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Background. Intramedullary ependymomas are rare and benign tumors in the adult. Little is known about their physiopathology, but the
implication of the NF2 gene is suspected because of their presence in a third of patients with type 2 neurofibromatosis (NF2), a disorder
caused by mutation of the NF2 gene.

Methods. We conducted a clinical and genetic study of a family in which 5 of 9 members suffered from intramedullary ependymoma.
Karyotyping and CGH array analysis were performed on DNA from peripheral blood lymphocytes from affected participants. The NF2
gene sequences were then determined in DNA from 3 nonaffected and all 5 affected members of the family.

Results. Karyotype and CGH array findings were normal. Sequencing of NF2 revealed a heterozygous deletion, c.811-39_841del69bp, at
the intron 8/exon 9 junction, in all affected members that was absent from all nonaffected members. RT-PCR analysis and sequencing
revealed a novel NF2 transcript characterized bya skipping of exon 9 (75 bp). This deletion is predicted to result in a 25-amino acid deletion
in the N-terminal FERM domain of neurofibromin 2. Modeling of this mutant domain suggests possible disorganization of the subdomain C.

Conclusion. We report the first family with an NF2 mutation associated with intramedullary ependymomas without other features of NF2
syndrome. Thismutation,which has not been described previously, may particularlyaffect the function of neurofibromin 2 in ependymocytes
leadingto the development of intramedullary WHO grade IIependymomas. We propose that sporadic intramedullaryependymomas should
also be analyzed for this region of NF2 gene.
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Ependymomas are glioneuronal tumors that arise from epen-
dymal cells on the cerebral ventricular surface and the central me-
dullary canal. They account for 3%–9% of brain tumors and about
60% of spinal cord tumors.1

In adults, the localization is more frequently spinal (60%) than
intracranial (40%).2 Neurological symptoms appear very slowly.
Thus, it is not rare that diagnosis is made several months or years
after the initial onset.3 Magnetic resonance imaging (MRI) shows
a centromedullary mass, usually heterogeneous, partially cystic,
and enhanced after intravenous gadolinium infusion. The 2007
classification of the World Health Organization (WHO) recognizes
3 histopathological grades depending on cytonuclear atypia,
endothelial capillary proliferation, necrosis, mitosis, and the

immunohistochemical MIB1/Ki67 labeling index. Spinal cord epen-
dymomas in the adult are mostlyWHO grade II, and the best recov-
ery rate without recurrence is obtained by surgical resection.4,5

Little is known about the physiopathology of ependymoma
because it is a rare, clinically heterogeneous disease. However,
there is imaging evidence of ependymomas in more than 33% of
patients with type 2 neurofibromatosis (NF2),6,7 a rare autosomal-
dominant inherited disorder caused by mutation of the NF2 gene.

The NF2 tumor suppressor gene is localized on 22q12.2.8,9 It
encodes a 595-amino acid protein, neurofibromin 2,9 which is a
membrane/cytoskeleton-associated protein mediating cell-to-cell
contact inhibition of proliferation.10 Current models indicate that
neurofibromin 2, when unphosphorylated, accumulates in the
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nucleus and binds the ubiquitin ligase CRL4 (DCAF1); it thereby
suppresses CRL4 activity and consequently blocks mitogenic
signals.11,12 According to the 2-hit model,13 tumorigenesis occurs
when both NF2 alleles are inactivated. NF2 patients harbor a het-
erozygous germline mutation in the NF2 gene, so the loss or muta-
tion of the second NF2 allele in a somatic cell is sufficient for a
tumor to develop. The type of cells containing both inactivating
events determines the histology of the tumor. The severity of the
disease correlates with the extent of loss of function of the NF2
gene; the disease is severe in cases of truncating mutations (non-
sense variant or frameshift insertions/deletions).14 – 16

Karyotyping abnormalities are frequent in ependymomas, par-
ticularly affecting chromosome 22.17,18 Several studies19 – 22 dem-
onstrate that the NF2 gene is involved in the tumorigenesis of
ependymomas, particularly in spinal cord forms. Consequently,
some authors consider spinal cord ependymomas to be a distinct
entity, characterized by a high frequency of loss of heterozygosity
(LOH) at 22q and of NF2 gene mutations.19,20,23

In this study, we report a family with cervical intramedullary
ependymomas without other features of the NF2 syndrome. A pre-
viously undescribed NF2 gene mutation was detected in all affected
members.

Materials and Methods

Participants
The family pedigree is shown in Fig. 1. Two of the family members under-
went surgery, which allowed pathological investigations showing WHO
grade II ependymomas in both cases. Spinal cord MRI was performed for
all family members. Cerebral MRI of high resolution with series of sections
of ,1 mm was carried out for affected participants II-1, III-3 and III-4.
Ophthalmologic and dermatologic examinations were performed in parti-
cipants II-1 (symptomatic) and III-4 (asymptomatic).

Chromosome, DNA and RNA Analysis
Written informed consent was obtained from all family members, and our
project was approved by the institutional review board of the CHRU de Tours.
High resolution R and G chromosome banding (RTBG and GTBG banding

techniques and Giemsa staining) were performed with peripheral blood
lymphocyte cultures (participant II-1).

DNA was extracted from peripheral blood leukocytes by automated
purification protocol using QIAsymphony SP (Qiagen). DNA from participant
II-1 was used for CGH arrayanalysis (Array 105K, Agilent). DNA from partici-
pant I-2 was used for NF2 sequencing analysis. Primers specific for the 17
NF2 (NM_000268) coding exons and their intron boundaries were used to
amplify the NF2 gene from genomic DNA (primer sequences and PCR con-
ditions are available upon request). Mutations were identified by bidirec-
tional DNA sequencing of the purified PCR products with the Big Dye
terminator cycle sequencing kit and migration on an ABI 3130XL sequencer
(Life Technologies). Sequences were aligned with Seqscapew v2.5 analysis
software (Applied Biosystems).

Total RNA was extracted from the lymphoblastoid cell line of participant
III-3 and nonaffected family member II-2 using Trizol (Invitrogen). Super-
script II (Invitrogen) was used to produce cDNA from 1 mg of RNA, which
was amplified by PCR with Taq polymerase Promega (608C), a forward
primer in exon 8 (5′-actgacccccaagtctcctt-3′), and reverse primers in
exons 9 and 10 (Exon 9: 5′-aacacgaagctttgaggagtt-3′, product size:
128 bp; Exon 10: 5′-gggctttcatctgctgaact, product size: 220 bp). RT-PCR
products were analyzed by electrophoresis on 1.5% agarose gel and se-
quencing with Applied 3130XL DNA sequencer.

Modeling of the Mutant
The 3D structure of the FERM domain of neurofibromin 2 (PDB 1H4R) has
been determined by x-ray crystallography.24 We used the coordinates of
this structure to model the mutant form of the FERM domain with SWISS-
MODEL,25 a structure homology-modeling server.26 Ribbon representations
of the wild-type and mutant forms of the FERM domain of neurofibromin 2
were obtained using the molecular graphics tool PyMOL v1.3.27

Results

Family Study

Participant II-1 was born in 1947. He presented at our institution
(CHRU de Tours) in 1999 with cervical pain and paresthesia in the
right upper limb of 3 months duration. Cerebral and medullary
MRI showed a single spinal cord lesion from the myelencephalon
to C7, enhanced after gadolinium infusion (Fig. 2B). Surgery in
1999 resulted in subtotal resection of the lesion. Pathological
study showed a WHO grade II ependymoma (Supplementary ma-
terial Fig. 1). Neurological status improved after surgery despite a
persistent neuropathic pain in the right hand. Postoperative MRI
at 6 months showed a tumor residue and subependymal dissem-
ination along the spinal cord. No abnormal cells were found in the
cerebrospinal fluid. Images remained stable on annual MRIs for 4
years. In 2004, the participant’s neurological status worsened,
with right C8 through T1 and right lower limb proprioceptive trou-
bles, while MRI showed a cervical spinal cord recurrence at the
upper part of the first surgical field. He underwent a second surgical
intervention for total resection of this recurrence. Postoperatively,
right spastic hemiparesis with complete C8 through T1 palsy and
painful reduced mobility of the right shoulder appeared. Patho-
logical study confirmed the diagnosis of WHO grade II ependy-
moma without any sign of malignancy. Spinal cord MRI in 2005
showed a new progression of the disease in the upper part of the
surgical field. In 2005, he was treated with radiation therapy of
the entire spinal cord (45 Gy by direct posterior beam: half-dose
photon, half-dose electron, 5 fractions of 9 Gy per fraction in 1
week). Annual MRI and clinical follow-up indicated that there had

Fig. 1. Family pedigree. Individuals with ependymoma and NF2 mutation
are shown in black. Participants II-1 and III-1 were operated for a cervical
intramedullary ependymoma at ages 52 and 33 years, respectively.
Participants I-2, III-3 and III-4 presented with asymptomatic cervical
intramedullary ependymoma discovered after systematic MRI at ages 81,
27, and 23 years, respectively. MRI of the other members of the family
revealed no cerebral or intramedullary tumor.
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been no evolution of the tumor residue and neurological status
until 2011. In 2011, paresthesia of the right hand, bladder dysfunc-
tion, and progression of the tumor residue in the surgical cavity
appeared. In 2012, MRI tumor residue continued to progress. Con-
sidering the neurological risks of a third surgery on a previously irra-
diated spinal cord, it was decided to try to treat with temozolomide
despite the lack of evidence of efficacy of this treatment for that
pathology. After the first temozolomide cure at 150 mg/m2, side
effects (symptomatic dermographism and mild thrombopenia)
imposed to maintain that posology. Since then, his neurological
status has remained stable after 7 months of temozolomide . He
walks with one cane and complains of difficulty with precise move-
ments of both hands. Neurological examination reveals pyramidal
spasticity in the right lower limb and right shoulder pain on mobil-
ization. Ophthalmologic examination in 2012 revealed no posterior
subcapsular lenticular opacity.

Participant III-1 was born in 1971. She presented at CHU Bicêtre
(Assistance Publique des Hôpitaux de Paris) in 2004 with cervical
pain and hypoesthesia with a T6 sensory level for the previous 2
years. Cerebral and medullary MRI revealed a single spinal cord
lesion from the myelencephalon to the T2 level heterogeneously
enhanced after gadolinium infusion (Fig. 2C). Total surgical resec-
tion of the lesion was performed in 2004. Pathological study

showed a WHO grade II ependymoma. Postoperative neuropathic
pain was treated medically. MRI follow-up showed dissemination
along the spinal cord without any neurological sign. The participant
did not receive any complementary treatment. Neurological and
MRI status remain stable under antalgic medication.

MRI revealed a cervical spinal cord lesion in 5 of the 9 family
members studied (Fig. 2). An asymptomatic cervical spinal cord
lesion was found in each of participants I-2, III-3 and III-4
(Fig. 2A, D and E). The similarity between the 5 MRI lesions
allowed strong suspicion for an ependymoma in all 5 family
members. This high intrafamilial prevalence of cervical intramedul-
lary ependymomas suggested a genetic origin compatible with
autosomal dominant inheritance.

None of the family members suffered from hearing loss, and
cerebral MRI with high resolution performed on 3 of the 5 affected
members showed there was no vestibular schwannoma (Supple-
mentary material Fig. 2).

Ophthalmologic and dermatologic examinations of partici-
pants II-1 and III-4 were normal with no posterior subcapsular len-
ticular opacity and no cutaneous abnormality. The other family
members did not present any clinical signs of disease.

Genetic Study

Chromosome analysis revealed a normal karyotype, 46,XY, for par-
ticipant II-1 (resolution, 850 bands). Array-CGH analysis of DNA
from participant II-1 revealed 4 small copy-number polymorph-
isms described in the Database of Genomic Variants.28 No other
copy-number variant was observed.

We analyzed the coding regions and intronic flanking regions of
the NF2 gene in lymphocytes from participant I-2. Sequencing of
NF2 revealed a heterozygous deletion, c.811-39_841del69 bp, at
the intron 8/exon 9 junction. This same mutation was subsequent-
ly detected in all 5 family members with ependymoma but was
absent from all nonaffected family members (II-2, II-3, III-2)
from whom DNA was available.

RNA extracted from lymphoblastoid cell lines from affected
member III-3 yielded a novel, smaller RT-PCR product not found
for nonaffected member II-2 (Fig. 3). Sequencing this altered
cDNA fragment, purified from gel, revealed a deletion of the
entire exon 9 that contains 75 bp and is therefore inframe.

Based on the 2-hit model of NF2, we planned to sequence the
second allele of the NF2 gene in tumor tissue from affected

Fig. 2. Magnetic Resonance Imaging of affected participants. Sagittal views of the cervical spinal cord of participants I-2 (A), II-1 (B), III-1 (C), III-3 (D), and
III-4 (E), on T1 weighted MRI after gadolinium infusion. In each participant, the lesion involved the cervical spinal cord and/or the cervicomedullary junction
was enhanced after gadolinium infusion and presented peripheral intramedullary cysts at their upper and lower extremities.

Fig. 3. NF2 intron 8/exon 9 deletion. A. Schematic structure of the NF2 gene
with the location of the mutation c.811-39_841del69bp at the intron 8/
exon 9 junction. B. Electrophoretic banding pattern of products of RT-PCR
illustrating a new and smaller RT-PCR product for affected member III-3
(asterisk) not found for nonaffected member II-3.
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members. Paraffin-embedded samples of ependymoma tissue
from family member II-1 were used for DNA extraction for NF2
gene sequencing. However, 2 extractions failed to obtain DNA of
sufficient quality for sequencing.

Modeling of the Mutant

The mutated NF2 allele appeared to encode a neurofibromin 2
protein with a 25-amino acid deletion in its FERM domain in the
N-terminal region. These deleted residues form the central region
of the subdomain C (b-strand 6C, b-strand 7C, and beginning of
a-helix 1C) in the wild-type FERM domain. We used the crystallo-
graphic structure of neurofibromin 2 to model the consequences
of the deletion (Fig. 4). The model obtained for the mutant indi-
cated a possible disorganization of the subdomain C of the FERM
domain without consequences for the subdomains A and B.

Discussion
We found a novel mutation of the NF2 gene causing deletion
of the entire exon 9 associated with cervical intramedullary

ependymomas in a family. The 5 affected participants were all
adults, and specimens from 2 of the 5 cervical intramedullary
tumors were available for analysis; both were WHO grade II epen-
dymomas. The MRI characteristics of all 5 tumors were very similar,
consistent with all 5 family members having the same pathology.
Therefore, we considered this family to be a homogeneous family
with cervical intramedullary ependymomas. Participants II-1 and
III-4 underwent ophthalmologic and dermatologic examinations:
there was no posterior subcapsular lenticular opacity nor any cuta-
neous lesion. The familydoes not satisfy the Manchesterclinical cri-
teria for NF2 syndrome.29

Two cases of familial ependymoma have been investigated pre-
viously. Nijssen et al30 described a Dutch family in which 4 male
cousins developed intracranial WHO grade III ependymoma
during childhood. Karyotyping on blood leukocytes of 2 patients
did not reveal any abnormality. The tumor in 1 of the 4 patients
was analyzed and showed LOH of chromosome 22 without any
mutation of the NF2 gene. Hulsebos et al31 performed array-CGH
on the same tumor and showed that the only unbalanced chromo-
somal abnormality was a monosomy 22. They also analyzed
microsatellite markers covering the entirety of chromosome 22

Fig. 4. Tridimensional structure of the FERM domain of neurofibromin 2. Crystal structure of the FERM domain of human protein neurofibromin 2 (A and C)
with the region encoded by exon 9 shown in red. Model structure of the FERM domain of the mutant form of neurofibromin 2 protein (B and D). A-B, C-D:
similar orientations of the FERM domain.
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in blood leukocyte DNA from 2 of the 4 patientss and for other
members of the family covering 3 generations. The results sug-
gested that there was a susceptibility gene in 22pter-22q11.2,
proximal to the NF2 gene (22q12.2). The second family to be
reported is a Japanese non-NF2 family32 in which 3 adult siblings
(1 female and 2 males) developed cervicothoracic spinal cord
tumors, 2 WHO grade III ependymomas and 1 schwannoma.
The authors analyzed microsatellites covering the distal part of
chromosome 22q, in blood leukocyte DNA from 2 healthy
members of the family and from the tumors of each of the 3
patients. They obtained results for only 2 of the 3 patients; they
found LOH for the distal part of 22q, with no mutation in the NF2
gene.

Other families have been reported in the literature but without
any genetic analysis: they include families with intracranial epen-
dymoma33 and subependymoma.34 – 36

We here describe a family in which a cervical intramedullary
epdendymoma was observed in each of 5 members covering 3
consecutive generations, suggesting Mendelian autosomal dom-
inant transmission. Sequencing of affected member I-2’s DNA
detected a heterozygous mutation, c.811-39_841 del 69 bp, in
the NF2 gene. This was later confirmed in a second sample from
the same participant and then from DNA from the 4 other affected
members of the family. The 3 nonaffected members of the family
did not carry this mutation. Perfect segregation with the pathology
within the family strongly supports our hypothesis of Mendelian
autosomal dominant transmission.

No deletion causing the absence of exon 9 from the NF2 tran-
script has previously been reported both in patients and control
individuals.37 The mutation we identified is a deletion of a part of
the sequence of the intron 8/exon 9 junction that alters splicing,
leading to an altered mature mRNA (demonstrated by RT-PCR
experiments) and potentially to the loss of an anti-oncogene
action of neurofibromin 2. Exon 9 of NF2 encodes residues 271–
295 of the FERM domain, which is in the N-terminal region of neu-
rofibromin 2. Most of the residues encoded by exon 9 in the FERM
domain are exposed to solvent, with little interaction with the
rest of the structure.24 The frequency of constitutional mutations
in NF2 exon 9 is very low in NF2,38,39 and splice-site mutations
are also rare in this region of the NF2 gene. FERM domains are
found in a number of cytoskeletal-associated proteins that associ-
ate with various proteins at the interface between the plasma
membrane and cytoskeleton. Neurofibromin 2 can exist in a
“closed” state, where N- and C-terminal regions participate in an
intramolecular interaction, masking the ligand-binding site.40

This mechanism seems to involve the B subdomain of the FERM
domain but not the C subdomain affected by the deletion. The C
subdomain does not appear to be required for NF2 growth inhib-
ition activity, actin association, or activity of membrane protru-
sions.41 Further works will be necessary to determine whether
or not this C subdomain of the FERM domain participates in the
interaction between neurofibromin 2 and particular partners in
ependymocytes and if it is necessary for suppressing spinal epen-
dymomas. Neurofibromin 2 without the region encoded by exon
9 may have all functions of the normal NF2 except for suppressing
spinal ependymomas. Severe phenotypes of NF2 are associated
with nonsense/frameshift mutations or large deletions, but no par-
ticular type of mutation has been found to be associated with the
presence of ependymoma in NF2 patients.42,43 Our observation is
original in 2 ways: (i) this is the first time a particular type of NF2

mutation has been associated with the presence of ependymo-
mas; and (ii) this is the first described NF2 familial mutation that
is not associated with NF2 as defined by the Manchester criteria.
Additional studies on NF2 gene, and particularly on exons 8-9,
may help to determine whether individuals with germline alter-
ation affecting the C subdomain of the FERM domain of neurofibro-
min 2 are at increased risk of developing ependymomas.

Supplementary Material
Supplementary material is available online at Neuro-Oncology
(http://neuro-oncology.oxfordjournals.org/).
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