, we have classified these
patients as either mild-Gardner NF2 or severe-Wish-
art NF2.

The number of individuals from each clinical group
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with a specific type of mutation is summarized in table 4.
When protein-truncating mutations are compared with
single codon changes (missense mutations in families
201 and 256 and a 3-bp in-frame insertion in family
736), a significant correlation with phenotype is found
(by %2 test; P < .001). Two of 28 patients with protein-
truncating mutations have mild NF2, whereas all 16
cases with single codon changes are classified as having
this phenotype. When all individuals in table 4 are taken
into account, a total of nine different alterations (table
3) are detected in 27 individuals (table 1) who have been
classified as mild-Gardner NF2 (» = 20) or who are
asymptomatic (nz = 7). Twenty-five (92.6%) of these 27
cases are found to have either a splice-site alteration (n
=9) or a single amino acid change—that is, two mis-
sense mutations (# = 6) or a single 3-bp insertion (n =
10)—in NF2. In contrast, only 5 (15.6%) of the 32
severe-Wishart (n = 30) or moderate (z = 2) NF2 cases
(constituting 18 different mutations) have one of the
latter types of alteration. The vast majority (26/32) of
severe-Wishart or moderate NF2 cases have nonsense
or frameshift-causing deletion/insertion mutations, all
of which are predicted to result in the production of a
substantially truncated SCH protein.

With the possible exceptions of the two missense
changes (families 201 and 256; table 3) and the single
base substitution in the 3’ UTR of NF2, we did not
identify any rare polymorphisms in these 111 NF2 cases.
Furthermore, in direct sequencing of all 17 exons in 28
unrelated individuals we did not encounter any sequence
changes that were not believed to be associated with the
disease process.

The 3-bp in-frame insertion (table 3) that has been
identified in kindred 736 (fig. 1) is present in 10 family
members, only 5 of whom are affected with NF2 (table
1 and fig. 1). A further seven, unaffected individuals
(family 736, cases III-1, I1I-2, I1I-3, III-6, I1I-7, ITI-9, and
II-10 in fig. 1) do not harbor this alteration. The clinical
phenotype associated with this mutation is very mild-
Gardner NF2. This is represented by the fact that five
mutation carriers (average age 55.2 years) still show
little or no signs of disease. One of these individuals (III-
5) has experienced some balance problems, but mag-
netic-resonance imaging (MRI) at age 28 years failed
to detect intracranial tumors. Furthermore, the five
affected cases appear to develop only vestibular
schwannomas with no evidence of other intracranial or
intraspinal tumors, even though MRI or computed-to-
mography scans have been performed in all cases.

The two missense mutations that have been identified
are present in a total of 23 individuals from two NF2
kindreds, families 201 and 256 (table 3 and fig. 1). The
first of these variants was found in family 256 (fig. 1),
and it results in the substitution of a proline for a leucine
residue at amino acid position 360 of the protein se-
quence reported by Rouleau et al. (1993). This mutation



Ruttledge et al.: Phenotype/Genotype Correlations in NF2

Table 4

Number of Individuals in Each Clinical Group, for Different Classes of Mutation in NF2

Protein-Truncating Splice-Site Single Codon

Mutations Mutations Changes 3" UTR
(n = 26)* (n = 6) (n=3)° (n=1) Total
Mild 2 9 16 0 27
Moderate 2 0 0 0 2
Severe 24 5 0 1 30
Unknown 7 1 0 0 _8
Total 35 15 16 1 67

NOTE.—Sixty-seven individuals from 41 families with 36 different mutations are presented; sufficient
clinical data were available for 59 cases to be classified as mild, moderate, or severe NF2.

* Includes nonsense changes and frameshift insertions/deletions leading to a premature translation stop.

> Two missense mutations in families 201 and 256 and the 3-bp in-frame insertion in family 736 (table 3).
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has previously been identified in a presumably unrelated
individual displaying a mild-Gardner phenotype (Rou-
leau et al. 1993; Merel et al. 1995). In family 256, this
mutation is present in four individuals (I-2, I-3, II-2, and
II-4) with the mild-Gardner subtype of NF2 (fig. 1 and
table 1). An additional family member (II-3) also has
the missense mutation but was asymptomatic on the
basis of normal MRI results of the entire neuraxis at
age 36 years. Individual II-3 previously had been pre-
dicted to carry the mutated NF2 gene, on the basis of
haplotype analysis using DNA markers flanking the NF2
gene on chromosome 22 (fig. 1). Two affected members
of family 256 (I-3 and II-4) have been examined by an
ophthalmologist for lens abnormalities. No evidence of
lens opacities was found in case II-4. Individual I-3 pre-
sented with a subcapsular cataract of the right lens at
age 65 years, the relationship to NF2 being unclear.

The second missense mutation identified in this study
(patient G4393 in family 201; table 1) has been reported
independently elsewhere (MacCollin et al. 1993). It re-
sults in the conversion of an asparagine to a tyrosine
residue at amino acid position 220 of SCH. This change
is found in 12 other affected members and in 5 presently
asymptomatic members of family 256 whom we have
tested. We had previously predicted that all 18 of these
patients—that is, individuals 37, 16, 20, 18, 49, 53, 52,
60, 57, 46, 67, 69, 79, 81, 82, 85, 75, and 76 in figure
2 of the report by Ruttledge et al. (1993)—would carry
the mutated NF2 gene. Another 20 unaffected members
of this pedigree were found not to harbor this missense
mutation, results consistent with our previous haplotype
analysis (Ruttledge et al. 1993).

An insertion of ~200 bp was identified in the intron
between exons 15 and 16 in constitutional DNA from
patient G4924 (table 1; family 203), a member of a large
Italian/American family that previously has been used
in genetic linkage studies to narrow down the NF2 locus
on chromosome 22 (Narod et al. 1992; Ruttledge et al.
1993). In addition to the normal 245-bp PCR product

for exon 15 (table 3), a second novel band, of ~450
bp, was seen in this patient by agarose-gel electrophore-
sis (data not shown). After direct sequencing of both the
normal and novel fragments, an ~200-bp insertion was
found in the larger fragment. The 200-bp insertion is
located 10 bp 3’ of the splice-donor junction of exon
15 (table 1). No significant sequence homology was
identified between this 200-bp fragment and sequences
in the database. The smaller, 245-bp band contained the
normal published sequence for exon 15 and its sur-
rounding introns. The variant identified in patient
G4924 is also present in seven other affected family
members and in four presently unaffected at-risk indi-
viduals. The clinical course of NF2 in three of these
affected cases whom we have followed is one of rela-
tively late onset (in the 4th and 5th decades) with pre-
dominantly BVS and a limited number of tumors at
other sites (table 1). The clinical picture in this kindred
is thus most consistent with the mild-Gardner form
of NF2.

Discussion

Previous studies have provided evidence of an associa-
tion between the severe-Wishart form of NF2 and pro-
tein-truncation mutations (Bourn et al. 19944, 1994b;
Merel et al. 1995). We confirm this correlation, since
80% of our 30 severe NF2 cases have nonsense changes
or frameshift causing deletion/insertion mutations. Our
data, however, also reveal a highly significant (P < .001)
association between mild-Gardner NF2 and single co-
don alterations. Furthermore, there is also a predomi-
nance of mild NF2 in splice-site-mutation carriers. In
total, six mutations are associated with a milder pheno-
type, and these include two missense changes, three
splice-site alterations, and a single 3-bp in-frame inser-
tion (tables 1 and 3). In all but 2 of the 27 mild-pheno-
type or asymptomatic NF2 patients in whom mutation
data were available, one of these three types of mutation
was observed.
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Probably the most striking example of a phenotype/
genotype correlation is in family 736, where a 3-bp in-
frame insertion is observed between codons 48 and 49
of NF2 (tables 1 and 3). The clinical picture observed
in this kindred is remarkable because thus far, at a rela-
tively late age (29 to 74 years), five mutation carriers
have not developed any detectable tumors. In addition,
the five affected mutation carriers have presented only
with vestibular schwannomas. Two of these patients (in-
dividuals II-8 and II-3 in fig. 1) are in their 7th and 8th
decades, respectively. The presence of this 3-bp insertion
in the five known affected individuals in family 736
suggests that either this is the pathogenic mutation in
this kindred or it is segregating with the disease allele.
Support for a causative role of this variant in NF2 is
provided by the observations that (1) it has not been
identified in > 500 unrelated individuals whom we have
screened by SSCA, (2) it is segregating with the disease
in five affected individuals, and (3) it is found in a highly
conserved region of NF2 (Rouleau et al. 1993; Trofatter
et al. 1993). In addition, given that the predicted result
of this alteration is the introduction of a single leucine
residue, without any other known consequence on SCH,
it is conceivable that such a mild phenotype may result.
On the basis of both the unusual nature of this insertion
and the clinical phenotype, it is possible that some resid-
ual protein activity still exists in tumors, and this may
account for their generally slow-growing nature. This
hypothesis of a partially acting protein differs from the
all-or-none concept that generally is proposed for tu-
morigenesis in NF2 (Seizinger et al. 1987; Rouleau et
al. 1993; Trofatter et al. 1993).

The two missense mutations that are found in 23 af-
fected individuals in families 201 and 256 (mutations
affecting codons 220 and 360, respectively) are presum-
ably located in regions of SCH that are of functional
importance, since both amino acids are highly conserved
between SCH and the human band 4.1 proteins (Rou-
leau et al. 1993; Trofatter et al. 1993). Whatever the
function of these codons, it appears that their substitu-
tion by other amino acids results in a predominantly
mild form of NF2. These missense mutations do allow
for the specific formation of vestibular schwannomas
and other tumors associated with NF2, but they do so
at a lower frequency than is seen in cases that have
protein-truncation mutations. Family 201 has been ex-
amined in detail elsewhere (Rouleau et al. 1987; Wertel-
ecki et al. 1988; MacCollin et al. 1993; Ruttledge et al.
1993), with affected individuals displaying a generally
mild form of NF2 in which no presenile lens opacities
(believed to be associated with NF2) have been identi-
fied. In the original report of this family (Wertelecki et
al. 1988), only 3 (13.0%) of the 23 affected individuals
presented with symptoms of NF2 before 20 years of age,
and 13 (56.5%) of 23 remained asymptomatic until at
least the 4th decade. Therefore, although a small propor-
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tion of affected members of this family have developed
numerous tumors (some at a relatively young age), the
overall clinical picture is one of mild-Gardner NF2, with
the majority of carriers displaying one or two neo-
plasms.

The milder symptoms observed in most of the individ-
uals with missense mutations may be attributable to the
fact that these changes only partially disrupt SCH or
alter its half-life. Thus, residual SCH activity may lead
to slower tumor growth in these cases. In contrast, by
deleting a substantial portion of SCH (e.g., in cases with
protein-truncation mutations), total loss of SCH func-
tion occurs after loss of the wild-type allele in tumor
tissue. In this situation the rate at which tumors grow
usually increases, resulting in both earlier onset of symp-
toms and a larger number of tumors presenting (on aver-
age) in each individual.

An association between splice-site mutations and mild
NF2 is also evident in our data. Six mutations listed in
table 3 are likely to affect splicing, and three of these
(in families 213, 779, and 203) are associated with a
mild phenotype in eight different affected individuals.
Such mutations might result in partial splicing, where
the mutant site is used less frequently than its normal
counterpart, thus allowing a certain amount of normal
mRNA and protein to be produced and resulting in a
less severe form of the disease. Further support for a
relationship between splice-site mutations and a mild-
Gardner NF2 phenotype is provided in a recent report
by Merel et al. (1995). That report describes a total of
four mild NF2 cases, three of which harbor splice-donor
mutations; however, a further six splice-site mutations
are found in patients with a severe clinical course. More-
over, two of the remaining three splice-site mutations in
the present study are associated with a severe phenotype.
When the results from both data sets are combined,
there is no clear indication as to which type of splice-
site alteration (e.g., splice-donor or -acceptor mutations)
gives rise to a mild or severe phenotype.

The role of the base substitution in the 3' UTR of the
NF2 cDNA in family 226 is unclear. Conceivably, it
may affect the half-life of the NF2 transcript in this
individual, or it may be involved in deregulating the
splicing machinery of the cell. On the other hand, it is
possible that it is a benign polymorphism that is not the
causative mutation of NF2 in this case. It should be
noted that, after the entire coding region of the NF2
gene was screened by SSCA, only ~60% of affected
families were shown to have mutations. This figure may
represent genetic heterogeneity in NF2 (Narod et al.
1992). A more likely explanation for the lack of muta-
tion detection in the remaining 40% of affected cases,
however, is that either there is a shortfall in sensitivity
of SSCA or mutations lie outside the coding exons of
the gene (e.g., in the introns or regulatory regions). Thus,
it is conceivable that the pathogenic mutation in family



Ruttledge et al.: Phenotype/Genotype Correlations in NF2

226 has not yet been identified. To aid in the determina-
tion of the role of this base substitution in NF2, it would
be helpful to examine both parents for the presence or
absence of this variant. If this mutation occurred de
novo in individual 226, it may be of greater significance,
since there is no known family history of the disease.
Unfortunately, neither parent was available for study,
and thus the role of this base substitution in the develop-
ment of NF2 remains to be determined

We were interested to determine whether a particular
type of mutation in NF2 is associated with the develop-
ment of presenile lens opacities. Of the 111 individuals
included in this study, 57 were examined for lens opacit-
ies, with 26 being found positive for them. Fourteen of
these 26 cases were also found to have a mutation in
NEF2, with 12 cases harboring a splice-site or protein-
truncation mutation. The role of the remaining two mu-
tations (in families 256 and 226, discussed above) in
the disease process is uncertain. Thus, our data neither
support nor refute the hypothesis of a truncated-protein/
presenile-lens-opacity correlation.

We have considered all of the affected individuals
in family 234 as having severe-Wishart NF2—except
patient III-1, who, at age 32 years, still shows no clini-
cal signs of the disease, even though she has radioim-
aging evidence of several intracranial tumors (table
1). This severity is evident when the pedigree for this
family is examined (fig. 1); all four sibs in the second
generation of this kindred died at an early age (34 and
33 years for individuals II-1 and II-5, respectively),
because of the serious complications associated with
NF2. In contrast, all four affected cases in family 256
(fig. 1) are alive and are coping well. This comparison
highlights the disastrous affects of some mutations in
NF2—and the relatively benign nature of others—on
the individuals who harbor them. In conclusion, we
believe that most protein-truncation mutations are as-
sociated with severe-Wishart NF2, whereas other spe-
cific mutations (two missense mutations, some splice-
site alterations, and the 3-bp insertion in family 736)
are associated with a more mild-Gardner form of the
disease. However, other factors certainly play a role
in determining the severity of this condition in certain
individuals.
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