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N
eurofibromatosis type 2 (NF2) is an autosomal
dominant condition characterised by vestibular
schwannomas, schwannomas of other cranial nerves,

meningiomas, and other low grade brain malignancies.1 The
severity of NF2 is variable, with some patients having early
onset disease and more rapidly growing tumours that occur
in greater numbers. The NF2 gene is on chromosome 22q12.2 3

The protein product (termed merlin or schwannomin) is a
cell cytoskeleton associating protein. Genotype2phenotype
correlations have been demonstrated, with missense muta-
tions and large deletions causing mild disease, and nonsense
or frameshift mutations causing severe disease.4 5

The current mutation screening techniques of single strand
conformation polymorphism analysis (SSCP), protein trun-
cation test, and denaturing gradient gel electrophoresis detect
33–65% of mutations, although adding a deletion strategy
increases the proportion to 80%.6 However, deletion testing
and chromosome analysis are rarely reported in studies of
NF2mutations. In this study, we present five NF2 patients for
whom chromosome analysis, usually following routine
molecular screening, revealed the underlying genetic aberra-
tion.

CASE REPORTS
Case 1
A 20 year old female was referred with a large diffuse goitre
commencing early in puberty, moderate learning difficulties,
and bilateral sensorineural hearing loss, which resembles the
phenotype of Pendred’s syndrome. She was born after a
normal pregnancy and delivery. Her physical and mental
development during early infancy was not remarkable, but
developmental delay became apparent in the second year of
life. Growth parameters were within the normal range. She
began to walk at the age of 3 years. Six months later,
audiometric tests showed no hearing impairment although
chronic otitis media was diagnosed on one side. According to
the parents, her communication had been improving with
age, but her speech remained dysarthric and her articulation
was very poor. In primary school, she had sub-average grades
in all subjects. Her affect was good and no behavioural
problems had been noticed. Psychometric evaluation with
PMS-T (Raven) WAIS and Bender Gestalt tests showed
severe mental impairment (IQ of 40).
Her clinical features included a round face with character-

istic almond shaped eyes (doe eyes). Her weight was 78 kg,
height 172 cm, and body mass index 26.5. There was bilateral
pes cavus but no other dysmorphic features or organ
anomalies were observed. She was left handed. She was in
good health and there was no history of neurological illness.
There were no peripheral stigmata of neurofibromatosis.
The goitre appeared soon after puberty. Thyroid hormone

levels constantly remained in the normal range, but thyroid

volume progressively increased despite the administration of
levothyroxine at thyroid stimulating hormone suppressive
doses (100 mg/day). Unfortunately, a perchlorate discharge
test, which could confirm an iodide organification defect, was
not carried out because total thyroidectomy was performed in
another hospital soon after her visit to clinic. The main
reason for surgery was cosmetic. Histological examination
showed a colloid goitre (about 71 g in weight) without signs
of malignancy. There was no history of NF2 or thyroid disease
in the maternal or paternal family.
No radiological malformations were found in the inner ear

structure. In particular, no Mondini cochlea or enlarged
vestibular aqueduct was seen on high resolution computed
tomography (CT) of the petrous temporal bones, and no
membranous labyrinth alterations (endolymphatic duct and
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Abbreviations: CT, computed tomography; MRI, magnetic resonance
imaging; NF2, neurofibromatosis type 2; SSCP, single strand
conformation polymorphism analysis

Key points

N We present five previously unreported neurofibroma-
tosis type 2 (NF2) patients who have gross constitu-
tional rearrangements involving chromosome 22, and
vestibular schwannomas, multiple intracranial menin-
giomas, and spinal tumours.

N Three female patients with 46,XX,r(22) had moderate
to severe intellectual impairment, vestibular schwanno-
mas, and multiple meningiomas.

N Amale patient with 46,Y,der(X)(22qterRq13::Xp22.3R
Xqter), r(22)(p13Rq13) presented at the age of
18 years with a large vestibular schwannoma but
no other symptomatic clinical abnormalities. The karyo-
type suggested disruption of SHOX and a radiological
assessment confirmed features of dyschondrosteosis.

N A female patient with an apparently balanced trans-
location 46,XX,t(1;22)(p36.1;q12) had skin nodules at
7 years of age and multiple intracranial tumours at
20 years.

N An additional 10 NF2 patients with constitutional NF2
deletions have been discovered using NF2 FISH in our
laboratory. At least six other NF2 patients with
chromosomal rearrangements have been previously
reported in the literature.

N Chromosome analysis with FISH may be a useful first
screen prior to molecular testing in NF2 patients.
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sac) were detected on an FSE T2 weighted magnetic
resonance imaging (MRI) scan. A large vestibular schwan-
noma on the left side expanded the cerebellopontine angle,
and there was a small right sided tumour. There were
multiple intracranial meningiomas (parietal, occipital, and
cerebellar) and at least four intraspinal extramedullary,
extradural tumours at the level of T6 and T7.
Cytogenetic analysis was performed on peripheral blood

lymphocytes using FISH. The constitutional karyotype of the
patient was 46,XX,r(22) and the NF2 locus was present on
the ring chromosome 22 (fig 1). The ring 22 was present in
most cells analysed. No mutation was found on molecular
screening with direct sequencing of all exons, or on dosage
PCR of exons 1, 4, 8, and 15.

Case 2
A 52 year old female resident of a community psychiatric care
home was referred for management of epilepsy in 1998. The
history was provided by a carer who had known the proband
for 9 years. It was reported that the patient had developed
seizures for the first time a year previously. In all three
episodes, generalised convulsions had been witnessed. She
had had severe learning disability from birth and commu-
nicated by making noises. She was known to have cyclical
mood swings, and these had become more pronounced over
the preceding year. She also appeared to be suffering from
headaches. She was subdued when examined, had no ‘‘focal’’
neurological deficits, and had some catatonic posturing. Her
general examination revealed gross bilateral lower limb
lymphoedema, but was otherwise unremarkable. In particu-
lar, she had no cutaneous signs of neurofibromatosis.
Axial cranial CT revealed multiple calcified mass lesions,

the largest in the right middle cranial fossa and several
around the falx and adjacent to the skull vault, consistent
with meningiomata. There was evidence of bilateral cerebello-
pontine angle masses, the right being larger than the left.
A degree of cerebral atrophy was also present. She was
evaluated by a neurosurgeon who felt that there was no
indication for surgical treatment. She was readmitted
several months later with status epilepticus and probable
aspiration pneumonia, and died shortly thereafter. Permis-
sion for autopsy was not sought.

There is little information on the patient’s past medical and
developmental history. She underwent a hysterectomy in
1992 for removal of pleomorphic leiomyomas. The histology
of these tumours showed bizarre cellular and nuclear
pleomorphism, hyperchromatic nuclei, and multinucleated
forms, but no increase in mitotic figures. There was no family
history to suggest NF2.
Cytogenetic analysis was performed on peripheral blood of

the patient and her two brothers using PHA lymphocyte
cultures. The majority (47/50) of cells in the proband had
one of the chromosome 22 homologues present in the form
of a ring chromosome. The remaining three cells had lost
the ring chromosome, and were monosomic for the whole
of chromosome 22. In situ hybridisation studies to localise
the breakpoint on the long arm of chromosome 22 showed
that the missing part of the chromosome did not extend as
far as the NF2 locus. There was no deletion of the Di George/
VCFS locus at 22q11.11. However, a probe for the arylsul-
phatase A gene, ARSA, located terminally at 22q13, was
deleted on the ring chromosome. The karyotype was
46,XX,r(22).ish r(22)(p11q13)(TUPLE1+,10H11+,ARSA-)(47)/
45,XX,-22(3). Chromosomal analyses on both brothers were
normal. Mutation analysis of the NF2 gene in blood
lymphocytes did not reveal an abnormality.

Case 3
An institutionalised woman presented at 39 years of age with
multiple meningiomas and a right sided vestibular schwan-
noma. She had ‘‘developmental delay from infancy’’ and no
family history of NF2 or learning difficulties. The patient
walked at 21 months and had little speech at 3 years. By
9 years of age she could read and write and do simple sums.
She had large eyes with wide palpebral fissures, short smooth
philtrum limited speech, and three raised pigmented lesions
on the back. Her face was slightly coarse. Karyotype analysis
on lymphocytes revealed a typical 46,XX,r(22) in all cells
analysed. Examination of fibroblasts showed monosomy for
chromosome 22 in 20% of cells. Using the ARSA probe, the
breakpoint was located to 22q13.3, and the NF2 locus was
intact. Full analysis of the NF2 gene in lymphocytes failed to
reveal any abnormalities. Examination of meningioma tissue
revealed two truncating mutations (531_560 del 29 and 1188
dup A), the first at a low level. However, there was clear
evidence of loss of one copy of the NF2 gene by loss of
heterozygosity analysis, consistent with loss of the ring.

Case 4
The early medical history was unremarkable with no
evidence of learning disability. At the age of 18 years, he
developed neurological signs due to a large left sided
vestibular schwannoma. The tumour was treated surgically.
In the medical record, the possibility of a small contralateral
tumour was suggested. In retrospect, the first brain scan
indeed showed bilateral disease (fig 2). Three years after
surgical treatment, progression of the right sided tumour was
noted and further treatment was given in the form of
radiotherapy. Currently, the patient is doing well. MRI of the
spinal cord has not been performed. Ophthalmological
examination was normal.
Direct sequence analysis showed no differences between

the patient’s DNA and control samples for all 17 exons of the
NF2 gene. The dosage results were consistent with the patient
being mosaic for a deletion encompassing exons 1, 4, 8, and
15 of the NF2 gene. The karyotype of the patient was
46,Y,der(X)(22qterRq13::Xp22.3RXqter), r(22)(p13Rq13),
as seen in fig 3. This is an unbalanced translocation in which
the terminal segment of the long arm of chromosome 22
(q13Rqter) has been translocated to the short arm of
chromosome X, of which the terminal segment has been

Figure 1 Metaphase spread of case 1 showing 46,XX,r(22). FISH
analysis showed the NF2 locus present on the ring chromosome 22.
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deleted, and the remaining chromosome 22 has formed a
ring.
FISH studies confirmed that the terminal segment of X was

deleted, including the SHOX gene but not the STS locus. FISH
studies also showed that the NF2 gene was present on the
ring chromosome 22. Scoring of 56 cells showed that the ring
with the NF2 gene was absent in four cells. Subsequent
analysis of 71 G-banded cells showed that the unstable ring
22 was lost in one cell and manifested itself as a very small
ring or a small acrocentric chromosome in 11 cells. This
finding suggests that the NF2 gene may be missing in about
17% (12/71) of the blood lymphocytes and fits in with the
DNA findings that showed mosaicism for the deletion of the
NF2 gene.
As X;autosome translocations in males are associated with

infertility, the patient was referred for fertility studies.
Azoospermia was found, but hormone studies were normal.
Owing to the SHOX deficiency, radiological examination of
the forearms and wrists were performed for signs of Léri-
Weill dyschondrosteosis. There were no obvious clinical signs
of SHOX deficiency (such as short stature), but x ray
examination of the forearms showed mild signs of Léri-
Weil dyschondrosteosis (fig 4).

Case 5
Case 5 presented at the age of 7 years with skin nodules,
which were removed and reported as neurofibromas. She was
then lost to follow up but presented again at 20 years of age
with a 1 year history of right temporal swelling and a
6 month history of bilateral hearing loss, unsteadiness, and
frontal headaches. Cranial CT and MRI scans demonstrated a
right cerebellopontine angle tumour, a right temporal
meningioma, parafalcine meningiomatosis, and obstructive
hydrocephalus. Spinal MRI demonstrated large extraspinal
lesions in the paraspinal region on the left side. There were
also several tiny lesions in the lumbar spine.

Over a period of 3 months, she underwent excision of the
meningioma, subtotal excision of the right vestibular
schwannoma, insertion of a V-P shunt, right lateral tarsor-
rhaphy, and C4–C5 laminectomy for partial excision of intra/
extradural schwannomas. She has subsequently developed
marked proptosis of the right eye with exposure keratopathy
and poor visual acuity. Her left eye also has substandard
vision, although the reasons for this are not clear. Currently,
at 24 years, she has a residual right vestibular schwannoma
of 1.5 cm diameter, a left vestibular schwannoma of 0.5 cm
diameter, and a recurrence of the right meningioma. She has
poor vision bilaterally with slight residual hearing on the left
side.
On initial discussion, there was no evidence of a family

history of NF2. However, her father indicated that he had
weakness in the right leg following a ‘‘chest infection’’, and
his wife said that his hearing was deteriorating. MRI of the
father demonstrated a left vestibular schwannoma of 15 mm
diameter and a right vestibular schwannoma of 10 mm
diameter. There was also an en plaque meningioma with

Figure 2 MRI brain scan of case 4, showing bilateral vestibular
schwannoma.

Figure 3 The metaphase of case 4 showing 46,Y,der(X)(22qterR
q13::Xp22.3RXqter), r(22)(p13Rq13). FISH analysis showed that the
NF2 locus (green signal) was intact on the ring.

Figure 4 X ray examination of left forearm of case 4 showing mild
signs of Léri-Weil dyschondrosteosis.
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other schwannomas on cranial nerves 9–11. Ventricular
enlargement of a longstanding nature was also noted. A
spinal MRI demonstrated further multiple lesions with
enhancing lesions in the cervicomedullary junction, a
meningeal lesion at C7/T1, and further small lesions within
the thoracic cord.
Lymphocyte DNA was screened for mutations in NF2 using

SSCP/HA of the coding sequence and immediate splice donor
and acceptor sites. No mutations were detected. Routine
karyotyping of the proband demonstrated an apparently
balanced translocation, 46,XX,t(1;22)(p36.1;q12), which was
paternally inherited (the father was confirmed as having
this). FISH studies using probes LL96C10 (located in the
proximal region of NF2) and LL4D7 (located in the distal
region of NF2) confirmed that the translocation had
disrupted the NF2 gene (fig 5).

Parental karyotypes
The mother’s karyotypes were normal for cases 1, 3, and 4 but
other parental samples were unavailable.

DISCUSSION
We have described three different mechanisms involving
large scale rearrangements of chromosome 22 that caused
NF2 in five families. Three patients (cases 1–3) have the
classical ring chromosome 22 with no involvement of another
chromosome. The term ‘‘ring 22 syndrome’’ is not justified
because there is extensive phenotypic variation among
patients with ring chromosome 22. Affected individuals can
demonstrate a wide variety of dysmorphic features ranging
from mild and nonspecific to more marked and distinctive
with developmental disabilities, behavioural problems, and
mood disorders.
The only consistent feature is moderate to severe mental

retardation.7 It is noteworthy that case 4 did not have any
external, behavioural, or learning problems to suggest a ring
chromosome disorder. The fact that the long arm of
chromosome 22 was not deleted in any of the cells may
explain why he had no other abnormalities and has normal
intelligence. The r(22) in case 4 is different from other cases
of r(22) because the only apparent deletion in chromosome
22 is of the (genetically inactive) short arm.
Clinical features of neurofibromatosis or multiple menin-

giomas have been previously reported in patients with r(22)
(table 1).8–12 Kehrer-Sawatzki et al8 suggested dividing r(22)
patients into three groups: patients with NF2, those without
NF2 but with multiple meningiomatosis, and those

without features of either disease. Each of the classical
r(22) patients in the present study have NF2.
About 90% of all NF2 patients develop bilateral vestibular

schwannomas.1 Two different hypotheses have been pro-
posed to explain the mechanism(s) of tumorigenesis in NF2
patients with r(22). The first hypothesis is based on the
Knudson’s ‘‘two-hit’’ model.13 Ring chromosomes are prone
to loss during somatic mitoses.14 Therefore a constitutional
mutation at the NF2 gene of the normal chromosome 22 (first
hit) should result in tumour development if the resulting
daughter cell becomes monosomic for chromosome 22
(second hit). The frequent loss of the ring chromosome
during somatic mitoses also could explain the multiple sites
of tumour development, although this may vary inter- and
intra-individually. In reality the loss of the ring may be the
initial event, as a few lymphocytes in every 50 are usually
found to be monosomic for ring 22 in many patients, as
confirmed in our own patients. It is likely therefore that these
patients represent something similar to an NF2 patient who
is mosaic for a whole gene deletion.
In contrast, Kehrer-Sawatzki et al8 suggested that the loss

of a whole chromosome 22 might be more effective in
triggering tumorigenesis than constitutional heterozygosity
for a mutation that inactivates only the NF2 gene. This was
based on the lack of convincing evidence for a pathogenic

Figure 5 Karyotyping demonstrating
an apparently balanced translocation,
46,XX,t(1;22)(p36.1;q12) in case 5.
FISH studies using probes LL96C10
(located in the proximal region of the
NF2 gene) and LL4D7 (located in the
distal region of the NF2 gene)
confirmed that the translocation had
disrupted the NF2 gene.

Table 1 Clinical symptoms or meningiomatosis in
published NF2 patients with r(22)

Authors Sex
Age at
diagnosis Clinical presentation

Arinami et al 9 M 2 Hearing loss, multiple
meningiomas

Duncan et al 10 M 2 Several peripheral
neurofibromas, including
plexiform neurofibroma

Petrella et al 11 M Died at
16 years
of age

Mental retardation, seizures,
multiple meningiomas

Tommerup et al 12 M 2 Mental retardation, peripheral
schwannomas, cerebellopontine
angle tumour (?VS), optic
atrophy, hearing loss

Kehrer-Sawatzki
et al 8

F 38 years Bilateral vestibular
schwannomas, multiple
intracranial meningiomas, and
neurinomas

M, male; F, female.
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constitutional mutation of the NF2 gene in their patient. This
hypothesis may explain why these patients are more severely
affected than a patient with a deletion of NF2 only, but our
identification of mutations in NF2 in a meningioma from
case 3 suggest that this gene is the primary target for somatic
mutations. The absence of constitutional NF2 mutations as
confirmed in our cases is unsurprising as the mitotically
unstable ring 22 itself should be sufficient to predispose the
tumours.
Chromosome 22 almost certainly harbours more tumour

suppressor genes than NF2.15 16 This may be why some cases
have multiple meningiomas and not the typical bilateral
vestibular schwannomas of NF2.9 11 In addition to loss of NF2
in monosomy 22, other meningioma specific genes may be
lost. Nonetheless, the meningioma in case 3 had clearly
acquired somatic mutations in the NF2 gene. The presence of
two separate truncating mutations suggests the presence of
multifocal meningiomas, as we have previously described for
vestibular schwannoma.17 Unfortunately tumour material
was not available for the remaining patients. Therefore, case
3 still suggests that the inactivation of NF2 is the primary
driving force behind tumour growth in r(22) patients. Many
cases of r(22) were very young, and even at older ages,
suggestive symptoms such as deafness may be overlooked in
a mentally retarded patient. Many more of the previously
reported young r(22) patients may go on to develop NF2
related tumours and may be mosaic for an NF2 deletion. A
follow up assessment of individuals diagnosed as having
r(22) should include full neurological examination and MRI
scans.
Case 1 is the first documented case of NF2 with an r(22)

who also developed a large diffuse goitre. The clinical
features, together with the results of the clinical and the
radiological studies, were not consistent with the diagnosis of
Pendred’s syndrome. True Pendred’s syndrome should
almost certainly be confined to patients who present with
the classic clinical features along with positive perchlorate
test, malformations of the inner ear, and PDS mutations.
Pendred’s syndrome is an autosomal recessive disorder. The
genetic locus responsible for PS has recently been localised to
7q31 and different mutations have been identified in an ion
transport gene, making molecular diagnoses possible.18 As
high resolution CT and MRI studies showed no alterations of
the inner ear structures and there was no consistency with
the clinical presentation of the hearing defect (audiometric
testing early in childhood showed no hearing impairment),
we did not perform a PDS genetic analysis. It seems likely,
however, that the goitre and the r(22) are coincidental.
Case 4 has a complex unbalanced translocation. The

occurrence of NF2 can be explained by the absence of the
NF2 gene in some cells due to the instability of r(22). Indeed,
case 4 showed enough monosomic cells to be defined as a
mosaic deletion on dosage PCR. The NF2 phenotype in r(22)
is similar to that of NF2 patients who are mosaic for other
types of NF2 aberrations.19 20 The fact that there is no deletion
of the long arm of chromosome 22 in any of this patient’s
cells may explain why he has no other abnormalities and has
normal intelligence.
The azoospermia in case 4 is related to the X;autosome

translocation. Male carriers of any X;autosome translocation
are sterile, regardless of the position of the breakpoint in the
X chromosome. The infertility is due to early cessation of
germ cell maturation. Fourteen male carriers of X;autosome
translocations were reviewed in 1983 and shown to be
infertile.21 Three men with different X;autosome transloca-
tions were later identified and found to be infertile, two
having documented azoospermia.22

Case 4 also had involvement of the SHOX locus that causes
Léri-Weill dyschondrosteosis. The Léri-Weil syndrome was

caused by the absence of the SHOX gene on the Xp. This
condition is a dominantly inherited skeletal dysplasia,
characterised by Madelung’s deformity of the wrist, mesome-
lia, and short stature. Clinical expression varies between and
within families. The clinical picture is generally more severe
in females. In the majority of patients, deletions or point
mutations of the SHOX gene have been documented.23 24 It is
notheworthy that case 4 would not have come to notice
clinically unless he had developed NF2, and his subsequent
x rays confirmed features of Léri-Weill dyschondrosteosis.
A single case of a translocation resulting in disruption of

the NF2 gene and clinical NF2 has been reported in the
literature.25 Further characterisation showed that the break-
point was within the intron between exons 14 and 15 of the
NF2 gene.26 The father was said to be asymptomatic, although
radiological investigations had not been undertaken. This
case demonstrates the usefulness of FISH techniques to
detect translocations through the NF2 gene. We have also
confirmed 10 large deletions of NF2 using FISH techniques in
about 200 NF2 families with identified genetic aberrations
(DGR Evans, unpublished data). However, only 40 of the 340
NF2 families tested have had FISH analysis, and up to 10% of
NF2 families could have genetic abnormalities that are
detectable on FISH analysis.
A more recent report of a patient with NF2 and an X;22

translocation showed that the NF2 gene was not involved in
the breakpoints, as shown by normal NF2 on FISH. However,
aberrant X inactivation of the distal translocated long arm of
chromosome 22 in the neural crest had led to inactivation of
one copy of the NF2 gene as well as causing mental
retardation. Interestingly, 100% of lymphocytes showed
inactivation of the normal X chromosome.27 Silencing of the
NF2 gene by somatic methylation is now being recognised,28

but this recent report shows that silencing due to an inherited
abnormality is possible, albeit by mechanisms that have
occurred somatically. This mechanism would obviously not
account for NF2 in case 4 because X chromosome inactivation
would not normally occur in a male.
Previous studies of genotype2phenotype correlations in

NF2 have demonstrated that, in general, missense mutations
(which result in a complete protein product) and large
deletions (which result in an absent protein) each cause mild
disease, whilse protein truncating mutations cause severe
disease.4–6 It is interesting that both case 5 with a balanced
translocation and the previous report of a translocation each
have severe disease. A translocation should result in absent
protein, perhaps then resulting in less severe disease. In each
case, the daughter was symptomatically worse than the
father, although there is not a substantial gender difference
in NF2.29 It is possible that the translocation of the 39 end of
another gene onto NF2 could allow protein translation, and
the translocation could therefore ‘‘mimic’’ the effects of a
truncating mutation.

CONCLUSIONS
Major chromosomal rearrangements involving chromosome
22 can cause NF2 even if the NF2 locus itself is intact. Ring
chromosome 22 patients are variably predisposed to NF2
related tumours and other anomalies, including mental
retardation. In view of the notable prevalence of deletions
detected by FISH, chromosomal analysis including FISH can
be a useful first step in assessment of the NF2 locus, even in
patients without mental retardation.
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