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ABSTRACT

Neurofibromatosis 2 (NF2) is an autosomal dominant
disorder characterized by schwannomas and meningio-
mas that develop after inactivation of both copies of
the NF2 gene. Approximately half of all patients with
NF2 have unaffected parents and the disease results
from new mutations at the NF2 locus. Loss of heterozy-
gosity (LOH) in tumor specimens due to deletions cov-
ering the normal NF2 allele can be used to infer the
haplotypes surrounding underlying mutations and de-
termine the allelic origin of new mutations. We studied
71 sporadic NF2 patients using both LOH and pedigree
analysis and compared the parental origin of the new
mutation with the underlying molecular change. In the
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45 informative individuals, 31 mutations (69%) were of
paternal and 14 (31%) were of maternal origin
(P=0.016). Comparison with corresponding constitu-
tional mutations revealed no correlation between par-
ental origin and the type or location of the mutations.
However, in 4 of 6 patients with somatic mosaicism the
NF2 mutation was of maternal origin. A slight parent
of origin effect on severity of disease was found. Fur-
ther clinical and molecular studies are needed to deter-
mine the basis of these unexpected observations.
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INTRODUCTION

Neurofibromatosis 2 (NF2) is an autosomal dominant
disorder characterized by bilateral vestibular schwan-
nomas (BVS) and intracranial meningiomas, as well as
a variety of spinal tumors [1-3]. NF2 is caused by muta-
tions in the NF2 gene located on the long arm of chro-
mosome 22 [4, 5] and has an incidence at birth of
1:40,000. Half of all NF2 patients have no family histo-
ry of the disease [2, 6] and the disease is due to new
mutations. Somatic mosaicism of the NF2 gene, result-
ing in typical and atypical phenotypes, has been widely
reported [7-10].

The NF2 gene product functions as a tumor suppres-
sor, with inactivation of both copies of the gene leading
to development of disease-associated tumors. Since the
cloning of this gene, a large number of mutations has

- been found in over 50% of NF2 patients studied by

exon scanning of genomic DNA [11-16]. Nonsense and
frameshift mutations, which are expected to lead to
truncated NF2 gene products, account for approximate-
ly 65% of all constitutional mutations. Changes in the
conserved splicing sites have been found in approxi-
mately 25% of all cases [17]. Missense mutations and
in-frame deletions and insertions have been found only
in about 10% of cases.
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A similar spectrum of mutations has been found in
NF2-related tumors, primarily schwannomas {18, 19]
and meningiomas [20, 21]. Allelic loss of the NF2 locus
has been found in up to 60% of these tumors, as evi-
denced by loss of heterozygosity (LOH) of flanking
and/or intragenic markers. These observations are con-
sistent with the first constitutional genetic event in
NF2-associated tumors often being small alterations,
such as point mutations or short insertions or deletions,
while the second somatic event is often the loss of large
genomic fragments that cover the entire NF2 region.

Although the parental origins of new mutations
have been determined for a number of genetic diseases
using family studies, this approach is usually limited by
the need for three-generation pedigrees. In tumor sup-
pressor gene syndromes, use of LOH analysis simplifies
the study of the origin of new mutations by requiring
only two generations. Because the “two-hit” model pre-
dicts that the allele lost in tumor formation is the nor-
mal allele, the allele retained may then be inferred to
be that carrying the constitutional mutation. Only one
previous study has addressed the question of parental
origin of new mutations in NF2 patients [22]. Utilizing
restriction fragment length polymorphism (RFLP)
markers in NF2-related tumors, the authors found pa-
ternal origin of new mutations in six of eight sporadic
NF2 patients. Due to the small number of patients stud-
ied, this observation did not reach statistical signifi-
cance. In the present study, using highly polymorphic
microsatellite markers flanking or within the NF2 gene,
we studied 71 sporadically affected patients with NF2
and related phenotypes, including 9 patients with so-
matic mosaicism and two kindreds with germline mo-
saicism. In 45 patients in whom the parental origin
could be determined, we further examined the relation-
ship between mutation type and mosaicism, respective-
ly, and the parental origin of these mutations.

SUBJECTS AND METHODS

Patients and samples

Sixty-five sporadically affected patients (37 males and 28 females)
were identified in whom one or more NF2-related tumors were
available for study. Of these 65 patients, 59 had BVS with or with-
out other NF2-related findings, meeting the NIH clinical criteria
for NF2 [23]. One patient had an affected sibling due to germline
mosaicism in a parent [14]. Four were clinically suspected mosaics
with unilateral vestibular tumors and multiple other NF2-related
tumors meeting the National Neurofibromatosis Foundation's ca-
tegory of “presumed NF2” [24]. Two patients had schwannomato-
sis previously demonstrated to be due to somatic mosaicism for
NF2 mutation [8]. There were 110 tumor samples available from
these 65 patients.

An additional 6 patients (4 males and 2 females) were identif-
ied as second-generation members of three-generation pedigrees,
in which the first generation was living and unaffected and one or
more members of the third generation were affected. All 6 pa-
tients had BVS and all affected third-generation members met
NIH criteria for NF2 or were shown to carry the causative muta-
tion. Of the 6 patients, 1 had an affected sibling with an identical
mutation, suggesting germline mosaicism in a parent.

Clinical characteristics of the patients, including age of onset
of symptoms, severity of disease, and pathological classification of
the tumors, were determined by review of medical records.

Genomic DNA was extracted from peripheral blood leuko-
cytes or from Epstein-Barr virus-transformed lymphoblastoid cell
lines, as previously reported [8, 13]. Tumor tissue not needed by
pathology departments for diagnosis was retrieved from clinically
indicated procedures and frozen in liquid nitrogen or dry ice. Ge-
nomic DNA was extracted from pulverized frozen tissue as pre-
viously reported [8, 10}. When prospectively collected frozen tis-
sue was not available, paraffin-embedded blocks of tumor were
obtained from pathology department archives and DNA was ex-
tracted as previously reported [8, 10]. This study was approved by
the Institutional Review Boards of the participating institutions
and informed consent was obtained from all patients and partici-
pating family members.

Microsatellite marker analysis

The six microsatellite markers used in this study are listed in Ta-
ble 1. CRYB2, the most-proximal marker, is approximately
4.3 Mb centromeric to NF2 [25]. D228430, the most-distal marker,
is approximately 430 kb distal to NF2 [25]. Products were labelled
with either 2P or fluorescent dyes and separated on 6% poly-
acrylamide gels or on an automated Genetic Analyzer ABI310.

Mutational analysis

Mutational analysis of the NF2 gene was performed on a single
specimen of blood or tumor from each patient studied. The 17
known exons of the NF2 gene were amplified from genomic DNA
and scanned using single-strand conformation polymorphism
analysis or temperature gradient gel electrophoresis, as previous-
ly described [8, 13]. Aberrant mobility of single- or double-
stranded products was identified by comparison with known posi-
tive and negative controls. When aberrations were detected by
these methods, the sequence basis was determined by direct se-
quencing of re-amplified products. In the case of complex inser-
tions or deletions, or of alterations near amplification primers, the
exact sequence of the change was determined by cloning the po-
lymerase chain reaction (PCR) products using a vector with T
overhang (pGEM, Promega Life Sciences). When a mutation was
detected in a tumor specimen, side by side analysis with the
paired blood specimen and other available tumor specimens was
performed to determine if the alteration was constitutional or so-
matic.

Table 1 Microsatellite markers used for genotyping (NF2 neuro-
fibromatosis 2)

Marker Location to  Heterozygosity® Reference
NF2

CRYB2 Centromeric  60% [26]

D22S193 Centromeric Not reported Genome Database,
version 5.6

D22S275  Centromeric 83% Genome Database,
version 5.6

NF2CA3 Intragenic  83% [27]

(D228929)

D22S268  Telomeric  60% [28]

D22S8430  Telomeric  68% [29]

* Heterozygosity as reported in reference given. The URL for the
Genome Database is http://www.gdb.org/



RESULTS
LOH analysis

All 65 affected patients for whom tumor specimens
were available were heterozygous in the blood samples
for one or more of the microsatellite markers studied.
Comparison of the 110 tumor specimens with corre-
sponding blood samples revealed LOH of informative
markers in 65 tumors (59% ) from 48 patients (Table 2).
In all cases in which more than one marker was infor-
mative, all markers were either lost or retained, indicat-
ing that no tumor carried a breakpoint within this small
region. Of the 65 patients, 24 had multiple tumors ana-
lyzed. In 4 patients with multiple tumors (3 patients
with three tumors and 1 patient with two tumors) all
tumors had LOH. In 4 patients with multiple tumors
(range two to seven tumors), no tumor had LOH; 16
individuals had both tumors with and without LOH.
Overall, 11 patients had more than one tumor with
LOH, and in all 11 the lost alleles were the same in
each tumor of a patient, as predicted by the two-hit
model.

Parental blood samples were available for 39 of 48
patients in whom LOH was seen in one or more tu-
mors. In 34 patients, both parental blood samples were
available, and in 5 patients blood samples were only
available from a single parent with the transmitted ha-
plotype of the other parent inferred. In 29 of 39 pa-
tients (74%), the lost allele was of maternal origin,
implying a paternal origin of the new constitutional mu-
tation (Fig. 1). In all cases in which more than one in-
formative marker was available, the lost alleles were
from the same parent, as expected.

Pedigree analysis

For each index patient from the six three-generation
families, at least two markers were informative. In four
of six three-generation families, the parental origin of
the new mutation in the second generation was mater-
nal, as evidenced by its transmission of the maternal ge-
notype to an affected member of the third generation
(Fig. 2).

Mutational analysis

Of the 45 sporadic NF2 patients for whom the parental
origin of the new mutation could be determined, 41 un-
derwent mutational analysis of a blood or tumor speci-
men. Causative alterations in blood specimens were
found in 29 of 41 patients (Table 3). Six additional pa-
tients were found to harbor somatic mosaicism, as de-
termined by multiple tumors with identical mutations
not detectable in the blood specimen or by single tu-
mors with mutations not detectable in the blood speci-
men and LOH. Mutations included nonsense (n=13),
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Table 2 Loss of heterozygosity (LOH) of chromosome 22 alleles
in different tumor types

Tumor type n % LOH
Vestibular schwannoma 28 64
Non-vestibular schwannoma® 51 55
Meningioma 19 74
Neurofibroma 9 33
Ependymoma 2 100
Not classified 1 100
Total 110 59

# Predominantly spinal and cutaneous schwannomas

frameshift (n=10), splice site alterations (n=10), and
two in-frame deletions. No correlation was seen be-
tween the type of mutation and the parental chromo-
some on which it arose, although all six mutations not
detected by exon scanning were paternal in origin. In 4
of the 6 patients with mosaicism, the mutation arose on
the maternal allele. In both cases of suspected gonadal
mosaicism, the affected siblings shared identical muta-
tions not found in the maternal sample.

Patient characteristics

The 45 patients for whom parental origin could be de-
termined included 26 males and 19 females. The per-
centage of male probands with a paternal origin of their
mutation (17 of 26, 65% ) was similar to the percentage
of female probands with paternal origin (14 of 19,
74%). All non-mosaic patients for whom parental ori-
gin was determined had the severe subtype of NF2
(more than two non-vestibular intracranial tumors or
more than four spinal tumors, or age of onset younger
than 20 years). The mean age of onset of symptoms in
these 45 patients was 13.5 years (range 2-32 years, Ta-
ble 3). The mean age of onset of symptoms for pro-
bands with paternal origin was 11.3 years, compared
with 18.2 years amongst probands with maternal origin
(P=0.015). When the 6 patients with mosaicism were
excluded, the mean age of onset was 10.3 years for
those with paternal origin and 16.4 years for those with
maternal origin (P=0.056).

DISCUSSION

In the present study, we determined the parental origin
of mutations in 45 sporadically affected patients with
NF2 and related conditions. Because three-generation
NF2 pedigrees are relatively rare, we primarily utilized
LOH analysis in blood-tumor pairs to infer parent of
origin when only two generations were available. The
new mutation was of paternal origin in 31 (69%) of
these 45 patients and of maternal origin in 14 (31%)
patients (P=0.016). Four (29% ) patients with maternal
origin were somatic mosaics and 14% of mutations of
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Table 3 Characteristics of sporadic NF2 patients in whom paren-
tal origin of mutation was determined (NA not available, SCH
schwannomatosis, BVS bilateral vestibular schwannoma, UVS

unilateral vestibular schwannoma, NS nonscnse, FS frameshift,
SP splice site alteration, NT non-truncating deletion)

Patients with paternal origin of mutation

Patient Phenotype® Sex Age of onset Mutation® Predicted Reference
(years) effect

KM107 BVS M 8 Not found*

KM148.1 [OA'A M 19 *1396C - T NS

KM154 BVS F 4 Not found*

KM161 BVS F 2 675+5G = C Sp [17)

KM17 BVS M 25 Not found?

KM191.3 BVS F 5 Not found*?

KM205 BVS M 2 600-3C —» G SP

KM21 BVS F 25 586C —» T NS

KM216 BVS M 9 1069G - T NS

KM217 BVS M 6 1580del A NS

KM26 BVS F 28 1574+1G - C SP [17]

KM3 BVS M 11 717delG FS [13]

KM37 BVS F 6 448-1G - A SP {17]

KM54 BVS M 7 532-534del NT

KM71 BVS F 9 Not found?

KM91 BVS F 10 Not found*

MBO010 BVS M 25 Not done

MB073 BVS M 11 430insA FS

GUS14817 BVS M 3 1396C = T NS [11)

GUS16206 BVS F 3 1198C = T NS [14]

GUS16212 BVS M 18 4482A - T SP [14]

GUS16215 BVS M 10 997delC FS [14]

GUS18773 BVS F 12 586C —» T NS [30]

GUS19030 SCH F 30 *577-580del FS (8]

GUS21772 BVS M 8 447+1G - C SP [31]

GUS22804 BVS M 12 408-422del NT

GUS22987 BVS F NA 545delA FS

GUS23040 BVS F 12 Not done

GUS23428 BVS M 3 805A = T NS

GUS2613 BVS M 5 269delA FS {5]

GUS26677 BVS F 10 Not done

Patients with maternal origin of mutation :

KM10 BVS F 20 1562-1564insA FS

KM101 BVS F 8 1282C - T NS 13

KM13 BVS F 25 *586C —» T NS 10

KM20 BVS M 22 448-1G > T Sp 13

KM47 BVS M 15 169C = T NS

KM72 BVS M 21 *169C —» T NS

MBO012 BVS M 24 Not done

FF5863 BVS M 8 331C->T NS 14

GUS16039* BVS M 29 999+1G - A SP 11

GUS16209 BVS F 6 4482A - G SP 14

GUS176922 BVS M 4 169C - T NS 14

GUS18813 LOAAS F 32 *932delG FS 19

GUS19131 SCH M 13 *233, complex rearrangement FS 8]

GUS19640 BVS M 28 447G - A Sp

* GUS16039 and GUS17692 had an identically affected sibling in-
dicating germline mosaicism in a parent

® BVS with or without other NF2-related findings; UVS and other
NF2-related tumors

maternal origin were associated with gonadal mosai-
cism in the mother. Perhaps reflecting the relative sev-
erity of the disease in the affected population that we
studied, mutations were detected in 85% of patients
who underwent exon scanning. When patients with mo-
saicism were excluded, no relationship was found be-

¢ Numbering of bases showing alteration is given relative to the
cDNA sequence, with the initiator ATG beginning at base 1.
Start point of insertions and deletions is first possible base pair
affected. *Mutations found to be somatic mosaic

¢No mutation found in blood sample; DNA quality in tumor
sample precluded complete screening

tween the type or location of mutation or the severity
of disease and the parent of origin.

Heterozygosity analysis as an indicator of allelic loss
in tumor tissues has been widely reported. In the NF2
gene, frequency of allelic loss has primarily been stud-
ied in sporadic tumors. Reports of LOH of chromo-




Fig. 1 Loss of heterozygosity
analysis in the determination
of parental origin of neurofi-
bromatosis 2 (NF2) mutation.
A Automated genotyping for
marker D22S268 in blood and
tumor specimens from sporad-
ic NF2 patient KM148.1 and
the unaffected parents. The
tumor has lost the maternal
allele, inferring a paternal ori-
gin of mutation. B Genotyping
across the NF2 region in spo-
radic NF2 patient KM3. No
paternal blood sample was
available; however, the moth-
er’s sample does not have the
allele retained in the tumors
from the patient, indicating
that this allele was paternally
derived and thus the lost al-
lele was maternal
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some 22 markers in sporadic vestibular schwannomas
have ranged from 31% (8 of 26 tumors [18]) to 50% (24
of 48 tumors [19]). In the same two studies, 6 of 12 spo-
radic non-vestibular schwannomas showed LOH, al-
though no dermal tumors were reported. Interestingly,
although these studies showed a relatively low rate of
LOH in schwannomas from NF2 patients (4 of 19 tu-
mors examined in both studies, 21%), we found a sig-
nificantly higher rate of allelic loss amongst the schwan-
nomas of our NF2 patients (Table 2). Since identical
methods were used, the reason for this discrepancy is
unclear. In sporadic meningioma, several studies have
found that LOH for chromosome 22 markers is seen in
60% of all tumors, and that LOH is tightly associated
with the finding of primary NF2 mutation [12, 20, 21,
32]. This has led to the speculation that meningiomas
without LOH of chromosome 22 markers may result
from involvement of a second locus, not linked to the
NF2 gene. These studies included few meningiomas
from NF2 patients. In the current study, NF2 mutation
was identified in 4 of 5 meningiomas that retained both
chromosome 22 alleles (data not shown).

The occurrence of nerve sheath tumors with a path-
ological appearance of neurofibroma is rare in NF2 [33,
34], which is reflected in current NF2 diagnostic criteria
[24]. Our study was limited to review of pathological
reports, leaving open the possibility that some of these
tumors may have been schwannomas on expert review.
Loss of chromosome 22 alleles has not been previously
reported in NF2-associated neurofibromas and LOH
was seen at a lower rate in neurofibromas than in any

other tumor type we examined. This may reflect a dif-
ferent pathological mechanism for the generation of
neurofibroma in NF2 patients, or neurofibromas as a
mixed cell population, with only one component having
a NF2 alteration and thus LOH.

The parent of origin of new mutations has now been
examined for a number of human disorders. In autoso-
mal dominant disorders such as MEN2b, achondropla-
sia, and Apert syndrome, in which a small number of
mutations arise independently and repeatedly in spo-
radic patients, the parental origin appears to be exclu-
sively paternal [35-37]. In autosomal dominant disor-
ders without common recurrent mutations, parental
origin is over 90% paternal [38-42]. The bias towards
paternal origin has been ascribed to the greater number
of mitotic events in the paternal germ line, and in some
cases has been associated with increased paternal age at
conception [36, 37]. Although paternal age at concep-
tion was not available for our patients, increased pater-
nal age within the sporadic NF2 population has not
been seen in other studies [6]. Parental origins of muta-
tions other than small genetic alterations are more het-
erogeneous. For example, in contrast to small genetic
changes, large deletions in the NFI gene are primarily
maternal in origin [43, 44].

To our knowledge, this is the first study to examine
parent of origin of mutations in multiple patients with
somatic mosaicism at the same locus. Interestingly, we
found a tendency towards maternal origin of mutation
in patients with somatic mosaicism, despite an overall
predominance of paternal origin. Since the number of



22

NF2, exon 10

1 2 :2 3 4wt N2 W3 S

L D225929

34 34 53 54 73 41 44 54 75

Fig. 2 Determination of parental origin of NF2 mutation in a
three-generation family. Single-strand conformation polymor-
phism (SSCP) analysis of exon 10 in patient GUS16039 (I1.3) re-
vealed an alteration also present in his affected half-sister (IL.5)
and 1 of 3 at-risk children (IIL.3). Patient II.3 was subsequently
found to have small asymptomatic bilateral vestibular schwanno-
ma on magnetic resonance imaging. Sequence analysis revealed
that the SSCP alteration was due to a splice site alteration, the

effects of which were confirmed by cDNA analysis. Microsatellite’

analysis revealed that the affected child inherited his father’s
mother’s allele, indicating a maternal origin of mutation in the
founding generation. The mother of patient GUS16039 (1.2), who
was clinically unaffected, does not carry the SSCP alteration, con-
firming the clinical impression of germline mosaicism

mosaics in our study was small, studies are now under-
way to examine the parental origin of the mutation in a
larger number of somatic mosaics. Our study included
two kindreds in which presumed gonadal mosaicism of
an asymptomatic parent produced identical disease in
two offspring, and in both cases the originating parent
was the mother. A similar NF1 kindred in which gonad-
al mosaicism was proven in a non-expressing father has
been reported [45]. Although gonadal mosaicism raises
difficult genetic counselling issues, the overall incidence
in the NF population appears to be sufficiently low as
to make routine screening of siblings unnecessary. Our
results show, however, that when gonadal mosaicism is
present the origin can not be presumed to be pater-
nal.

Two previous studies of NF2 reported a parent of
origin effect on severity, with a mean age of onset in
paternally inherited cases of 24 years and in maternally
inherited cases 18 years [6, 46]. These clinical studies
examined only the age of onset in non-founding gener-
ations. Subsequent work did not confirm this disparity
[2], which may instead reflect reduced reproductive fit-
ness of severely affected men versus women, combined
with the intrafamilial homogeneity of the disorder. Sur-
prisingly, we found a statistically significant opposite ef-
fect in this group of sporadic cases with a younger age

of onset amongst the patients with paternal origin, even
when corrected for the mitigating effects of known mo-
saicism. Although the reasons for this discrepancy re-
main unclear, one possibility is that of unsuspected mo-
saicism amongst other maternally derived cases. Fur-
ther molecular studies will help to clarify this point.

A number of potential sampling biases exist in this
work. Theoretically, reliance on LOH analysis may ef-
fectively exclude individuals with one parent of origin
from study if imprinting or other factors prevent loss of
one of the parental alleles in specific tumor types [47].
In NF2, this appears unlikely since we found loss of
both maternal and paternal alleles, and the majority of
patients with multiple tumors had tumors both with and
without loss. This effect should also be apparent if spo-
radically occurring tumors are examined. Previous
studies have found loss of both maternal and paternal
chromosome 22 in sporadic schwannomas [22] and me-
ningiomas [48]. These studies of sporadic tumors did
show an unexplained tendency towards maternal allele
loss (21 of 32 tumors examined, 66%) that was only
slightly less than our findings in NF2-associated tu-
mors.

Finally, a number of parameters show that our pa-
tient population predominantly included severely af-
fected individuals. This may reflect the increased likeli-
hood of severely affected patients requiring surgery,
combined with the greater probability of severely af-
fected patients with young ages of onset having living
parents. We were able to ascertain only six three-gener-
ation pedigrees that might mitigate this effect, since
mildly affected patients may be more likely to have
children. Because a severe phenotype in NF2 is over-
whelmingly associated with truncating mutations, our
findings of predominantly paternal origin may not ap-
ply to those patients with other types of mutations. Al-
ternative mechanisms of determination of parental ori-
gin will need to be developed to address this issue.
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